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Abstract: The aim of almost every production firm is to gain maximum profit along with
customer satisfaction. The formation of imperfect products is an obvious process in a
production system, which is not a good thing from a business point of view. This paper
considers an inventory model for an imperfect production system. All the imperfect
products are assumed to be reworkable. An investment occurs for in-process inspection
to reduce the rate of formation of imperfect items. A comparison is performed with a
production system without in-process inspection to demonstrate the effectiveness of the
model. The study shows that the implementation of in-process inspection significantly
reduces the total cost of the system as compared to a production system without in-process
inspection. The results obtained show that the use of in-process inspection can reduce the
total cost by up to 9.3%. Moreover, reducing the formation of defective items saves energy
as well as resources. In addition, to reduce carbon emissions, a penalty is implemented on
carbon emissions caused by manufacturing, reworking, disposal, and indirect emissions
caused by the transportation of disposed items to the treatment facility. As everyone should
now be concerned about the environment, green technology is implemented to reduce the
amount of carbon emissions to some extent. A classical optimization technique is used to
achieve decision variables, i.e., optimal production quantity (Q), fraction of profit invested
in in-process inspection (Pf ), and green technology investment (G), such that the total cost
of the system is minimized. A sensitivity analysis is performed to determine the effects of
various parameters on the decision variables and total cost. Maple 18 and Mathematica 11
software are used for mathematical work and graphical representation.

Keywords: sustainability; in-process inspection (IPI); imperfect production; green technology;
carbon emissions

MSC: 90B05

1. Introduction
Sustainability has become a hot topic these days. It is basically the avoidance of the

depletion of natural resources. The maintenance of biodiversity and ecological balance
are very important for the health of the planet. It can be defined as a long-term goal to
meet the needs of economic growth with the least amount of impact on the environment.
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Sustainability has three aspects, which are economic, environmental, and social. In the last
few decades, sustainable development has drawn the attention of countries and their gov-
ernments, industrialists, and research scholars as well. During the G20 in 2023, sustainable
development was one of the central topics. It can be defined as development that fulfills
the needs of the present without affecting or compromising the ability of future generations
to meet their needs. Thus, it can be said that it is a type of development that heads towards
progress, not decline. Its main aim is to prevent the exploitation of natural resources.
As natural resources are limited in nature, we have to save them for our future generations
so that all can live life comfortably and all have opportunities to progress in life. Thus,
sustainability is progress for all. It promotes the conservation of resources.

Production is the most important activity of any supply chain. Almost all production
firms have primary operation strategies and goals to become a low-cost producer and
achieve high satisfaction regarding customers’ demands. All manufacturing firms have
a tendency to produce perfect-quality products, which is almost impossible in real-life
situations. The formation of defective or poor-quality products is an obvious phenomenon
in any production system. This can be due to either machinery error (machine breakdown
or fault) or human error (labor problem, and improper surveillance of the production
process) [1]. Produced defective items are reworked at a cost, called reworking cost, and
sold at the same price but most often at a lesser price than a perfect one. Reworking is
an important aspect in a production inventory model [2]. Some key aspects of reworking
imperfect items include the following.

The first step in reworking imperfect items is to identify and segregate those products
that do not meet the required quality standards. This can be achieved through visual
inspection, automated quality control processes, or sampling methods. Understanding the
specific defects or issues with the imperfect items is essential. This helps in determining the
appropriate reworking process and resources needed to address the problems. Reworking
imperfect items typically involves a set of processes aimed at fixing the identified defects.
The reworking process may vary depending on the nature of the defects, but it could
involve tasks such as reassembly, repair, adjustment, cleaning, or retesting. After rework-
ing, the items should undergo a quality control process to ensure that the defects have
been successfully addressed and that they now meet the required standards. Reworking
imperfect items can be cost-effective if the cost of reworking is lower than the cost of
producing new items. However, it is important to calculate the costs of labor, materials, and
additional processing to determine its economic feasibility. To prevent future occurrences
of the same defects, it is important to conduct a root cause analysis. Understanding why
the defects occurred in the first place can lead to process improvements and preventive
measures. Shifting of machines from an in-control state to an out-of-control state can be
one of the reasons for imperfect production [3]. Reworking may require specialized skills,
so it is essential to have trained personnel who can effectively perform the reworking tasks.
Reworking imperfect items can introduce delays in production and may impact delivery
schedules. Sometimes, it may be more cost-effective to scrap defective items rather than
reworking them, especially if the defects are too severe or the reworking process is costly.

Reworking of imperfect defective products not only adds a cost but also additional
use of resources in the reworking process, and, as said earlier, most of the time, reworked
products have decreased value and hence are sold at lower prices in the market. A high rate
of formation of defective items can be crucial to a business. As the formation of imperfect
items is obvious, its rate can be decreased by using in-process inspection (IPI). As the name
indicates, it is the process of inspecting the quality of a product during the manufacturing
process itself. Thus, in-process inspection for manufacturing is the process to inspect at any
point within the production cycle. This inspection takes place at any stage of manufacturing
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to check whether the product quality is being met before they are finalized to go to market
or to continue to the next stage. This is very helpful to identify a misstep at an early stage,
with less room for error. If an error is found at an early stage in production, it can be reset,
which in turn will save resources and time in the long run.

There are several ways in which in-process inspection can contribute to increased
profitability. In-process inspection can help to ensure that products or components meet the
quality standards at the various stages of production. This reduces the likelihood of defects,
reworking, or scrap, which can lead to cost savings by minimizing the need for expensive
reworking or replacement. Catching defects early in the production process prevents the
production of substandard or faulty products. This can lead to fewer customer returns,
warranty claims, and associated costs, as well as a better reputation for quality, which can
attract more customers. By identifying and addressing issues during production, in-process
inspection can help to streamline the production processes, reduce downtime, and optimize
resource utilization. This can result in higher output and lower production costs. It can
prevent costly errors or deviations from product specifications, helping to minimize mate-
rial wastage and the use of resources. This can translate into significant cost savings over
time. Ensuring that products are manufactured in accordance with the industry regulations
and standards is crucial for avoiding legal issues and fines. In-process inspection helps to
maintain compliance, reducing the risk of costly legal actions or regulatory penalties. In the
event of issues or deviations from the standard, in-process inspection allows for immediate
corrective actions, reducing the time and costs associated with resolving problems that may
become more expensive if left unaddressed. By maintaining consistent product quality
and minimizing production disruptions, in-process inspection can lead to shorter lead
times, which can enhance customer satisfaction and potentially lead to increased sales.
Consistently delivering high-quality products can help to build a positive brand reputation
and customer trust, which are essential for long-term profitability. When a business con-
sistently produces high-quality products at competitive prices due to efficient in-process
inspection, it is better positioned to compete in the market and potentially capture a larger
market share. In-process inspection can also provide valuable data and feedback that can
be used to continuously improve processes, product design, and overall efficiency, leading
to ongoing cost savings and increased profitability.

Carbon emissions are a problem that the world has been facing in recent decades.
Although from time to time many policies are implemented from different countries and
their governments [4,5], emissions are increasing day by day. For many reasons, this cannot
be ignored. Carbon emissions, primarily in the form of carbon dioxide (CO2), result from
various human activities. These emissions have several significant impacts on public health
and the global economy. Chemicals like nitrogen oxide and sulfur dioxide are exhausted
by various human activities. These pollutants can lead to poor air quality, respiratory
problems, and health issues, including asthma, bronchitis, and heart disease, affecting
the health and well-being of communities near pollution sources. The changing climate
driven by carbon emissions is linked to wildfires, floods, and droughts. These disasters
can have devastating consequences on human lives, property, and agriculture. Climate
change and its associated impacts, including more frequent natural disasters and loss of
agricultural productivity, can have significant economic costs. These costs may be incurred
through damage to infrastructure, increased healthcare expenditures, and disruptions to
supply chains, among other factors. Climate change and the resulting temperature shifts
disturb living things’ behavior. This can lead to habitat loss, endangerment, and extinction
of numerous species. Changes in precipitation patterns and increasing temperatures can
affect water availability, leading to issues like water scarcity and altered water quality,
which can impact agriculture, industry, and human consumption. Climate change driven
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by carbon emissions can exacerbate the existing vulnerabilities in some regions, causing
conflicts over resources and migrations of people from areas facing extreme environmental
challenges. Vulnerable communities, particularly those with limited resources, may face
disproportionate impacts from carbon emissions. Environmental justice concerns arise as
these communities often bear the brunt of pollution and climate change impacts. Climate
change and its associated hazards can disrupt economies by damaging infrastructure,
reducing agricultural productivity, increasing insurance costs, and causing displacement of
communities, which can lead to financial losses and instability [6].

Reducing carbon emissions is crucial to mitigating these impacts. International efforts
are being undertaken in this direction. For example, the Paris Agreement aims to coordinate
global action to address climate change by curbing carbon emissions. These actions limit
global warming and its associated hazards, protecting both the environment human health.
Waste reduction is also very important [7]. The above discussion shows that IPI has
significant benefits in comparison to the traditional inspection process. Identifying flaws in
the production process at an early stage can be useful in many ways. We have considered an
imperfect production system that uses IPI. The paper aims to showcase how IPI can reduce
the total cost significantly. It is assumed that the system is profitable and some fraction of
the profit is used as an investment in IPI. Further, since carbon emissions represent a very
large issue, the carbon emission cost is incorporated into the system.

1.1. Motivation and Objective

Dealing with imperfect items is a very challenging job for supply chain members, not
just because it is associated with many additional costs but also because it uses additional
resources, including energy and time. It is harmful for the market reputation of the
concerned firm and, if unaddressed, will lead to demand declination of the product in
the market as, if customers receive defective/imperfect products frequently, they will not
buy the product the next time and will shift to another alternative/the same category
product from a different company that is available in the market. Thus, an imperfect
production system can lead to various disadvantages. Imperfection in the production
system can result in delays and bottlenecks, lowering the overall efficiency and output.
Imperfection may lead to a higher rate of defects or errors in the final product, impacting
quality and customer satisfaction. Imperfect systems can struggle to handle increased
production demands, limiting the company’s ability to scale up operations effectively.
Inefficiencies within the production system can disrupt the supply chain, causing delays
and affecting relationships with suppliers and customers. Persistent imperfections can
harm a company’s reputation, affecting customer trust and future business opportunities.
Companies with efficient production systems may outperform those with imperfections,
giving competitors a competitive edge in the market. As already mentioned, the formation
of defective/imperfect products is quite a normal and obvious phenomenon, but its rate can
be decreased by using IPI so that imperfect product formation can be controlled regarding
machine error or human error (such as not maintaining the composition of a product during
production, poor surveillance, etc.).

Carbon emission control is a major challenge for decision makers. Different mecha-
nisms have been provided by many researchers to limit the emissions of harmful carbon.
Technologies can help with this. Green technology may prove to be helpful to decrease
greenhouse gas emissions. But, determining how much to invest in this technology is a
very difficult task, and this is beneficial for optimizing profit. However, several studies are
described in the literature review that consider reworking of imperfect-quality items, green
technology investment, etc. The total cost optimization of the manufacturer is the main
goal of this research considering a reduced rate of defective item formation.
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1.2. Contributions to the Field

• The formation of defective items is linked with many costs, like the reworking cost, loss
of goodwill cost, transportation cost (returning from the retailer or concerned traders
to the manufacturer for reworking), carbon emission cost due to this transportation,
high inspection cost, storage cost of the defective products received until they are
reworked, waste management cost incurred during the reworking process, and of
course the additional use of resources, energy, and time. In-process inspection plays a
crucial role in reducing the reworking cost by identifying and addressing issues early
in the production process. Inspecting during the production process allows for the
early identification of defects or issues, making it easier and more cost-effective to
rectify them at this stage rather than after completion. When defects are detected early,
they can be corrected promptly within the ongoing production cycle, minimizing the
need for extensive reworking later on. Early detection helps to prevent minor issues
from snowballing into major problems that might require significant time, resources,
and energy. The implementation of in-process inspection leads to a reduction in the
number of items that require reworking. Thus, in-process inspection decreases the rate
of production of imperfect products and adds quality to the manufacturing system
and products and decreases additional costs. This important phenomenon is studied
in the model.

• Carbons emissions are very harmful for the environment. Imposing a carbon tax on
industries can have several advantages, including encouraging industries to reduce
their carbon emissions. This encourages companies to invest in cleaner technologies
and processes, ultimately reducing their carbon footprint. By encouraging a shift to-
wards cleaner energy sources and technologies, a carbon tax promotes environmental
conservation and helps to protect the natural ecosystem, air, water, and biodiversity.
Governments can generate significant revenue from carbon taxes, which can be rein-
vested into sustainable initiatives, renewable energy projects, public infrastructure,
or can be used to subsidize clean and green technologies. Thus, penalties on carbon
emissions may decrease their formation to some extent. Carbon emissions due to
activities like production, reworking, and disposal are taken into account.

• Several supply chain activities contribute to carbon emissions impacting the environ-
ment. Transportation is a major factor, involving the movement of goods via trucks,
ships, planes, and other vehicles powered by fossil fuels. Manufacturing processes
also generate carbon emissions, particularly in energy-intensive industries. Addi-
tionally, the extraction, processing, and transportation of raw materials contribute
to the carbon footprint. Warehousing and storage facilities that are often reliant on
energy-intensive systems also play a role. Sustainable practices, such as optimizing
transportation routes, adopting cleaner energy sources, and promoting eco-friendly
manufacturing processes, are crucial for mitigating the carbon impact of these supply
chain activities. Some investments have occurred to reduce carbon emissions. Apart
from direct emissions, indirect emissions caused by third-party companies, such as
transporting waste to their treatment facility, are included in the model.

1.3. Orientation of the Paper

The remaining research is arranged as follows. A review of the literature is included
in Section 2 of this study, and notation, assumptions, model, solution methodology, and
numerical are included in Section 3. Sensitivity analysis is covered in Section 4. Observation
is provided in Section 5. Conclusions and future direction of research is provided in
Section 6.
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2. Related Literature Survey
This part of the paper includes an extensive survey of the literature to detect significant

contributions in the proposed field. Some are described below.

2.1. Reworking of Defective/Imperfect Items

The reworking of imperfect products is a common practice in manufacturing and
quality control to salvage defective or non-conforming products and bring them up to the
required quality standards. Reworking imperfect items can help to reduce waste and save
resources, ultimately improving product quality and reducing costs. Some key aspects of
reworking imperfect items include the following.

The first step in reworking imperfect items is to identify and segregate products that
do not meet the required quality standards. This can be conducted through visual inspec-
tion, automated quality control processes, or by sampling methods. Understanding the
specific defects or issues with the imperfect items is essential. This helps in determining the
appropriate reworking process and resources needed to address the problems. Reworking
imperfect items typically involves a set of processes aimed at fixing the identified defects.
The reworking process may vary depending on the nature of the defects, but it could in-
volve tasks such as reassembly, repair, adjustment, cleaning, or retesting. After reworking,
the items should undergo a quality control process to ensure that the defects have been suc-
cessfully addressed and that they now meet the required standards. Reworking imperfect
items can be cost-effective if the cost of reworking is lower than the cost of producing new
items. However, it is important to calculate the costs of labor, materials, and additional
processing to determine its economic feasibility. To prevent future occurrences of the same
defects, it is important to conduct a root cause analysis. Understanding why the defects
occurred in the first place can lead to process improvements and preventive measures.
Reworking may require specialized skills, so it is essential to have trained personnel who
can effectively perform the reworking tasks. Reworking imperfect items can introduce
delays in production and may impact delivery schedules. Sometimes, it may be more
cost-effective to scrap defective items rather than reworking them, especially if the defects
are too severe or the reworking process is costly.

Reworking imperfect items is a valuable practice in many industries to salvage prod-
ucts that might otherwise be discarded. However, it is important to set a balance between
the cost of reworking and the value of the salvaged items, as well as addressing the root
causes of defects to prevent their recurrence in the future. Much work has been carried out
considering reworking of imperfect items. An imperfect production inventory model was
taken into account in Narang and De [8]. The writers assumed demand patterns influenced
by advertising, time, and price. The model was created for decaying goods. Dey et al. [9]
conducted research on the efficacy of carbon policy. Remanufacturing and multiple-period
payment delays were taken into consideration. The model’s results demonstrated that
investing can significantly lower carbon emissions and boost the overall supply chain profit.
The study’s analytical methodology was employed to identify the answer. Additionally,
it was discovered in the study that restricted carbon control is the best policy and that a
trade credit policy increases the profit by up to 1.55 percent. Taleizadeh et al. [10] created
the economic order quantity (EOQ) model. The researchers took into account reworking
procedures, backorders, and pricing policies. Selling price, ideal lot size, and degree of
ideal backorder were employed in the study as decision variables. A model for sustainable
green production was created in Ahmed et al. [11]. The study focused on developing a
synergic inventory model to obtain the most profit by making allowances for reworking, a
multi-period delay-in-payments policy, and shortages. To manage fluctuating demand, the
researchers studied variable demand. For altered objects, the writers took into account a
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separate holding cost. The results demonstrated how important green investments are to
making the model viable and environmentally friendly. A model for managing damaged
goods was created in Dey et al. [12]. The strategy intended to optimize the overall supply
chain profit while minimizing waste by reworking damaged items. Discrete investments
for lowering setup costs were considered in the analysis. Demand was considered to be
dependent on selling price. Inspection was utilized to find defects. The model had a
two-stage inspection process.

Dey et al. [13] invented a model with an automation policy to control the work
regarding in-process inventory. Sarkar et al. [14] studied the model with a random
defective rate. The effects of carbon along with inspection were studied. The authors
considered fixed and variable transportation costs. Malik and Sarkar [15] introduced an
inventory model related to multi product imperfect items. The researchers considered
the reworking process for those defective items that are produced due to machine error
(when a machine switches from being under control to being out of control). The authors
considered the product’s warranty policies, taking into account free replacement of the
product during the warranty period.

In Saxena et al. [16], the authors invented an inventory model for a production sys-
tem, considering it as imperfect. Reductions in waiting time and waste were studied.
The production process started from an in-control state and progressed to an out-of-control
state. Guchhait et al. [17] considered a model for reduction in setup cost. Shortages had
a complete backlog. By simultaneously reducing the setup costs, production run times,
and process quality, the approach sought to minimize the total cost. The study took into
account the random collapse of the production system from a controlled state to an un-
controlled one. Tayyab et al. [18] analyzed a cleaner multiple-stage production model.
The model included a reduction in carbon emissions. There are three built-in possibilities
for imperfect proportions. Situations were created using analytical optimization approaches
to choose the right batch size and backorder amount.

Figure 1 outlines the amounts of papers published on reworking of imperfect products.

Figure 1. Amounts of papers published on reworking of imperfect products.

2.2. Carbon Emissions

Carbon emissions refer to the release of harmful gases, especially carbon dioxide
(CO2), and other toxic gases into Earth’s atmosphere, primarily due to human activities like
transportation, production, etc. These emissions cause environmental issues that have wide-
ranging and often detrimental effects on the environment, human societies, and ecosystems.
There are several activities in the supply chain that cause carbon emissions. Carbon emis-
sions are associated with supply chain activities, often referred to as supply chain emissions.
They are generated throughout the life spans of products or their movement through the
supply chain, from extraction of raw material to production, transportation, distribution,
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and disposal. These emissions can have a major impact on the carbon emissions of the
company as a whole.

Carbon emissions are increasing day by day. It is prudent that they must be controlled.
In the last few decades, the issue has drawn the attention of countries, governments,
and researchers as well. In the last decade, researchers have been incorporating carbon
emissions in their research. An inventory model for growing items was introduced in Rana
et al. [19]. Partial backlogging was included in the model. Carbon emissions from feeding,
farming, slaughtering, and handling have been considered, which are the main activities
of carbon emissions for poultry farms. The shortage allowed by the model and partial
backlogging were also introduced. Moon et al. [20] introduced a reliable production
inventory model. The authors used green technology investment. Ruidas et al. [21] included
a green subsidy in their model. Mahato et al. [22] concerned a model for perishable products.
The study included fixed life time partial backordering along with carbon policies.

Daryanto and Setyanto [23] developed a production model with cap and trade regula-
tion. The authors used direct and indirect emissions from production, material handling,
waste disposal, and transportation. The study aimed to find the factors or costs on which
optimal production quantity depends. In Gautam et al. [24], the authors created a model
considering sustainability. Preservation technology was incorporated, and an environmen-
tal deliberation concept was added to the model. Sarkar and Guchhait [25] introduced
asymmetry of information in a green supply chain. A cap and trade policy was included
in the model. Khan et al. [26] developed a model considering quantity discount. Power
demand was also taken into account.

Figure 2 presents the amounts of papers published on carbon emissions.

Figure 2. Amounts of papers published on carbon emissions.

2.3. Production Inventory Models

The production inventory model, also known as the production order quantity model
or the economic production quantity (EPQ) model, is a mathematical approach used in
operations and inventory management to determine the optimal order quantity for a man-
ufacturing process. This model is particularly useful for businesses that produce their own
goods or components rather than just ordering finished products from suppliers. The goal
of the production inventory model is to minimize the total inventory costs while meeting
the demand for a product. Afshar Nadjafi [27] introduced the EPQ model, in which the
setup cost is taken as a function of the production rate. He et al. [28] studied deteriorating
items with multiple items and multiple aspects of market demand. In Sana [29], the authors
developed a model for an imperfect production system. The model optimized the optimal
product reliability and production rate. Su et al. [30] developed a model for process main-
tenance strategies. They included aspects of scrap return in the model. They considered
multiple products. In Daryanto and Setyanto [23], the authors incorporated direct and
indirect emissions. They used cap and trade regulations. Lu et al. [31] introduced a model



Mathematics 2025, 13, 1074 9 of 26

for perishable items under the impact of carbon policies. The authors aimed to find the
optimal material supply, production, and replenishment strategies and maximize the total
profit. The outcome shows that fluctuation in carbon price and carbon taxes have different
effects on the profit of the entire supply chain.

For breakable or deteriorating objects, Guchhait et al. [32] introduced a production
quantity model. The study assumed that demand was influenced by both time and available
stock. The carrying cost and rate of production were considered as time-dependent. It was
considered that setup costs were somewhat influenced by output rate. Time and reliability
indicators were assumed to be reliant on the production process. Using Euler–Lagrange
functions, the model was addressed as an optimal control problem. In two-tier supply
chain management, Sarkar et al. [33] presented a flexible production model for products
like biofuels. To determine the related costs, three different continuous probabilistic deteri-
oration functions were applied. To determine the least cost of the complete supply chain,
an algebraic method was applied. The model was developed to determine the lowest cost
with integer numbers of deliveries and optimal size of production lot.

Sarkar et al. [34] developed a manufacturing model. Optimal delivery policies were
studied. A single-setup–multi-delivery (SSMD) policy was recommended for the central-
ized decision making. The development cost, cost of production, and material cost were
considered to be dependent on the reliability parameter. Yadav et al. [35] studied reductions
in pollution caused by by-products during the production process. Sarkar and Sarkar [36]
studied a biofuel production system.

Figure 3 shows the amounts of papers published on production inventory models.

Figure 3. Amounts of papers published on production inventory model.

2.4. Green Investment

Green investment refers to the allocation of financial resources for projects, businesses,
or initiatives that have positive environmental benefits or promote sustainability. Such
investment focuses on supporting activities that contribute to the transition to a low-carbon
and environmentally friendly economy. Green investments can include funding renewable
energy projects, sustainable infrastructure, energy-efficient technologies, and environmen-
tally responsible businesses. Green investments play a crucial role in addressing climate
change and promoting a more sustainable and resilient global economy. The primary
goal of green investment is to introduce environmental concerns and contribute to a more
enduring and eco-friendly future. There are various types of green investments. Renewable
energy includes investing in solar, wind, hydropower, and other forms of renewable energy
production. Energy efficiency includes supporting projects and technologies that reduce
energy consumption and improve efficiency in buildings, transportation, and industries.
Clean technology is investing in companies that develop and produce environmentally
friendly technologies and products. Sustainable agriculture is supporting agriculture
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practices that focus on environmental sustainability, reduce resource consumption, and
minimize negative environmental impacts. There is also investing in bonds issued by
governments or organizations for environmentally beneficial projects, such as clean energy
or conservation initiatives. The adoption of green technology offers numerous benefits for
both the environment and society. Firstly, it contributes to environmental sustainability by
reducing the carbon footprint and minimizing resource depletion. Green technologies often
lead to increased energy efficiency, lowering operational costs and dependence on finite re-
sources. Additionally, these technologies frequently promote innovation, driving economic
growth and creating new job opportunities in the emerging green sectors. Improved air
and water quality, enhanced public health, and the mitigation of climate change impacts
are other significant advantages that are associated with the widespread implementation of
green technology. Overall, the use of green technology not only addresses environmental
challenges but also fosters a more sustainable and resilient future for communities and
industries. Green investment plays a vital role in addressing environmental challenges,
promoting sustainability, and transitioning to a more eco-friendly and resilient economy. It
has become an increasingly popular approach as more investors recognize the importance
of balancing financial returns with social and environmental responsibility. As we are
going through an era of environmental crisis, sustainability is the need of the time. Green
technology has become very important these days. Greener alternatives must be explored
for the health of the environment and Earth. Green technology has been drawing attention
in recent years. Researchers are incorporating this into their models. Paramati et al. [37]
investigated the role of green technology and financial aspects depending on carbon emis-
sions. Sana [38] included competition in price between eco-friendly and non eco-friendly
products. Subsidy and tax implementation by governments were included in the model.
In Datta [39], the authors studied how investments in green technology might affect a
production inventory model. The model was carried forward with a selling price demand
pattern. A discount policy was discussed regarding wholesale customers. The concept
of defective items produced was also included. Shah et al. [40] discussed a production
inventory model for perishable products. They considered demand as a function of average
consumption by time-dependent diabetic individuals. Preservation technology was used to
keep the perishable products in a good condition. Carbon emissions due to transportation,
production, and storage were considered. To keep the carbon emissions under control,
green investments were implemented in the model.

Figure 4 shows the amounts of papers published on green investment.

Figure 4. Amounts of papers published on green investment.

2.5. Sustainability

Sustainability is important for several reasons. It ensures the well-being of future
generations by preserving natural resources and ecosystems. It addresses issues of global
concern, such as biodiversity loss, climate change, and pollution. In addition, sustainable
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practices can play an important role in cost savings. It can be helpful to increase efficiency
and innovation in various industries. Ultimately, embracing sustainability promotes a
healthier planet, social equity, and long-term economic viability. The future of sustainabil-
ity holds promising developments. We are likely to see increased adoption of renewable
energy sources, advancements in green technologies, circular economy practice, and a
growing focus on sustainable urban planning. Innovations in sustainable agriculture and
water reduction will also play a crucial role. Moreover, there will be a greater emphasis
on corporate sustainability, with businesses integrating social, environmental, and gov-
ernance factors into their strategies. Collaboration among governments, businesses, and
communities will be vital in achieving the global sustainability goals and promising a more
sustainable future for everyone.

Sustainability is the need of the hour due to several urgent challenges faced by the
world. Changes in the climate, biodiversity loss, natural resource exhaustion, pollution,
and social inequality are at critical levels. Sustainable practices are essential to migrate
issues like the climate crisis, resource depletion, waste management, biodiversity loss,
economic stability, and social equity. Sustainable inventory models focus on minimizing
the environmental impact by optimizing stock levels, reducing waste, and promoting eco-
friendly sourcing. These models often incorporate factors like carbon emissions, resource
usage, and sustainability goals into traditional inventory management strategies. These
models focus on a balance between economic efficiency and ecological responsibility.

A great deal of research has been carried out with sustainability as the central focus. A sus-
tainable order quantity model was created in Bouchery et al. [41]. The study reformulated the
EOQ model. The problem considered was taken as multi-objective. The study was conducted
on the sustainable model’s multi-echelon extension. Analytical solutions were defined, and
the efficiency of various carbon emission regulation schemes was investigated in order to plan
a sustainable supply chain. Biuki et al. [42] studied a multi-objective programming model.
The study addressed the issue of sustainability and incorporated the model’s routing, inven-
tory control planning, and decisions. The outcome of the research showed that manufacturing
sectors tend to decentralize when the goal of sustainability is approached. An inventory model
was created in Shah and Shroff [43] to reduce retailer total expenses for fixed-life products.
The model was implemented with time-dependent trapezoidal demand. The trade credit
concept was used. The dairy, grocery, and processed fruit businesses can use this approach.
In a closed-loop supply chain, Yoo and Cheong [44], Bhunia et al. [45] examined decisions
regarding inventory and refurbishing tactics, considering how supply chain structures affect
production processes. The model sought to increase the refurbishing rate while decreasing
scrap expenses. Sarkar and Bhunia [46] considered manufacturing–remanufacturing and
green investment along with sustainability. In Habib et al. [47], the authors studied a fat-based
biodiesel supply chain. Tayyab and Sarkar [48] included sustainable supplier selection under
textile supply chain management.

Figure 5 shows the amounts of papers published on sustainability.
Table 1 shows the contributions of the researchers in this field.

Table 1. Different author contributions.

Author Reworking Carbon Investment for Green
Emissions Imperfection Reduction Technology

Jauhari et al. [49] Yes Yes No No
Jauhari [50] Yes Yes No Yes
Gautam et al. [51] Yes Yes No No
Priyan et al. [52] Yes Yes No Yes
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Table 1. Cont.

Author Reworking Carbon Investment for Green
Emissions Imperfection Reduction Technology

Barman et al. [53] Yes Yes No Yes
Mishra et al. [54] No Yes No No
Mridha et al. [55] No Yes No No
Moon et al. [20] No Yes No No
Das et al. [56] Yes Yes No No
Jauhari et al. [57] Yes Yes Yes Yes
Khanna et al. [58] Yes Yes No No
This paper Yes Yes Yes Yes

Figure 5. Amounts of papers published on sustainability.

Research Gaps

• Almost all the studies regarding the reworking of imperfect-quality items were de-
veloped with a fixed rate of defective product formation [8,9]. A reduction in the rate
of formation of defective items with investment in IPI is very rare in the literature.
A production inventory model that considers carbon emissions and investment in
green technology with a reduced rate of imperfect item formation or investment in
IPI to reduce the rate of formation of defective items has not been considered in any
study so far.

• Carbon emissions are generated by many supply chain activities. But, there are many
sources that generate carbon indirectly. This aspect has been insufficiently studied.

Figure 6 presents the flow of the study.

Figure 6. Flow of the study.
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3. Problem Definition, Notation, and Assumptions
This particular section discusses in brief the problem formulated, notation used to

formulate the problem, and important assumptions made to validate the model.

3.1. Problem Definition

This study considers a production or manufacturing inventory model. The produced
items are assumed to be of imperfect quality, which are reworked. Here, it is considered
that manufacturers invest some fraction of profit in IPI to decrease the rate of formation of
imperfect-quality items in the process of production. P is the rate of production and T is
the cycle time. Production cycle is shown in Figure 7.

T

Q

0

P

Time →

In
ve

nt
or

y
Le

ve
l

↑

Figure 7. Production inventory level per cycle.

3.2. Notations

Table 2 presents the notations used in the model.

Table 2. Notation.

Notation Definition

D Demand of the product (unit/time unit)
P Production rate (unit/time unit)
S Setup cost (USD/unit)
Cd Disposal cost (USD/unit)
Pc Production cost (USD/unit)
Sr Selling price (USD/unit)
Cr Reworking cost (USD/unit)
r Rate of formation of defective products without IPI
hc Holding cost (USD/unit)
e1 Carbon emitted in production (USD/unit)
e2 Carbon emitted in reworking process (USD/unit)
e3 Fixed carbon emitted in disposal
CED Fixed carbon emitted in transportation of disposed items to treatment facility
δ Ratio of reduction in emissions of carbon after green investment
λ Efficiency of carbon reduction technology
CGHG Carbon price (USD/tonCO2eq)
ECAP Emission cap or limit (USD/tonCO2eq)
TC Total cost for production system with IPI (USD/cycle)
TC1 Total cost for production system without IPI (USD/cycle)

Decision Variables

Q Production quantity (unit/cycle)
Pf Fraction of profit invested in IPI (USD)
G Green technology investment (USD)
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3.3. Assumptions

Study is performed under following assumptions:

(a) Shortage is not considered.
(b) To decrease rate of formation of defective items, IPI is used. The decrease in rate

of defective item production is d
(

Sr, Pf

)
= re−(Sr−Pc)

2Pf , where 0 ≤ Pf ≤ 1 and
d(Sr, 0) = r.

(c) Selling price of product is greater than production cost.
(d) It is assumed that disposal cost is fixed and fixed amount of carbon is emitted in

transporting disposed items to treatment facility.
(e) All defective/imperfect units are assumed to be reworkable.

3.4. Mathematical Expression of the Model
Manufacturer’s Cost

Manufacturer’s total cost is the sum of setup cost, production cost, holding cost, dis-
posal cost, IPI cost, reworking cost, and carbon emissions cost and is calculated as follows.

Setup Cost

It can be defined as the cost associated with preparing a manufacturing or production
line for a new batch or production run. The cost incurred each time there is a transition
from producing one type of product to another or after each cycle time. It includes all the
expenses for production preparation and is given by

S
(

D
Q

)
. (1)

Production Cost

Includes total expenses by a production firm in the process of manufacturing goods or
delivering services. It includes all thee costs associated with producing a certain quantity
of output within a specific time frame. Key components of production cost include raw
material and components, labor costs, energy, and utilities.

It can be considered as one of the most important cost for any manufacturing system
and is given by

PcQ
(

D
Q

)
= PcD. (2)

Holding Cost

Carrying cost is another name for it. It is an essential cost component in inventory
modeling. It represents the cost linked with keeping and maintaining inventory over a time
interval. The purpose of considering holding cost is to strike a balance between carrying
enough inventory to complete demand and reducing the overall expenses of keeping extra
inventory on hand. It typically includes expenses such as warehousing costs, insurance,
depreciation, and security.

Inventory holding cost is given by

hc

(
1
2

Q
P

Q
)

D
Q

= hc
QD
2P

. (3)
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Disposal Cost

It is the price concerning disposal of or managing waste or materials at the end of their
useful life or production cycle. Solid waste produced during production and reworking
process and its disposal is associated with a cost that is given below.

Cd

(
D
Q

)
(4)

In-Process Inspection (IPI) Cost

It refers to the expenses associated with assessing and evaluating products or compo-
nents during various stages of the manufacturing or production process to ensure quality,
including labor, equipment, documentation, and any other resources needed for inspection,
testing, and monitoring during production process. Reducing defects through effective IPI
can lead to overall cost savings by minimizing reworking and improving product quality.

The cost is calculated as

(Sr − Pc)Pf Q
(

D
Q

)
= (Sr − Pc)Pf D. (5)

Reworking Cost

It is the expenses incurred to rectify or correct products that do not meet desired quality
during the manufacturing or production process. The cost may consist of material cost,
equipment cost, labor cost, and quality control cost. Thus, reworking of imperfect-quality
items is associated with reworking cost and is given by

Crr
(

e−(Sr−Pc)
2Pf

)
Q
(

D
Q

)
= Crr

(
e−(Sr−Pc)

2Pf
)

D. (6)

Carbon Emissions Cost

It is also known as a carbon price or carbon tax. It is basically financial charge
imposed on the release of carbon dioxide and other harmful gases in the environment.
The primary goal of such cost is to motivate businesses, industries, and individuals to
decrease their carbon emissions such that climate change is mitigated and sustainable
practices are adopted.
Carbon emissions costs due to supply chain activities like production, reworking, disposal,
and indirect emissions from transportation of disposal to treatment facility are considered
and given by

e1Q
(

D
Q

)
+ e2r

(
e−(Sr−Pc)

2Pf
)

Q
(

D
Q

)
+ e3

(
D
Q

)
+ CED

(
D
Q

)
. (7)

Total cost is given by

TC = (S + Cd)
D
Q +

(
Pc + (Sr − Pc)Pf + Crr

(
e−(Sr−Pc)2Pf

))
+ hc

QD
2P + G + CG HG

[((
e1

+e2r
(

e−(Sr−Pc)2Pf

))
D + (e3 + CED)

D
Q

)(
1 − δ

(
1 − e−λG

))
− ECAP

]
. (8)
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3.5. Case 2: Production System Without IPI

In this case, this study considers a production inventory model without IPI. Total
expense is taken as sum of setup cost, disposal cost, reworking cost, holding cost, green
technology cost, and carbon emission cost and is given by

TC1 = (S + Cd)
D
Q + (Pc + Crr)D + hc

QD
2P + G + CGHG[((e1 + e2r)D

+ (e3 + CED)
D
Q )(1 − δ(1 − e−λG))− ECAP]. (9)

3.6. Solution Methodology

Classical optimization technique (COT) refers to traditional mathematical and analyti-
cal method. With this approach, the optimal solution to a problem can be found, usually one
that involves maximizing or minimizing an objective function while satisfying certain con-
straints. Some classical optimization techniques include quadratic programming, branch
and cut, integer and mixed programming. Here, the classical optimization technique is
used to find three unknown variables, Q, G, and Pf . Differentiating TC partially regarding
Q, G, and Pf and equating to zero, one can obtain

Q∗ =

√
2P[(S+Cd)+CGHG(e3+CED)(1−δ(1−e−λG))]

hc
(10)

P∗
f = 1

(Sr−Pc)
2 log

[
(Sr − Pc)r

(
Cr + CGHG

(
1 − δ

(
1 − e−λG))e2

)]
(11)

G∗ = 1
λ log

[
λδCGHG

((
e1 + e2r

(
e−(Sr−Pc)

2Pf
))

D + (e3 + CED)
D
Q

)]
. (12)

Optimum Values for Case 2

Similarly, for Case 2 to find optimum values of decision variables Q and G, differenti-
ating TC1 partially with respect to Q and G and equating to zero, one can obtain

Q∗ =

√
2P[(S+Cd)+CGHG(e3+CED)(1−δ(1−e−λG))]

hc
(13)

G∗ = 1
λ log

[
λδCGHG

(
(e1 + e2r)D + (e3 + CED)

D
Q

)]
. (14)

Input values of parameters are given in Table 3. Graphs are used to show convexity of cost
functions regarding decision variables.

Table 3. Input values of parameters.

Parameters Values Parameters Values

S 100 Cd 20
D 8000 Pc 100
Sr 170 Cr 10
r 0.2 hc 10
P 7000 e1 10
e2 10 e3 35
ECAP 74,000 CGHG 10
CED 25 δ 0.2
λ 0.02



Mathematics 2025, 13, 1074 17 of 26

Optimum values are given by Table 4.

Table 4. Optimum values for Case 1.

Decision Variables Optimum Values

Q 916.53
Pf 0.0014
G 190.382

Total cost 1,357,836.943
All costs are in USD.

The graphs showing convexity are given in Figures 8 and 9.

Figure 8. Convexity of total cost with respect to Q.

Figure 9. Convexity of total cost versus Q versus Pf .

3.7. Numerical Analysis for Case 2

Considering the same data given in Table 3, one can obtain optimum values given in
Table 5.
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Table 5. Optimum values for Case 2.

Decision Variables Optimum Values

Q 1533.63
G 443.06

Total cost 1,496,336.49

4. Sensitivity Analysis
This section performs a sensitivity analysis by varying various cost parameters to

explore their effect on model outcomes. Behavior of cost parameters such as reworking
cost (Cr), setup cost (S), holding cost (hc), production cost (PC), and cost of carbon emis-
sions (CGHG), along with rate of formation of defective items (r), is studied on decision
variables and total cost. Sensitivity analysis for these parameters is performed for +50%,
+25%,−25%, and −50% and included in Table 6. Figure 10 is graphical representation of
outcomes of Table 6.

(a) (b)

(c) (d)

(e) (f)

Figure 10. Percentage changes in total cost versus different parameter percentages for Case 1 where
orange line represents total cost change while blue line represents change in parameter. Where
(a–f) represent change in total cost with respect to parametes rework rate, rework cost, setup cost,
holding cost, production cost and carbon emissions cost respectively.
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Table 6. Sensitivity analysis for Case 1 (production system with IPI).

Parameters Variation Q Pf G TC (Changes in %)

+50% 916.53 0.00153967 190.382 +0.069
r +25% 916.53 0.00150246 190.382 +0.034

−25% 916.53 0.00139821 190.382 −0.032
−50% 916.53 0.00131546 190.382 −0.06

+50% 916.53 0.00146795 190.382 +0.066
Cr +25% 916.53 0.00146251 190.382 +0.035

−25% 916.53 0.00145117 190.382 −0.032
−50% 916.53 0.00144525 190.382 −0.068

+50% 953.953 0.00145692 190.379 +0.09
S +25% 935.428 0.00145692 190.380 +0.04

−25% 897.233 0.00145692 190.383 −0.04
−50% 877.511 0.00145692 190.385 −0.08

+50% 1084.45 0.00153196 199.175 +20
CGHG +25% 1004.01 0.00149787 188.73 +10

−25% 819.772 0.00140563 184.144 −10
−50% 709.948 0.00133697 175.352 −20

+50% 748.339 0.00153196 199.202 +0.15
hc +25% 819.766 0.00149787 195.237 +0.1

−25% 1058.32 0.00140563 184.126 +0.03
−50% 1296.19 0.00133697 175.311 +0.02

+50% 916.53 0.00147153 190.386 +29.6
Pc +25% 916.53 0.00330719 190.383 +14.8

−25% 916.53 0.000824851 190.3812 −14.6
−50% 916.53 0.000516964 190.381 −29.4

Sensitivity Analysis for Case 2

Table 7 includes information for r and Cr as these costs are more sensitive in compari-
son to all other costs. Figure 11 includes a graphical representation of Table 7.

Table 7. Sensitivity analysis for Case 2 (production system without IPI).

Parameters Variation Q G TC (Change in %)

+50% 916.53 443.117 +0.4
Cr +25% 916.53 443.117 +0.1

−25% 916.53 443.117 −0.3
−50% 916.53 443.117 −0.6

+50% 916.53 445.333 +4.7
r +25% 916.53 444.237 +2.3

−25% 916.53 441.971 −2.5
−50% 916.53 440.798 −4.9

Figure 11. Percentage changes in total cost versus parameter values of r and Cr for Case 2 where
orange line represents total cost change and blue line represents parameter change.
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It is evident from Tables 6 and 7 that variations in r and Cr do not affect total cost in
Case 1 as much as in Case 2. In Case 2, even a small increase in r increases total cost by
a great deal. Similarly, a small increase in Cr raises the total cost significantly. However,
in Case 1, it is clear that both parameters are not as sensitive as in Case 2.

Variations in different cost parameters are shown in the graphs in Figures 12 and 13.

Figure 12. The behavior of total cost for different cost parameters for production system with IPI.

Figure 13. The behavior of total cost for cost parameters r and Cr for production system without IPI.

5. Observations
From Tables 6 and 7, the following observations are drawn:

• Production cost is the most critical cost for production systems. It is the most sensitive
cost. An increase in Pc increases the expense of the system with a margin. It is advisable
that decision makers should formulate certain strategies to reduce the sensitivity
of production costs, like outsourcing or offshoring to regions with lower labor or
operational costs. Also, a culture of continuous improvement within the organization
should be adopted to address cost saving opportunity regularly. It is necessary
to mitigate risk by having contingency plans for cost fluctuations in raw material,
currencies, or other external factors that impact production costs. Investment in energy-
efficient processes and technologies may decrease production costs. From Table 6, it is
clear that Pf and G decrease with a decrease in Pc. However, Q remains as it is.

• One of the most sensitive costs is the holding cost. As expected, an increase in
holding cost increases the total expenses of the system. It is advisable to keep the
requisite amount only. To reduce holding cost’s dominance, strategies like Just-In-Time
(JIT) may be helpful by reducing excess stock and carrying costs. Optimizing the
warehouse layout and implementing efficient picking, storing methods, and utilizing
space effectively may decrease holding costs. Collaboration closely with suppliers to
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ensure timely deliveries and avoid overstock situations may prove to be helpful to
decrease holding costs. With the increase in hc, Q decreases. This can be justified by
the fact that more units produced will contribute to a higher holding cost. However,
Pf and G increase as hc increases.

• From Table 7, it is clear that the model is extremely sensitive towards the rate of
defective/imperfect item production, i.e., r and reworking cost Cr. The total cost
increases with a large margin with increases in r and Cr. However, Q and G are
independent regarding variations in both parameters.

• Setup cost can be considered as one of the most sensitive costs for any production
industry. With the increase in setup cost, both production quantity Q and total cost
increase. Green technology investment decreases but by a very small amount. Setup
cost has no effect on Pf .

• As is obvious, with increases in r and Cr, Pf also increases. This is due to the fact that,
as r increases, more has to be invested in IPI.

• CGHG is a highly sensitive cost parameter. An increase in CGHG increases the complete
expense of the system with a great margin. It is advisable that decision makers should
implement sustainable and greener alternatives.

• With the increase in CGHG, all three decision variables, i.e., Q, G, and Pf , increase.
• Total cost is highly sensitive for Cr and r for production systems without IPI in

comparison to production systems with IPI. It is observed that even small increases
in Cr and r increase the total cost of the system without IPI by a great deal. Decision
makers are advised to implement some strategies to reduce r, which in turn will
reduce the reworking cost. It is important for decision makers that the root cause
should be analyzed. Implementing a robust quality control process to catch errors
early in the production or service delivery process may reduce the need for reworking.
Training and skill development of employees may reduce the chances of errors as they
perform their tasks efficiently. Feedback systems should be created to gather insights
from consumers and internal processes. This information may help in identifying
areas for improvement and reducing reworking. A culture of embracing continuous
improvement to encourage employees to suggest and implement changes can prevent
reworking in the future.

• An increase in CGHG increases the total cost. It is advisable to use greener ways to
perform all activities. It is high time that renewable energy should be focused and
alternate ways should be explored to get the job done.

• The most important observation is that IPI can be very important in making a business
more profitable by helping to identify and address issues early in the production or
manufacturing process. This is because IPI reduces the production of defective goods,
reducing reworking costs, minimizing waste, and ensuring operational efficiency, all
of which contribute to higher product quality and increased profitability.

Managerial Insights

There are very few production industries that are flawless. The formation of imperfect
items with major/minor flaws is very obvious. Sometimes, these imperfect items are
not reworkable and hence disposed of, which is a very critical scenario from a business
point of view as it affects the profit margin of the concerned firm. On the other hand,
some industries’ imperfect items are reworkable. The present model can be helpful for
production industries with high rates of formation of imperfect items. From the above
discussion, it is clear that even a small increase in the rate of defective item production
and reworking cost can increase the total cost by a large amount. Hence, to gain more
profit, it is very necessary that the production system is flawless or has a decreased rate
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of formation of defective items. IPI can play a major role for industries that have high
or very high rates of defective product formation. Hence, the model can aid industries
with defective production. In-process inspection can be valuable in various industries.
In-process inspection refers to the examination and evaluation of a product or process at
various stages of production. One of the primary advantages of in-process inspection is the
early detection of defects or deviations from the quality standards. This allows for timely
correction of issues before they escalate, reducing the likelihood of producing defective
products. Identifying and correcting defects early in the production process can lead to
significant cost savings. This information can be used to identify opportunities for process
optimization and improvement. In-process inspection contributes to the overall product
quality by ensuring that each step of the production process meets the quality standards.
This can result in a higher level of consistency and reliability in the final product. IPI
provides real-time visibility into the production process. This allows for quick responses
to any deviations from the established quality parameters, minimizing the chances of
producing defective or non-compliant products. In many industries, there are strict quality
standards and regulations that must be adhered to.

There are examples of some industries that use in-process inspection or in which
in-process inspection can be useful. Manufacturing industries like automobiles, aerospace
electronics, consumer goods, and industrial equipment manufacturing can use IPI. Phar-
maceutical companies benefit from in-process inspection to ensure quality and compliance
during drug manufacturing. It can be useful to ensure food safety and quality by moni-
toring the processes during food production. It helps to maintain consistent quality and
adherence to specifications during the textile and garment manufacturing process. IPI is
useful for monitoring and maintaining quality standards in chemical manufacturing. It
is essential for ensuring safety and quality during the production of medical devices. IPI
can play a major role for such industries to make them flawless. In the electronics industry,
in-process inspection ensures the quality and functionality of electronic components and
devices during the manufacturing process. As it is very critical for maintaining precision
and quality in metalworking and fabrication processes, in-process inspection can play an
important role. It can be very helpful for quality control in the production of plastic prod-
ucts. In-process inspection can be applied to monitor construction materials and ensure
compliance with the safety standards.

6. Conclusions
IPI involves examining and evaluating a product or process at various stages of

production to ensure that the quality standards have been met before final completion. It is
a quality control method that is used in manufacturing to assess and ensure the quality of
a product during various stages of production. Instead of waiting until the final stage to
identify defects, this approach involves examining the product at key points throughout
the manufacturing process. Thus, manufacturers can detect and address issues early on,
minimizing the chances of defects accumulating and ensuring that the final product meets
the quality standards. The primary aim of every business is to lead in the market and
obtain increasing profit. All production systems aim to enhance profit. Due to any reason
(machine error or human error), imperfect items are produced in the manufacturing process.
In this direction, a production inventory model is introduced with the consideration of both
perfect and imperfect products. Perfect items are ready to be shipped in the marketplace or
to concerned dealers, while imperfect items are first reworked to achieve the original item
quality and then sold. The production of more imperfect products implies lesser profit.
From the results, it is clear that even a small rise in the rate at which defective items are
produced adds a significant amount in terms of the reworking cost, and, hence, the overall
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expenses increase significantly. Thus, it is clear that a production system (with inspection
after manufacturing) has quite a high total cost compared to a production system with
in-process inspection. Thus, one can say that IPI reduces the total cost by a significant
amount. Thus, it is a wise decision to implement IPI in any production system that is prone
to defective product formation. But, it is simultaneously important that, to fully achieve
the benefits of in-process inspection, businesses invest in appropriate inspection tools,
training for their personnel, and robust quality control processes. Moreover, it is essential
to find a middle ground between inspection costs and the potential cost savings and quality
improvements that can be achieved through in-process inspection. The conclusions of the
study can be summarized as follows:

1. As a primary objective of every business or firm is to optimize the total cost, IPI can
play a significant role to cut down the total cost of a production system. Implementing
IPI can reduce the total cost by up to 9.3%.

2. As the rate of formation of defective items increases, the total cost increases by a large
margin r; i.e., the rate of formation of defective items is a very sensitive parameter. So,
it is advised for decision makers to implement a proper strategy in this direction.

3. As an increase in CGHG increases the total cost, it is high time to switch to greener
alternatives. It will not only reduce the total cost but also add environmental value.

The next part provides some limitations of this paper and potential future research
directions of the proposed model.

One direct approach is to extend the model for two-, three-, or multi-echelon systems.
When a new product in the same category is introduced to the marketplace that is either
cheaper or more attractive than an older one or advances occur in technology, the demand
for the older one decreases and, of course, the demand for the newly launched product
will also go up. So, demand varies with time, and, hence, this can be incorporated into the
model. The production system can be considered in a multi-stage manner. In each different
stage, the defective items and waste proportions can be different. Considering that this
model is expandable to a multi-stage production system, waste management, quantity,
and discount can be incorporated into the model. The model can be studied with different
demand patterns.
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