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Abstract

Producing 100% high-quality items is a challenging task in today’s era, which
often results in the delivery of defective products. Therefore, inspecting the
lot becomes a necessity. This paper investigates the impact of environmental
concerns on the inventory model by incorporating fuel costs and emission
taxes. The objective of the study is to minimize the expected total cost and
determine the optimal order quantity. The study includes a numerical example
with sensitivity analysis to determine the model’s robustness. The findings
of the study indicate that minimizing emissions also reduces the expected
total cost. The paper highlights the significance of considering environmental
concerns in inventory management. The study highlights the importance
of addressing environmental issues in inventory management and provides
a framework for minimizing costs while considering the impact on the
environment.
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1 Introduction

Inventory is the complete list of items which includes the raw materials, semi
finished goods in the process of production, and finished goods meant for
sale. Inventory management is widely used both in public as well as private
sector organizations. The first classic inventory model was developed by Har-
ris (1913) which was known as the EOQ (Economic-Order-Quantity) model.
Since then, this subject has drawn the attention of many researchers. Accord-
ing to Hill’s (1997) proposed technique, the shipment must be supplied to the
retailer throughout the manufacturer cycle’s production phase.

The restrictions of the EOQ model have been the subject of numerous
investigations. One of them is the notion that every item received is flawless.
Many academicians have been interested in using inventory models that
take into account products of variable quality. The concept of existence of
defective items in a lot, and inspection of the lot for probable defects in it,
was presented by (Jaggi et al., 2011).

Organizations all over the world are facing a global challenge and issues
related to green supply chains and emission reduction. Sustainable practices
are being included by businesses in an effort to enhance their strategies and
production schedules. Due to concerns about sustainability, the goal is now
to both reduce the negative environmental impact and minimise costs. As a
result, the notion to include carbon emissions in integrated production models
was born. Wahab et al. (2011) took into account an EOQ model with items
of variable quality and costs associated with carbon emissions in both the
domestic and global supply chains.

Various emission regulation strategies have been used in recent years to
limit the emissions produced by supply chain activities. In their study of
vendor-buyer cooperative supply chains, Jaber et al. (2013) assumed that the
production process was the primary source of emissions and that carbon tax
legislation was used to cut those emissions.

Carbon emission during manufacturing process was considered in the
models presented by Jaber et al. (2013) and Gurtu et al. (2015). They
included transportation cost & carbon emission cost (during transportation of
goods) in their proposed models. Hill’s model was further extended and both,
transportation cost as well as carbon emission cost during the manufacturing
process, were included in the proposed model, by Aljazzar et al. (2017).
Yadav et al. (2018) presented cooperative and non co-operative seller–buyer
EOQ models with imperfect items, and concluded that the demand function
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relies on both, the marketing expenditure as well as the selling price of the
buyer, stating that the selling price and marketing expenditure of buyer are
lower, but order quantity and demand are high in co-operative games as
compared to the non-cooperative ones.

Tiwari et al. (2018) looked at a single vendor-buyer supply chain for items
that were deteriorating and of poor quality. In their model, they considered the
emission of carbon during transporting, storing and holding goods. The fuel
used for transportation and the distance travelled, both, affect transportation
emissions. Total inventory and energy use per item in the warehouse are also
factors that affect carbon emission.

Panuwat Pimsap and Wuttichai Srisodaphol (2022) proposed an Eco-
nomic Order Quantity (EOQ) model for imperfect items in a lot of products.
Their model considered a single sampling plan where a sample from the lot
is chosen and inspected by attribute. The acceptance of the order lot is based
on the number of defective items in the sample, which should be less than or
equal to the acceptance number. If the order lot is rejected, the items in the
lot are fully inspected, and the defective items are sent for repair.

S. Singh and R. Chaudhary (2022) presented model for inventory man-
agement of perishable items based on expiration dates provides a sustain-
able approach to managing inventory while minimizing losses, reducing
environmental impact, and achieving economic goals.

Naeem et al. (2023) focused on developing a green EOQ inventory model
for retailers who receive and store greening items from the seller. Their
model consisted of the impact of various factors, such as carbon emissions,
greening degree, learning effect, inflationary conditions, and credit financing
on the retailer’s total inventory cost. Their aim was to improve the quality
of greening items while minimizing the environmental impact and cost for
retailers.

Chaudhary et al. (2023) incorporated the concept of carbon emission from
warehouse electricity in an EOQ Model with imperfect items and triangular
fuzzy demand.

In the current paper, the total cost includes the set-up cost, holding
cost, transportation cost, production cost, interest earning and cost of carbon
emission during the manufacturing process as well as transportation of items
from the vendor to the buyer. The impact of imperfect quality items in the lot
on the total cost has been studied.
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Table 1 Contribution table

Author EOQ Model Imperfect Items Carbon Emission

Bazan et al. (2015) ✓ ✓

Aljazzar et al. (2016) ✓ ✓

Yadav et al. (2018) ✓ ✓

Jayaswal et al. (2019) ✓ ✓

Jayaswal et al. (2019) ✓

Sarkar et al. (2022) ✓ ✓

Yadav et al. (2022) ✓ ✓

Pimsap, P., and Srisodaphol, W. (2022) ✓ ✓

Singh, S., and Chaudhary, R. (2023) ✓ ✓

Naeem Ahmad et al. (2023) ✓ ✓

This Paper ✓ ✓ ✓

2 Research Gap

Literature mentioned in the above literature review, comprising of EOQ mod-
els with imperfect items and carbon emission, was studied. The contribution
of several authors, so far, has been mentioned in Table 1.

3 Notations & Assumptions

The following notations and assumptions are considered to develop the
model. The basic assumptions are taken from Hills (1997) and the rest are
adopted from the model proposed by Aljazzar et al. (2017).

3.1 Notations

The following notations have been given under below with meaning
description

Q = Order lot (decesion variable) (units)

D = Retailer’s demand rate (units/year)

P = Manufacturer’s production rate where (D < P )

Ar = Ordering cost for reailer ($/shipment)

Cr = Item unit cost for reailer ($/unit)

hr = Holding cost for reailer ($/unit/year)
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sr = Storage holding cost for reailer ($/unit/year)

Am = Ordering cost for manufacturer ($/shipment)

Cm = Item unit cost for manufacturer (in $)

hm = Holding cost for manufacturer ($/unit/year)

sm = Storage holding cost for reailer ($/unit/year)

λ = Shipment lot size multiplier in a vendor cycle

Tm = Manufacturer’s cycle time = λQ/D (year)

δ = Percentage of defective items

Te = Transport emission tax (in $)

Tci = Emission tax rate ($/Ton)

Tcap = Truck capacity (in integer)

η = Number of trucks per shipment (Q/Tcap)

Em = Manufacturing emission (g/unit)

d = Distance traveled in one side (Km)

TACR = Retailer’s total annual cost (in $)

TACm = Manufacturer’s total annual cost (in $)

Ψ(Q) = Integrated total annual cost for the supply chain system (in $)

3.2 Assumptions

a. The rate of demand is fixed over horizon time plane, (i.e.) quantity of
goods that consumers want to purchase remains the same regardless of
changes in other factors such as price, income, or market conditions.

b. Shortages are not permitted in this model – shortages are not permit-
ted as the quantity of goods produced and supplied is equal to the
quantity of goods demanded by consumers at all times. This can be
achieved through proper production planning, inventory management,
and efficient supply chain management.

c. The rate of demand is less than the rate of production – means that
businesses are producing more goods than consumers are willing to buy
at the current market price. This can result in a surplus of goods, where
the quantity supplied exceeds the quantity demanded. It also means that
businesses are producing more goods than consumers are willing to buy
at the current market price. This can result in a surplus of goods, where
the quantity supplied exceeds the quantity demanded.
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d. The capacity of all trucks is same and uses same path for each truck
during supply chain – Using the same path and capacity for all trucks
can simplify logistics and reduce variability, leading to a more efficient
and predictable supply chain. However, it can also limit adaptability and
make it difficult to respond to unexpected changes or disruptions. This
approach may be suitable for simple and stable supply chains, but more
complex ones may require more flexibility.

e. Single type of items is used during this supply chain – If a single type of
item is used throughout the supply chain, it can simplify the logistics and
reduce the complexity of managing inventory, transportation, and other
aspects of the supply chain. This is because there is only one type of
product to track and manage, which can reduce the likelihood of errors
and miscommunications.

f. The cost of holding units is included during non production phase – cost
of holding units is typically included during non-production phases such
as storage, transportation, or inventory management, as these activities
involve holding products or materials for a certain period of time before
they are used or sold.

g. Delivered lot has some defective items as it is not possible to do 100%
good production. Production of lots may have some defective items in it
so impact of this must needs to be observed.

h. Imperfect quality items are sold at low price in another market – after
receiving the imperfect items retailer must check it because consumers
will not buy defective item but later on after sorting defective items,
retailer must try to sell them out in another market as return of defective
items is not allowed.

i. Manufacturer emission cost will be fixed during supply chain – man-
ufacturer’s emission cost during the supply chain may not necessarily
be fixed. The amount of emissions generated during production and
transportation can vary depending on a range of factors, such as the
type and efficiency of the production process, the distance and mode
of transportation, and the source of energy used.

j. The cost related to holding units is termed as financial cost which will
be same during supply chain.

k. The financial cost for retailer is greater than the financial cost of man-
ufacturer at the retailer’s end as manufacturer will get its complete cost
after production but retailers has to invest at certain points like holding
cost, setup cost, item cost also retailer has to bear cost of imperfect items
also if it is not sold at good price.
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4 Proposed Model

Our proposed model follows the model mythology of Hill (1997) and
its inventory representation has been depicted in Figure 1. Manufacturer
prepared Q units as per demanded retailer.

It is supposed that D is the rate of demand for retailer. In this order,
we studied the model of Jaber et al. (2013) which presented for the manu-
facturer emissions which are equal to Em = aP 2 − bP + c. Gurtu et al.
(2015) explained the carbon emission cost associated with transportation and
transport with the help of formula (2d eTci).

4.1 Retailer’s Total Annual Cost

In this section, we have calculated the total annual cost for the retailer which
is the sum of the setup cost SC, item cost IC, holding cost HC, transportation
cost TC, and emission tax ET.

Setup cost (SC) encompasses all expenses associated with initiating an
order for inventory, which can include costs related to packaging, delivery,
shipping, and handling and here it is given as:

SC =

(
(Ar)D

Q

)
(1)

Figure 1 The process of inventory system.
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Item cost (IC) is the amount paid for the item and any additional direct
costs for bringing the item to the facility are included in the item costs of a
purchased item & here it is given as:

IC = (CrD) (2)

Holding Cost (HC) is the costs associated with keeping inventory or
commodities in a warehouse. Inventory holding expenses include rent for the
facility, security fees, depreciation costs, and insurance here it is given as:

HC =

(
(hr + Sr)

[
(1− δ)Q

2
+

δQ2

17520

])
(3)

Transportation cost (TC) is the total cost of transportation includes all
expenses that has been associated with moving workers, finished goods, and
raw materials. Making ensuring that all moving components are in the right
place at the right time to ensure that your consumers receive their goods or
services on schedule costs money here it has been given as:

TC =

(
ηDA0

Q
+

ηA1(2λn− λ− 1)

2

)
(4)

Emission Tax (ET) is the amount of charge or fee paid for every tonne of
greenhouse gas emitted. Te, the transportation emission tax, incorporated in
this article, was first given by Gurtu et al., (2015). ET has been calculated as:

ET =

(
ηDTe

Q

)
(5)

The Retailer’s annual cost (TACR) can be defined as given below:

TACR = SC + IC + IHC + TC + ET (6)

TACR =
(Ar)D

Q
+ CrD + (hr + Sr)

[
(1− δ)Q

2
+

δQ2

17520

]
+

ηDA0

Q
+

ηA1(2λn− λ− 1)

2
+

ηDTe

Q
(7)

4.2 Manufacturer’s Total Annual Cost

In this section, we calculate the total annual cost for the retailer, which
is the sum of the setup cost SCm, item cost ICm, holding cost IHCm,
transportation cost TCm and emission tax ETm.
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Setup cost for manufacturer (SCm) is the cost associated with manufac-
turer for setup & here it is given as:(

SCm =
(Am)D

λQ

)
(8)

Item cost for manufacturer (ICm) is the item cost that has been associated
with manufacturer & here it is given as:

(ICm = CmD) (9)

Holding cost for manufacturer (IHCm) is the holding cost that has been
associated with manufacturer & here it is given as:(

IHCm = (hm + Sm)
Q

2

[
2D

P
+

λ(P −D)

P
− 1

])
(10)

The transportation cost for the manufacturer (TCm) refers to the cost of
transportation that is directly linked to the manufacturer & here it is given as:(

TCm =
ηDA0

Q
+

ηA1(2λn− λ− 1)

2

)
(11)

Emission tax for manufacturer (ETm) is the cost that has been associated
with manufacturer for emission during manufacturing the goods. Em is the
emission constrain for manufacturer used by Jaber et al., (2013) and its value
is given by Em = aP 2 − bP + c and here emission tax for manufacturer is
given as:

(ETM = EmDTci) (12)

The manufacturer’s annual cost (TACm) can be defined as given below:

TACm = SCm + ICm + IHCm + TCm + ETm (13)

TACm =
(Am)D

λQ
+ CmD + (hm + Sm)

Q

2

[
2D

P
+

λ(P −D)

P
− 1

]
+

ηDA0

Q
+

ηA1(2λn− λ− 1)

2
+ EmDTci (14)

4.3 Integrated Total Annual Cost for Supply Chain System

In this section, we have calculated total joint cost for supply chain which is the
sum of retailer’s annual cost and manufacturer’s cost. From the Equations (7)
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and (14), we get

Ψ(Q) =
(Am + λAr)D

λQ
+D(Cr + Cm)

+ (hr + Sr)

[
(1− δ)Q

2
+

δQ2

17520

]
+

(hm + sm)Q

2

{
2D

P
+

λ(P −D)

P
− 1

}
+

ηDA0

Q
+

ηA1(2λn− λ− 1)

2
+

ηDTe

Q
+ EmDTci (15)

Derivative of total cost function with respect to Q is given below:

Ψ′(Q) =
−(Am + λAr)D

λQ2
+ (hr + Sr)

[
(1− δ)

2
+

δQ

8760

]
+

(hm + sm)

2

{
2D

P
+

λ(P −D)

P
− 1

}
− ηDA0

Q2
− ηDTe

Q2
(16)

The convexity of joint total cost for supply chain has been shown in
Figure 2 with the help of Mathematica software. The complete solution
procedure is mentioned in the appendix section.

Figure 2 Convexity of joint total cost for supply chain.
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5 Numerical Problem

The numerical analysis used in this study majorly relies on data from pre-
viously published paper (Aljazzar et al. 2016). Also, fuel consumption and
transport emission data were obtained from Gurtu et al. (2015), while man-
ufacturing emission data were collected from Jaber et al. (2013). The values
of the input parameters used in the analysis are listed in Table 2.

For the calculation, we used Mathematica software for the optimization
of order quantity and total integrated cost for supply chain. The optimal order
quantity of this proposed model is Q∗ = 223 units and the optimal integrated
cost with respect to this optimal order quantity is Ψ(Q∗) = 60517 $.
The present study is also compared with previous study and has been shown
in the Table 3.

Table 2 Input parameters

Variable Value Variable Value

D 1000 units/year Tcap 80

P 3200 units/year δ 0.02

Am $200 per order Tci 30

Cm $15 per unit Te (2)(d)(0.00077344)(30)

hm $ 3 per unit/year a 0.0000003

sm $ 9 per unit/year b 0.0012

km 0.001 c 1.4

Ar $ 30 per order Em aP 2 − bP + c

Cr $ 20 per unit η 3

hr $ 4 per unit per year Q∗ 223 units

sr $ 12 per unit per year Ψ (Q*) 60517 ($)

kr 0.002

T 5

D 500

λ 2

Table 3 Comparison of proposed model with traditional model

Model Imperfect Items Lot Size Total Cost

Base Paper NA 222 60487

0.00 222 60487

Proposed Model 0.01 222 60535

0.02 223 60517
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6 Sensitivity Analysis

Analyzing model parameters is a crucial aspect of research, and sensitivity
analysis can help evaluate decisions that are ambiguous. Tables 4, 5, and 6 as
well as Figures 3, 4, 5, and 6 provide graphical representations to support this
analysis.

Table 4 Impact of percentage of defective items on lot size and joint total cost
Percentage of Defective Items Lot Size Total Cost
0.01 222 60535
0.02 223 60517
0.03 224 60499
0.04 224 60482
0.05 225 60464
0.08 227 60409

Table 5 Impact of demand rate and production on lot size and joint total cost
Demand Rate Production Rate Lot Size Total Cost
1000 3200 223 60517
2000 5200 316 275442
3000 6200 387 610369

Table 6 Impact of number of truck on lot size and joint total cost
Number of Truck Lot Size Total Cost
2 190 59491
3 223 60517
4 252 61428
5 277 52258

Figure 3 Impact of distance travelled (one side) on total cost.
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Figure 4 Impact of distance travelled (one side) on order size.

Figure 5 Impact of percentage of defective items on order size.

Figure 6 Impact of percentage of defective items on joint total cost.
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6.1 Managerial Insights

a. Table 4 shows that as the percentage of defective items increases, the
optimal shipment lot size also increases. However, in such cases, the
joint total cost decreases. This observation can assist a manager in
making decisions because, despite the increase in the shipment lot size,
the total cost is still decreasing.

b. From Table 4, a manager prioritizes managing imperfect items, they can
take advantage of this situation. By focusing on reducing the percent-
age of defective items, the optimal shipment lot size can be increased
while also reducing the total cost, resulting in a more efficient and
cost-effective supply chain.

c. Analysis of Table 5, Figure 5, and Figure 6 indicates that when there
is an increase in demand rate and production rate, the order quantity
and joint total cost also increase initially. This observation can assist
a manager in understanding the impact of changes in demand and
production rates on total cost.

d. By closely monitoring the relationship between demand rate, production
rate, order quantity, and joint total cost, a manager can take action to
manage the total cost effectively. This may involve adjusting the pro-
duction rate to meet demand or modifying the order quantity to optimize
the joint total cost, resulting in a more efficient and cost-effective supply
chain.

e. By analyzing Table 6, it becomes evident that an increase in the number
of trucks while keeping other parameters of the model constant results
in an increase in the order quantity and joint total cost.

f. From Figures 3 and 4, it can be observed that when distance travelled
increases then the total expected total cost increases significantly and it
is easier for a one to take decision about delivery of lots keeping distance
in mind and hence manager can also imply this to reduce the total cost
if distance is reduced so that carbon emission can also be manged with
this.

7 Conclusion and Future Scope

The paper aims to investigate the impact of including items with imperfect
quality in a lot on various costs and retailer ordering policies. It appears that
the paper focuses on the potential advantages of including such items and how
it could influence the supply chain. The study suggests that the inclusion of



Managing Carbon Foot Prints in Supply Chain for Imperfect Quality Items 131

imperfect items can lead to a larger lot size and reduced costs associated with
holding, setup, item, transportation, and emission tax. Moreover, the paper
highlights the positive impact of carbon emissions and imperfect items on
retailer ordering policies.

The paper employs mathematical analysis to support its findings and pro-
poses a model that could be developed with the assistance of a learning and
supply chain model under a credit policy. The proposed model is expected to
help companies incorporate imperfect items into their supply chain processes
in a cost-effective manner.

Overall, the paper highlights the potential benefits of including imperfect
items in lot sizes and how this could influence the supply chain. It emphasizes
the importance of considering the impact of carbon emissions and imperfect
items on retailer ordering policies and how companies can incorporate these
factors into their decision-making process. The paper’s findings provide
valuable insights for companies looking to optimize their supply chain
processes and reduce costs while maintaining quality.

This study provides several opportunities for future research. Firstly,
future studies could explore alternative approaches to handling items of
defective quality, such as repairing damaged products on-site, hiring staff
or purchasing equipment, or sending them to a repair shop instead of sell-
ing them at a reduced price. While such alternatives may increase labor,
transportation, and repair costs, they may also increase the expected total
profit. Additionally, an appropriate extension to the current article would
be to consider lead time as a function of production time, setup time, and
transportation time. This could provide valuable insights into how lead
time affects the total cost and profit of the supply chain. By taking into
account these additional factors, future studies can provide more compre-
hensive recommendations for managers looking to optimize their supply
chain operations. Another possible extension could be to allow shortages or
partial backlogging, consider learning, and include the concept of trade credit
financing.

Appendix

Solution Method

Step 1. Calculate the derivative of cost function dΨ(Q)
dQ = 0.

Step 2. Calculate the second derivative of cost function d2Ψ(Q)
dQ2 .
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Step 3. After calculating the second derivative of function it has been

observed that it is less than zero d2Ψ(Q∗)
dQ2 < 0, which clearly shows that it

is a point of minima.

Step 4. Now solve the equation by using first derivative and put it equal to
zero dΨ(Q)

dQ = 0, then we got the minimum value of (Q).

Step 5. With the use of mathematics software the worth of Q = Q∗ (consider)

and calculates d2Ψ(Q)
dQ2 and if we get d2Ψ(Q∗)

dQ2 < 0, then Q = Q∗ is called
optimal value of Q and denoted by Q∗.

On differentiating Equation (15) with respect to Q and soling it we get

Ψ′(Q) =
−(Am + λAr)D

λQ2
+ (hr + Sr)

[
(1− δ)

2
+

δQ

8760

]
+

(hm + sm)

2

{
2D

P
+

λ(P −D)

P
− 1

}
− ηDA0

Q2
− ηDTe

Q2

(17)

Q∗ =

√√√√√√√
D ∗ (Ar +

(
Am
λ

)
+ η ∗A0 + η ∗ Te[

(hr + sr) ∗
(
(1−δ)

2 + 2∗δ∗Q
175200

)]
+(hm + sm) ∗ 1

2 ∗
(
2∗D
P + λ∗(P−D)

P − 1
) (18)
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