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Abstract: Background: Many businesses want to include sustainability in their manufacturing op-
erations. A conventional economic production quantity (EPQ) model is employed to calculate the
ideal number of products to manufacture at one time. The goal of this study was to look at the
current research on sustainable economic production quantity and supply chain models and suggest
prospective future research directions based on existing knowledge gaps. Methods: In this perspective,
we used systematic procedures to conduct a survey that included studies from two scenarios: (1a) a
sustainable EPQ model that accounts for carbon emissions from inventory storage and manufacture,
(1b) a sustainable EPQ model that includes product recycling, and (2) a reverse logistics model that
accounts for emissions and product recycling. Results: According to the inquiry, there are reverse
logistics models in the literature that consider carbon emissions and product recycling together, but
they are not jointly considered for modeling a sustainable EPQ model considering the situation
where the manufacturing system is imperfect, although both are vital for ensuring environmental
sustainability. Conclusions: In the future, the EPQ model can be developed with these two aspects in
mind to understand the effects of product recycling on carbon emissions while controlling production
and inventories for an imperfect manufacturing system.

Keywords: recycling; EPQ model; carbon emission; environmental sustainability; imperfect
manufacturing system

1. Introduction

Economic production quantity (EPQ) is the most generally applied inventory model
for estimating the size of production batches [1]. The ideal level of production, also known
as the economic manufacturing quantity (EMQ), is the amount of output generated while
reducing total inventory costs [2]. The EPQ model’s broad development encompasses the
state of multi-item goods, the presence of back-order strategies, potentially deteriorating
goods, the presence of imperfect goods, and rework operations [3]. The EPQ model
represents several real-world production scenarios. This model has been the subject of
extensive research throughout the years.

Many studies were conducted in the past on an imperfect manufacturing system. For
example, Taleizadeh et al. [4] proposed an EPQ inventory model that considers reworking
the imperfect quality products. This model calculates the manufacturing lot size and the
price of sale at the same time to optimize the function of profit. Öztürk [5] developed an
EPQ model that takes into account imperfect goods and partial back-ordered demand. This
model assumes that rework will be outsourced to a repair center rather than occurring dur-
ing the manufacturing cycle. All reworked goods are returned to the firm and received by
the inventory at the end of the reworking process. Öztürk [6] investigated an economic pro-
duction quantity model that explores the impacts of a flawed manufacturing process with
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stochastic breakdowns and inspection policies on a manufacturing inventory system with
repair to provide a more pragmatic view. This model determines the optimal production
run time and assumes that the scrutiny process continues after the manufacturing cycle is
completed. Marchi et al. [7] studied an EPQ model for a producer whose production speeds
up as a result of production learning. Faster production, according to the authors, puts
stress on machinery, causing it to fail. Production and rework operations consume energy.
As a result, increasing the rate of production increases expenses and energy consumption.
Their work took these factors into account, and the authors believed that implementing
energy efficiency measures (EEMs) results in a variety of benefits ranging from energy
savings to improved process quality (e.g., decreased probability of machine failure).

Today, one of the most discussed topics in the world is climate change. Emissions of
greenhouse gases, particularly carbon emissions, are thought to be the most significant
contributor to today’s climate change. Thus, governments, non-governmental groups, and
the industrial world continue to push initiatives toward sustainable development. As a
result, governments devise and implement various carbon emission policies to limit or
reduce carbon emissions resulting from industrial activities. Various supply chain processes
have a detrimental environmental impact. As a result, it is critical that we carefully manage
operations of the supply chain, such as inventory control and production. Any supply
chain management must ensure the reduction of carbon emissions while also improving
product quality [8]. Product quality must be improved daily, and carbon emissions must be
kept to a minimum [8]. As a result, researchers are currently concentrating on sustainable
EPQ and sustainable supply chain models. Essentially, environmental sustainability is
more prevalent here. For example, Kugele et al. [9] investigated a smart, dependable manu-
facturing system by incorporating carbon emissions and a reliability factor. A geometric
programming approach was utilized to address the problem. Fuzziness, according to the
authors, might be included in the future to bring the study closer to reality. Yadav et al. [10]
investigated a variable pollution cost sustainable manufacturing model under the effect of
three pollution control strategies. The authors considered a flexible manufacturing process
with a partial backlog and rework under uncertain market situations. They offered theoreti-
cal derivations as well as a solution approach for determining the best manufacturing rate,
length, and total cost for each cycle.

Disposal of used products can also be harmful to the environment. Here comes the
concept of recycling used products, which is both environmentally friendly and profitable
for the industries. Manufacturers can minimize carbon emissions while maintaining the
same production level via recycling. Recycling, as an environmentally responsible method
of production, can both cut carbon emissions and save production costs. When compared
to the production of new items, recycling can save 60% of the energy, 70% of the raw
materials, 80% of the air pollution emissions, and 50% of the expenditure [11]. Many
well-known consumer electronics businesses, including Xerox, Canon, Apple, and Hewlett-
Packard, have greatly decreased their negative environmental impacts while also achieving
significant cost savings by creating and selling refurbished devices [11]. Recycling is a
burgeoning sector in which used goods can be rehabilitated or deconstructed into useful
modules, parts, or resources or disposed of. This resource reuse is a constructive reaction
to increase environmental and regulatory demands and it has the potential to generate
economic benefits.

Many inventory system activities, including purchasing, warehousing, and transporta-
tion of products, result in carbon emissions. Additionally, inventory management is a major
concern for the industries from a manufacturer’s perspective. If the industries can design
their jobs considering carbon emission costs and recycling of used products in an EPQ
(economic production quantity) setting, that can be a perfect combination. Researchers are
coming up with different theories and developing new models to beat the problems by
combining more factors to create more realistic approaches. This study looked into articles
that explain sustainable EPQ models that account for carbon emissions, as well as papers
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that use product recycling to build a sustainable EPQ model and, finally, some reverse
logistics models. The following are our main contributions to this review work.

1. We examined several recent studies on reverse logistics models and EPQ models
focused on carbon emissions, product recycling, and imperfect production systems.

2. We investigated the existing research trend of the sustainable EPQ model and identi-
fied prospective research gaps.

3. Based on the potential research gap, we attempted to provide a research path for what
we might accomplish in the future for the development of a realistic and sustainable
EPQ model.

The remainder of this paper is arranged as follows. Section 2 demonstrates how we
surveyed and organized the literature. Section 3 deals with descriptive analysis. Section 4
discusses content analysis. This content analysis discusses all articles that have incorporated
carbon emissions in the development of EPQ models. We examined all the studies that
address product recycling in the context of EPQ model development. This section also goes
through different reverse logistics models that include emissions. Sections 5 and 6 explore
the potential research gap and the analytical explanations, respectively. Finally, Section 7
delves into the potential future research directions as well as the limitation of this study.

2. Methodology for Reviewing the Literature

We collected publications related to our research from online research databases using
our study keywords. Following the collection of articles, they were screened based on
our research keywords and the significance of the research. The irrelevant articles were
removed, leaving just the articles relevant to our research scope for further evaluation.
Our primary research keywords included carbon emissions, product recycling, imperfect
manufacturing systems, and the EPQ model. We performed literature searches using these
terms in renowned research databases such as Science Direct (Elsevier B.V., Netherlands),
Taylor & Francis (Informa, United Kingdom), SpringerLink (Springer publishing company,
United States), Emerald Insight (Emerald Publishing Limited, England), and Google Scholar
(Google, United States). A total of 315 articles were identified based on the search terms.
Irrelevant publications were removed after analyzing their titles and abstracts. Furthermore,
the same articles located in different databases were removed to avoid repetition. Finally,
from the selected articles, 32 key articles were considered for descriptive analysis. Our
review technique is illustrated in Figure 1 below.

Following a thorough review of the literature, the articles were divided into different
sections based on the study keywords, and the main content of each article was discussed
and compared in the content analysis section.

Figure 1. The literature review technique.
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3. Descriptive Analysis

This section includes a distinct descriptive arrangement as well as a summary of
the results. As illustrated in Figure 2, the development of an EPQ model that considers
environmental emissions and recycling has grown in importance in recent years. The
maximum number of publications was reached in 2021, with four total publications. There
was an average of 0.95 publication per year about the sustainable EPQ model between 2003
and 2022. The total number of publications on the reverse logistics model was 0.65 per year
on average between 2003 and 2022. Therefore, the researcher recently prioritized the
mathematical modeling of a sustainable EPQ model that focuses on emissions and recycling.
Furthermore, the recent increase in the number of publications on sustainable EPQ model
development shows that the importance of the research is growing over time.

Figure 2. Number of articles per year.

Figure 3 depicts both the number of publications and the publisher. According to
the research findings, many publishers have only published a few publications. The
Journal of Cleaner Production and Computer & Industrial Engineering published the
most papers, each with five, while other journals, such as the International Journal of
Production Economics and the International Journal of System Science: Operations &
Logistics, published three and two papers, respectively. A total of 15 of the 21 publishers,
according to the data, have published papers on sustainable EPQ models. This suggests
that sustainable EPQ modeling research is becoming more important.
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Figure 3. Number of articles per source.

4. Content Analysis
4.1. EPQ Model with Carbon Emission

There is growing agreement that carbon emissions from business activities are one
of the primary causes of global climate change; many governments and regions put var-
ious rules on the operations of businesses to reduce carbon emissions [12]. As a result,
carbon emissions have become a significant factor in the modeling of supply chains and
production-inventory systems. Gharaei et al. [13] provided an EPQ model under green
policies that take greenhouse gas emission costs into account. Fadlil et al. [3] presented an
EPQ model that considers the remanufacturing of returned, unused, defective products by
customers and carbon emission costs at the same time. Daryanto and Wee [14] suggested
two sustainable EPQ models in which the emission of carbon is considered in the total
cost function. They expanded the model to account for full back orders. The goal of these
models is to develop a more environmentally friendly manufacturing system with reduced
carbon emissions and to minimize the total cost. Mukhopadhyay and Goswami [15] pro-
vided an economic manufacturing quantity model that includes three types of defective
goods as stochastic fractions of the manufacturing lot size under two pollution cost situ-
ations: variable and fixed. Three types of faulty products are regarded to represent the
manufacturing-inventory environment: non-reworkable faulty items, reworkable faulty
items, and good quality items. They arrived at the best tactics for two pollution-prevention
manufacturing models. Manna et al. [16] analyzed a producer–retailer–consumer supply
chain model by considering stochastic carbon emissions and two levels of trade credit.
They presented a joined manufacturing-inventory model with a repair policy, taking the
faulty production process into account. According to the authors, one conceivable future
extension of their suggested approach is the combined optimization of carbon emission
and expected total profit (i.e., maximize overall profit while minimizing carbon emissions).
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Taleizadeh et al. [17] proposed four sustainable EPQ models that take into account vari-
ous inventory shortage scenarios in a manufacturing system. The basic SEPQ model, the
shortage SEPQ, the SEPQ with complete back-ordering, and the SEPQ with limited back-
ordering are their derivative models. In their models, the direct accounting tactic is used
and, therefore, emissions’ expenses such as cost of emission for obsolete inventory, cost
of emission for inventory storage, and emission expense from production are considered.
The authors felt their models could be valuable for firms looking for ecologically aware
manufacturing systems because of their relevant and simple computing methods.

Daryanto and Wee [18] developed an economic manufacturing quantity model that
accounts for emissions of carbon. They also looked into the influence of the carbon pricing
rule on potential emissions’ reductions from the degrading item model. The output of the
model verifies the role of carbon pricing laws in reducing carbon emissions. The authors
believed that their model can be expanded by including technological investments to
limit the possibility of generating imperfect or deteriorating goods. Sinha and Modak [19]
created an EPQ model of a corporation that takes into account carbon caps and trade policy.
They later broadened their concept by integrating a tree plantation scheme. A comparative
analysis revealed that the latter case (tree planting) is more effective at reducing CO2
emissions. According to the results of their model, increasing the number of tree plantations
increases the manufacturer’s total annual profit. Later, the authors speculated on the potential
future extension of their model by incorporating technological advancement and related
aspects to reduce emissions. Moon et al. [20] developed a manufacturing system based on a
basic economic-manufacturing paradigm with a storage limitation and demand-dependent
unit manufacturing cost under carbon emissions. In their developed model, a geometric
programming approach is used to obtain a quasi-closed form of the optimal solution.

Manufacturers are seeking ways to boost the effectiveness of their manufacturing and
inventory systems to fulfill growing environmental concerns in inventory systems [21].
One of the most important long-term duties is to make investments in CO2 reduction
technologies [21]. Researchers emphasize the need for green technology investment de-
cisions to reduce carbon emissions while modeling a supply chain inventory model. For
example, Datta [22] examined a manufacturing-inventory model in the context of a carbon
price regime. The author considered the rate of production as a decision variable that
can be adjusted to any amount within the machine restrictions. The author also assumed
that a percentage of the things produced were faulty and that this percentage varied with
the manufacturing rate. He included carbon emissions in his model and assumed that
these emissions can be decreased to some level through utilizing money in green technol-
ogy; the author also considered the quantity of capital investment as a decision variable.
Mishra et al. [23] presented a sustainable economic order quantity model that employs two
kinds of price-dependent needs for manageable carbon emissions and decay rates. Man-
ageable carbon emissions and decay rates are accomplished in their model by green and
preservation technology investment in both back-ordering and no back-ordering scenarios.
Lu et al. [24] addressed investment in technology for the decrease in carbon emission under
carbon offset and carbon cap-and-trade rules to examine the possible competitive and coop-
erative challenges of a sustainable model of a product-inventory system. They used game
theory’s Stackelberg technique to determine the ideal equilibrium result between the client
and the seller under various carbon emission decreases. Marchi et al. [25] investigated a
seller–purchaser green supply chain model that accounts for capital funds to speed up pro-
duction and decrease carbon emissions. According to the authors, investing in the learning
process to decrease unit manufacturing time increases emissions of carbon, necessitating
an investment in green technology to lower emissions. Sarkar and Bhuniya [26] created a
supply chain model that takes into account a waste reduction campaign and investment
in green technology. According to the authors, by employing an environmentally friendly
strategy, remanufacturing with investment in green technology plays an important role
in sustainable supply chain management. Taking into account the social, environmental,
and economic evolution of society, their model focuses primarily on the flexibility of the
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manufacturing rate under the multi-seller-based supply chain to meet customer demand.
Bachar et al. [27] studied an inventory model for an imperfect production system. The
prime goal of their model is to maximize profit by taking into account the optimum lot size
amount, optimum selling price, and optimum green technology investment. The classical
technique of optimization is used to optimize the solution. For the future, the authors pro-
posed expanding their model by incorporating a fuzzy random environment. Many supply
chain manufacturing inventory models have been developed with the effectiveness of
investment in green technology to reduce carbon emissions. However, there is a scarcity of
studies highlighting a sustainable EPQ model with a green technology investment decision.

Mishra et al. [28] examined a sustainable economic manufacturing quantity (SEMQ)
carbon cap-and-tax model for a manageable rate of CO2 emissions by exploiting money in
green technology (GT) initiatives under various with and without scarcity scenarios. Con-
sidering sustainability, they investigated three scenarios: (1) an economic manufacturing-
quantity carbon cap-and-tax model with no deficiencies; (2) an economic manufacturing-
quantity carbon cap-and-tax model with limited back-ordering; and (3) an economic
manufacturing-quantity carbon tax-and-cap model with complete back-ordering with
and without investment in green technologies. They developed a technique for obtaining
the best strategies for investment in green technology and cycle time. Based on the model
examined by Rout et al. [29], Sepehri et al. [30] developed an EPQ model focusing on
sustainability for a system with a single producer and buyer to fill the gap. According to
their approach, the producer makes products at a consistent rate to suit the needs of the
merchant. In actuality, generating defective (low-quality) objects as a result of operator
or machine fault is unavoidable. As a result, just a portion of the faulty products remain,
and those items have been reworked. The authors believed that money invested in quality
enhancement technologies can reduce the initial rate of faulty items. They accounted for
carbon emissions from manufacturing, maintenance, scrapping, inventory holding, and
spending money on green technologies to reduce emissions. They also showed the effect of
carbon emission reduction investment and preservation technologies.

By focusing on sustainability, Sepehri and Gholamian [21] created an EPQ model in
which goods deteriorate at a steady rate. They calculated the overall emissions due to
inventory holding and setup activities by taking into account investment in technology for
carbon emission reduction. Their model discusses the formation of conservation technology
in the perishing process. Finally, they built the total profit function for three separate
examples to highlight the impact of investment in conservation technology and emission
decrease technology on the profit gained. Recently, Priyan et al. [31] offered an EPQ
model for controlled emission of carbon in the context of cleaner production in flawed
manufacturing processes where a portion of the goods are imperfect. The model takes
into account emissions from transport, manufacturing, and inventory storage, which
are supposed to be reduced through green investment. Their model’s findings mostly
showed that increasing the carbon fee cuts emissions. Furthermore, with the support of
green technologies, the company has more alternatives for reducing emissions created by
industrial activities. Though green technology requires a higher initial expenditure, the
maker will benefit from decreased emissions.

These studies combine the concepts of EPQ and carbon emission costs. However,
the consideration of remanufacturing/recycling/reworking of used products returned by
customers, which was our concern, has the potential to advance this research.

4.2. Circularity in EPQ Model
4.2.1. EPQ Model with Product Recycling

Used product recycling is crucial in lowering carbon emissions; therefore, researchers
are attempting to understand its impact on production and inventory decisions by adding
the issue of recycling used products in the development of economic production quantity
models. Dem and Prasher [32] studied a reverse logistic inventory model under an EPQ
setting with faulty production, stock-based demand, flexible production, and lost sales. The
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goal was to come up with a collaborative policy for optimal production, recycling, gathering
of recyclable things and collection and discarding of faulty items that will minimize the
total cost. The model is solved using Mathematica 7.0. According to the authors, their
research can be expanded to incorporate more practical assumptions into the suggested
model, such as multiple manufacturing, machine malfunction, probabilistic natures of
demand, gathering of used goods during the reverse production period, and so on.

Konstantaras et al. [33] studied an inventory system that considers manufacturing as
well as remanufacturing of used products and the EPQ concept. The main objective of this
model is to attain the optimal inventory level to optimize the total cost. Hwang et al. [34]
developed an EPQ model that considers manufacturing as well as remanufacturing of used
products collected from the users. This model assumes that used products are collected
based on a minimum quality level. The manufacturing and remanufacturing cycle length,
the minimum allowable quality level, and the unit price of old products are determined to
minimize the production and inventory costs. This model develops a heuristic algorithm
based on PSO and uses the grid-search method to solve it. A sustainable recycling technique
is created in a manufacturing-inventory model for a faulty manufacturing system with
a fixed percentage of recyclable faulty goods in the study of AlArjani et al. [35]. Their
proposed method is based on the recycling of damaged goods obtained from conventional
manufacturing after the appropriate screening, with 100% retrieval of materials used in
manufacture. This model is a simplified version of versions that incorporate recycled
materials. In the event of a stochastic event, the authors believe that used materials can
be employed as an alternate basis for raw resources. According to the authors, another
intriguing expansion of their work would be to add CO2 emissions [36,37]. The above-
discussed models take into account both the EPQ setting and the recycling of used products
at the same time. The addition of the concept of carbon emission can add a different
dimension to the research. However, Kundu and Chakrabarti [38] considered both carbon
emissions and recycling when creating a sustainable EPQ model. They assumed a flawless
production system, but in reality, the production system is flawed in many situations. The
authors provided a manufacturing, recycling, and waste removal model for a corporation
that sells a new and recycled product in two distinct markets under different carbon control
systems. The discarded item is gathered, recycled, and sold on the second-hand market
at a lesser price than a newly made item. The new item is sold on the open market. They
studied the impact of several carbon emission strategies on the production, gathering of
used goods, and recycling decision making. The findings from their model showed that
recycling is a suitable policy to reduce emissions in comparison to production.

4.2.2. Reverse Logistics Model

The primary purpose of reverse logistics is to recover value from used goods, which
begins with the assortment of discarded goods from end users, followed by categorization,
dismantlement, and eventually reworking to replace its economic value [38]. Manufactur-
ing, procurement, management of materials, inventory control and warehousing, delivery,
freight, and logistics of transportation are all part of reverse logistics [39]. Inventory
management has received a lot of attention in reverse logistics in recent years [39]. Jaber
and Saadany [39] investigated the manufacturing, remanufacturing, and waste discarding
model in a manufacturing context using two stocks. The serviceable stock consists of both
remanufactured and new items. Used items from the market are gathered and held in
the repairable stock. They extended Dobos and Richter’s [40,41] work by exploring the
impacts of learning on the reconstruction and manufacturing processes. According to
the authors, well-known learning models can be used by management to exploit capacity,
control inventories, and synchronize manufacturing and delivery across the supply chain.
The model’s numerical results show that there is a learning rate beyond which spending
on learning can result in savings. Hwang et al. [42] proposed a recycling system model
based on reverse logistics. A recycling system’s deterministic inventory model is built and
tested, in which returned products serve as raw materials. The proposed model, according
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to the authors, can be expanded by taking into account both the remanufacturing and
recycling processes. A manufacturing-recycling and pollution decline inventory model
was developed by Karmakar et al. [43]. Hawkers collect used or scrap materials for reman-
ufacturing purposes in exchange for a small fee. The authors demonstrated how recycling
decreases environmental contamination and improves the livelihood status of persons
involved in collecting used products and scrap for recycling in the manufacturing process
by examining a genuine case study of a sponge-iron (SI) plant. Khara et al. [44] considered
a closed-loop supply chain inventory manufacturing model that includes a fresh material
seller, a producer, a distributor, and an accumulator who accumulates secondhand items
from customers at a rate of return based on the accepted quality standard of the secondhand
item. They developed a mathematical model and resolved it through global and sequential
optimizations to obtain the optimal quantity of supplies from accumulator to producer,
seller to producer, and producer to distributor. The model also gives the optimal acceptance
level of quality of the used item and refill cycle time from producer to distributor, thus
maximizing the average profit. According to their findings, in a closed-loop supply chain
inventory manufacturing model, the global technique outperforms the sequential technique
in terms of total profit on average.

Wang et al. [45] developed an assembling–reassembling model that considers different
carbon emission amounts for manufacturing and remanufacturing used products. The
cap-and-trade system as well as subsidies or penalty costs are used in this model. Diverse
quality standards of returned used products are also taken into account by this model.
They solved and studied this model using the particle swarm optimization (PSO) algorithm
and the genetic algorithm (GA). Bazan et al. [46] proposed a model that accounts for the
typical costs of an assembling–reassembling inventory system for reverse logistics, as
well as carbon emissions from production and reassembling and the expense of energy
consumption for production, transport, and reassembling. They eventually discovered
that optimizing for financial expenditures and all environmental expenditures will only
result in less reassembling to keep the environment safe, as opposed to concentrating on
the disposal of solid waste, which is the attention of prior ‘traditional’ models of reverse
logistics considering reassembling. Arora et al. [47] investigated a fuzzy model of economic
manufacturing for both reproduction and recycling with stochastic price parameters under
the cap-and-trade system to reduce carbon emissions from various modes of transportation.
Their proposed approach included an explicit criterion to regulate the manufacturer’s
carbon emissions and minimize the optimum cost. According to the model results, the
gathering of utilized products that can be reassembled should be increased. Yan et al. [48]
investigated price and recycling decisions in a cap-and-trade closed-loop supply chain
comprised of a seller, a producer, and a third party. In a reverse supply chain, the producer
creates new items using both new materials and discarded products returned by consumers.
The producer requests that discarded products be recycled directly from the consumer by
a third party. The producer is subject to the cap-and-trade rule and controls the item’s
wholesale price as well as the rate of carbon emission reduction. To suit client demand,
the seller chooses its resale price. The collecting rate of recycled and remanufactured used
items is decided by a third-party recycling center. Krikke [49] assessed the carbon footprint
of a copier’s reverse supply chain to decrease CO2 emissions from facility installation,
product movement processing, and shipping. Sarkar et al. [50] created a multi-tiered
reverse supply chain to investigate the effects of transport and environmental emission
costs. Chaabane et al. [51] investigated the planning and design of an environmentally
conscious supply chain that considers emissions from the manufacturing process, recycling,
demolition at the recycling center, and transport. They also imposed two restrictions on
the total quantity of carbon credits that can be bought and traded in a specific period. The
models presented above consider recycling used products as well as carbon emissions or
only recycling. However, the concept of EPQ was not considered in those investigations.
Table 1 below provides a brief description of the findings. This table shows the contrast
between our recommended research direction and previous research. Table 2 contains
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information on the stochastic parameters of the articles in Table 1 that investigated the
stochastic model.

Table 1. Major findings from the literature survey.

References

Research Considerations

EPQ
Modeling Approach Carbon

Emission
Recycling

/Remanufacturing
Imperfect

Manufacturing
System

Green
Technology
InvestmentDeterministic Stochastic

Taleizadeh et al. [4]
√ √ √

Öztürk [5]
√ √ √

Öztürk [6]
√ √ √

Dem and Prasher [32]
√ √ √ √

Gharaei et al. [13]
√ √ √ √

Sinha and Modak [19]
√ √ √

Fadlil et al. [3]
√ √ √ √

Daryanto and Wee [14]
√ √ √

Daryanto and Wee [18]
√ √ √ √

Konstantaras et al. [33]
√ √

Sepehri et al. [30]
√ √ √ √ √

Mishra et al. [28]
√ √ √ √

Priyan et al. [31]
√ √ √ √ √

Sarkar et al. [8]
√ √ √

Hwang et al. [34]
√ √ √

Wang et al. [45]
√ √ √

Bazan et al. [46]
√ √ √

Karmakar et al. [43]
√ √ √

Khara et al. [44]
√ √ √

Kundu and
Chakrabarti [38]

√ √ √ √

Kugele et al. [9]
√ √ √

Sarkar et al. [52]
√ √

Bachar et al. [27]
√ √ √

Future research
consideration

√ √ √ √ √ √

Table 2. Information on stochastic model-related articles.

References

Research Considerations

Modeling Approach
Stochastic Parameter Probability Distribution

Stochastic

Taleizadeh et al. [4] EPQ The portion of faulty goods Uniform distibution

Öztürk [5] EPQ The fraction of
nonconforming items Uniform distibution

Öztürk [6] EPQ
The proportion of faulty goods, the
proportion of scrap goods, the time

to breakdown
Uniform distibution

Gharaei et al. [13] EPQ Resources Normal distribution

Hwang et al. [34] EPQ The quality of returned goods Uniform distibution

Wang et al. [45] Multi-period hybrid manufacturing/
remanufacturing model

1. Core quality level
2. Remanufacturing cost

1. Four distributions
(uniform, erlang truncated,
triangular, gamma)

2. Normal distribution
Sarkar et al. [52] Multi-phase manufacturing model The portion of defective goods Uniform distibution
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5. Potential Research Gap

We can infer from the discussion and evaluation of Section 4 that although several
reverse supply chain model studies have been performed, taking both product recycling
and carbon emissions into account, most EPQ models, however, just looked at carbon
emissions or product recycling. Some studies concentrated on EPQ and carbon emissions,
whereas others focused on EPQ and recycling. To evaluate the environmental impact of
production, recycling, and inventory control in imperfect manufacturing systems, we must
look at both carbon emissions and product recycling while examining an EPQ model.

Although information and strategies on how to integrate operations while address-
ing environmental concerns are widely available, pollutant emission issues remain unad-
dressed [53]. This is due to the high costs and expenses associated with applying sustainable
practices, which are a significant impediment to achieving a cleaner industrial system [54].
Reusing resources, on the other hand, is a constructive response to increasing environ-
mental and regulatory demands and can result in economic gains [55]. European Union
regulatory policies for vehicles with motors (ER Directive 2002/525/EC) and electronic
garbage (EU Directives 2002/96/EC and 2003/108/EC), Japanese recycling regulations
for home instruments and computers [56], and e-waste legislation in 23 states of the USA
impose manufacturer accountabilities for end-of-life goods (ETC, 2010) [55].

Just as product recycling is vital for guaranteeing environmental sustainability, lower-
ing carbon emissions is equally important. By using circular manufacturing or recycling
used products, we may drastically reduce carbon emissions. This is because, to make a
completely new product, it must go through many manufacturing operations, each of
which generates a significant amount of carbon emissions. However, when a used product
is recycled into a new product, it naturally has to go through fewer activities than typical
manufacturing operations, resulting in lower carbon emissions. Furthermore, recycling
used products rather than disposing them as scrap allows for the avoidance of carbon
emissions produced by dumping. Interestingly, when a product is made in a completely
new way, more carbon is emitted than recycling the product. However, when selling this
new product, manufacturers often set a profit margin for a new product that is higher than
the profit margin of a recycled product. As a result, the manufacturer’s income from a new
product is higher than that of a recycled product.

Although product recycling has been incorporated into EPQ modeling, it is not stated
how product recycling affects carbon emissions. In particular, for an imperfect manufactur-
ing system, disruption in either production or recycling not only affects normal production
or recycling but may also have an influence on carbon emission generation; however, the
impact of disruption on carbon emission is still ignored. As a result, it is time to develop an
EPQ model for an imperfect manufacturing system that includes product recycling and
carbon emissions. Furthermore, we can combine green technology investments to lower
carbon emissions.

Table 1 shows the contrast between our recommended research direction and previous
research. This table shows that almost all of the researchers have discussed the deterministic
model, but we still have to deal with a lot of uncertainty when manufacturing and recycling
the product in real life. For example, during manufacturing or recycling, both defective
and quality items may be generated. The production of these damaged items affects not
only production and recycling but also carbon emissions. This is because, if damaged
products are not repaired and discarded, they pollute the environment by emitting carbon
dioxide [52]. However, carbon is also emitted during the repair process because defective
goods must be repaired to minimize production losses. If the production of this defective
product is stochastic, then the more of this defective product that is produced, the greater the
carbon emissions are. Green technology investment in production and recycling can play a
significant role in lowering carbon emissions in this case. As a result, we must concentrate on
stochastic model creation in light of the stochastic imperfect manufacturing system.

Given the unpredictability in production or recycling induced by a failure in product
quality, a stochastic EPQ model combining product recycling and carbon emissions needs
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to be developed to represent a more realistic production-inventory system. According
to literature searches, most of the research on sustainable EPQ model development has
focused on deterministic models; however, if we want to make more realistic and approxi-
mate production and inventory decisions, we must focus on stochastic sustainable EPQ
model development because there are many uncertainties in a real-life manufacturing
environment, as well as many random production events. We must make a fruitful decision
by taking these factors into account. We must prioritize the building of stochastic models
to acquire an approximate decision.

6. Analytical Explanations

Both production and recycling emit CO2 and other greenhouse gases, but recycling
emits less CO2 than regular production. However, if a defective product is produced
during normal production or recycling, it is necessary to rework the defective pieces, which
also generates CO2. It is critical to assess separately the carbon emissions level created
by manufacturing, recycling, repairing defective products produced from manufacturing,
and repairing defective products produced from recycling. On the other hand, more
production and recycling create more inventories, and a higher inventory level also emits
more CO2 (Figure 4). The individual quantification of emissions can aid in making a
trade-off between production and recycling to reduce carbon emissions while maximizing
profitability. In addition to production and recycling decisions, we can examine green
technology investment decisions to reduce carbon emissions significantly while maintaining
a reasonable level of production or recycling to maximize revenue. Figure 4 depicts the
total intended research integration with a focus on environmental sustainability.

Figure 4. Integration of recycling, carbon emission, and imperfect system for the EPQ model development.

If the manufacturing system is imperfect and the number of defective products pro-
duced by this system is random, then the emission quantity created by repairing these
defective items will also be random. More precisely, if the production rate of defective
items is random and high, and if production and recycling continue for a long period,
the number of defective products will increase and there will be an increase in carbon
emissions to repair these vast numbers. However, if production and recycling continue
for a short time, the number of defective items will fall drastically and a small amount of
carbon will be emitted as a result of reworking these products. On the other hand, if the
production rate of these damaged items is low and production and recycling continue for
an extended period, fewer defective products will be produced, resulting in lower carbon
emissions to repair these products. If production and recycling continue for a short period,
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the number of defective items will be substantially fewer, resulting in significantly lower
carbon emissions to repair these faulty products.

The six-pyramid model provided in Figure 5 shows that if production is high and
recycling is low in a production-recycling period, the stochastic carbon emission level will
be high. As a result, environmental sustainability in terms of carbon dioxide pollution
will worsen, pollution costs will rise as a result of increased carbon dioxide pollution, and
profit will plummet. Green technology investment costs will need to rise to ensure a more
sustainable environment or reduce carbon dioxide pollution, hence increasing profits.

Figure 5. The six-pyramid model.

Figure 5 depicts the sequence of events using numbers ranging from 1 to 6. In Figure 6,
we can better understand how green investment costs, carbon emissions, and profits are
related. The X-axis depicts how production and recycling quantity levels are changing
(from low to high and vice versa), as well as how the carbon emission level is changing
(from low to high and vice versa) as a result of changing production and recycling quantity
levels. The Y-axis, on the other hand, shows how the cost of green investment changes
(from low to high and vice versa) and how the level of carbon emissions changes (from
high to low and vice versa) as a result of this change. Finally, the Z-axis depicts how
overall profitability changes (from low to high and vice versa) with the changes in the
decision variables such as green investment costs, production, and recycling amounts.
Manufacturing and recycling have an impact on the level of stochastic carbon emissions.
Green technology investment also controls this emission level. Figure 6 concludes that
as the cost of green investments rises, the level of carbon emissions from production and
recycling decreases and, thus, the cost of carbon emissions decreases further. On the other
side, while green investment costs continue to fall, carbon emissions costs will grow. More
carbon will be emitted if more products are produced and recycled, resulting in a higher
cost of carbon emissions while also causing significant environmental damage. Green
investment, production, and recycling should be regulated in such a way that emission
costs are minimized, resulting in a low total cost and, as a result, a high profit.

Figure 6. Trade-off between green investment cost, production, and recycling quantity.
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7. Conclusions

Carbon emissions and circular manufacturing are two key concerns in the realm
of environmental sustainability. In the context of EPQ modeling, researchers are thus
considering these two issues. Production and inventory management are critical issues. We
must ensure that there is no negative impact on the environment throughout production
and inventory control. If we add environmental sustainability considerations into EPQ
modeling, we can quickly comprehend how production and inventories might affect the
environment in a continuous manufacturing scenario.

We attempted to highlight the main themes of the relevant research publications that
were related to our proposed research topic. Adequate research articles on the subject
on which we attempted to write this review paper were limited. We began by delving
deeply into the EPQ models established for carbon emissions. Simultaneously, we reviewed
the supply chain and the EPQ model, which were established to demonstrate how green
technology investment plays a primary role in lowering carbon emissions. Second, we
emphasized the fundamental aspects of the suggested EPQ models, with a focus on product
recycling. Third, we thoroughly addressed all of the research that has been conducted on the
reverse logistics model in terms of carbon emissions and recycling. Finally, after reviewing the
published articles linked to our research, we attempted to emphasize the main research gaps
we discovered and provide an analytical rationale for these research gaps.

We attempted to clarify the issues we felt needed to be investigated to advance
this present research. To obtain a more realistic view of EPQ models, we intended to
incorporate the ideas of EPQ, carbon emissions, and recycling into one frame. In an
imperfect manufacturing system, developing an EPQ model that takes into account both
product recycling and carbon emissions can reveal how production and recycling decisions
affect carbon emissions. The present research can be expanded by answering the two
research questions listed below.

1. Under different carbon emission policies, what are the best strategies concerning
production and recycling for a stochastic imperfect production-recycling system that
minimizes carbon emissions while maximizing profit or minimizing cost?

2. Under different carbon emission policies, what are the best decisions concerning
production, recycling, and green technology investment for a stochastic imperfect
production-recycling system that minimizes carbon emissions while maximizing
profit or minimizing cost?

We limited the results of our study to carbon emissions, recycling, and imperfect
production processes; however, since many products are perishable, the perishability of
the material can be studied. Therefore, our proposed research direction for developing
a sustainable EPQ model can be further extended in the future by integrating product
perishability. Apart from carbon emission costs, prices associated with energy consumption
from production must be explicitly incorporated in the development of an energy-efficient
and sustainable EPQ model in the future. The proposed research consideration can also
be extended further from a sustainable EPQ model to a sustainable joint economic lot size
model in the future. This review work has some limitations. As such, our assessment of
the literature needs to be more methodical. For example, in the future, we may use the
snowball technique to review systematic literature.
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