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Abstract

Environmental protection initiatives are increasingly focusing on converting food and organic waste
into renewable energy. In India, anaerobic digestion processes food waste and agricultural by-products
into biogas, offering an eco-friendly alternative to fossil fuels for cooking, heating, and electricity. This
approach aligns with the principles of a circular economy by minimizing resource waste, reducing
environmental pollution, and promoting sustainable resource management, all of which contribute to
a more resilient and efficient food system. This study explores an Economic Order Quantity (EOQ)
model that incorporates the circularity of food waste. The EOQ model improves food waste systems by
efficiently minimizing costs and lowering environmental impacts, including greenhouse gas emissions.
The goal is to reduce waste, reduce emissions, and reduce ordering costs while maximizing profits.
The degree of circularity in products influences consumer demand and unit profits, as consumers are
increasingly aware of their environmental impact. In addition, we analyze how changes in system
parameters affect optimal strategies, providing valuable insights for industry managers. This research
helps determine the optimal product circularity index, thus minimizing food waste, increasing profits,
and reducing environmental harm. We illustrate the performance of the integrated system using
sensitivity analysis and visual tools, complemented by non-linear approaches to assess strategic
impact.

Keywords: Food waste; circular economy; EOQ model; biogas; carbon emission; sustainability
AMS 2020 Classification: 90B05; 90B06

1 Introduction

In today’s rapidly evolving world, sustainability has emerged as a critical global priority. In-
dustries are under increasing pressure to find innovative solutions to address environmental
challenges, particularly in the context of rising populations and growing consumption. These
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trends exacerbate food security concerns and contribute to one of the most pressing global issues:
food waste.

According to the Food and Agriculture Organization (FAO), approximately one-third of all food
produced worldwide is wasted, resulting in significant environmental impacts. Decomposing
food in landfills emits methane, a greenhouse gas 25 times more potent than carbon dioxide, which
contributes substantially to global warming. Addressing this issue requires a shift from linear
consumption models to circular economy (CE) practices, where waste is repurposed into valuable
resources such as animal feed, compost, bioenergy, or new food products. Traditional inventory
models, such as the Economic Order Quantity (EOQ) model, are designed to minimize inventory-
related costs, including ordering and holding expenses. However, these models generally neglect
the environmental externalities of waste, particularly the emissions associated with overproduc-
tion and disposal. Recent studies have begun to integrate sustainability considerations into EOQ
frameworks, incorporating environmental costs such as emissions, recycling expenses, and waste
management. In this context, managing food waste through circular principles and reducing
greenhouse gas (GHG) emissions represent key priorities. Circularity introduces additional cost
factors into the EOQ model, such as investment in recycling infrastructure and environmental
impact mitigation, making the optimization problem more complex and relevant for modern
supply chains.

Moraga et al. [1] emphasized CE as a framework to promote resource responsibility and support
sustainable development goals. Klemes et al. [2] highlighted a regenerative model that slows or
closes resource loops, while Wan et al. [3] applied the 10-R principle using advanced mathemati-
cal functions to assess sustainability in European markets. These developments underscore the
growing importance of CE-based modeling in supply chain design.

Rabta [4] introduced circularity in the EOQ model by analyzing how product reuse affects de-
mand and pricing from the perspective of the retailer. However, their work did not extend to
practical applications such as emission reduction or producer-focused decision-making. Since the
production phase is critical in determining the circularity of a product, it is essential to explore
how EOQ models can be adapted to reflect food waste recycling and environmental outcomes
from the manufacturer’s point of view. This leads to the following key research questions. How
can the EOQ model be modified to incorporate the circularity of food waste while minimizing
greenhouse gas emissions in a sustainable supply chain?

What is the impact of integrating circular economy practices into inventory decisions on food
waste reduction and environmental performance?

Inventory model

Inventory management plays an essential role in minimizing food waste, especially in perishable
supply chains, where timely ordering and efficient stock rotation are essential to prevent spoilage.
Classical inventory models such as Economic Order Quantity (EOQ), Newsvendor, and Just-in-
Time (JIT) have long been employed to reduce inventory costs. However, these models often fail
to address the complexities of perishability and food deterioration unless appropriately modified.
To address this, researchers have progressively extended traditional models to incorporate perisha-
bility and time-dependent deterioration. Foundational works such as those of Goyal [5] reviewed
deteriorating inventory models since the 1990s, classifying them by shelf life and demand patterns,
highlighting key extensions and recent developments. Hovelaque et al. [6] integrated carbon
emissions into the EOQ framework, establishing a dual-objective model that balances retail profit
and carbon footprint. Similarly, Taleizadeh et al. [7] incorporated environmental costs into EOQ
with discounts and backordering, while Richer et al. [8] proposed a repair and disposal inventory
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system using nonlinear integer programming. These efforts reflect a growing recognition of envi-
ronmental externalities; however, they still focus largely on linear systems, with limited attention
to regenerative resource flows.

Chakrabarti et al. [9] explained primarily the problem of restocking items that are going bad,
which has a straight-line demand trend, regular restocking cycles, and shortages within each cycle.
The study determines the optimal amount of reorders, the shortest time interval between reorders,
and the shortest periods of shortage to minimize the average cost of the system. Donald [10]
discussed Harris’ square root formula, one of the most cited results in production and operations
management, and examined the circumstances that led to its derivation and the reasons for its
obscurity for many years. The transition of products from linear to non-linear deterioration rates
addresses an important aspect of modern supply chain management. Inaniyan et al. [11] proposed
a dual warehouse inventory system using both rented and owned facilities. Kunal et al. [12]
examined the inventory system that reduces lost sales by investing in capital, minimizing lead
times, and lowering ordering costs.

Circular economy integration

Despite this growing body of literature, the integration of circular economy (CE) principles, such
as reuse, recycling, composting, and bioenergy recovery, into inventory models remains relatively
underexplored. The CE paradigm shifts away from the traditional linear model ("take-make-
dispose") and instead emphasizes closing the loop by maintaining product value throughout
its lifecycle. This is particularly crucial in food systems, where the decomposition of organic
waste produces methane, a greenhouse gas 25 times more potent than carbon dioxide. Several
recent studies have begun to bridge this gap. The work "An EOQ Inventory Model for the Food
Supply Chain Integrating Circular Economy Concepts" introduces a circularity index into the EOQ
framework, allowing companies to determine optimal reuse and recycling strategies that reduce
waste and maximize profitability. Another study, "An Economic Order Quantity Inventory Model
for a Product with a Circular Economy Indicator," demonstrates how demand, cost, and price
functions can be tied to circularity levels, helping firms evaluate the sustainability of different
inventory decisions. Furthermore, "An EOQ Model for Circularity Index with Waste Minimization
and Environmental Cost Consideration" highlights the significance of environmental cost modeling
in sustainable inventory management practices. These models lay the groundwork for integrating
CE thinking into operational research. However, most of them address general product flows
or focus on manufacturing and durable goods, with limited applications to perishable food
systems, where waste prevention is the most urgent. Although recent efforts have made progress
in embedding circularity in EOQ models, there is a distinct lack of focus on food waste, which
presents unique challenges such as perishability, short shelf life, and high GHG emissions during
decomposition. In addition, few models simultaneously consider both economic optimization
and emission reduction within a closed-loop food supply chain. This research seeks to fill this
gap by proposing an EOQ model specifically designed for the circularity of food waste. By
incorporating a circularity index, GHG emission metrics, and waste recovery costs, the model
enables decision-makers to evaluate trade-offs between inventory efficiency and environmental
performance. This study contributes to the growing body of literature on sustainable operations,
offering a customized solution for green inventory management in food supply chains.

Emission reduction

Research on reducing emissions through food recycling identifies several effective pathways.
Composting and anaerobic digestion are widely recognized as sustainable alternatives to landfill
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disposal, significantly reducing methane emissions. For example, Eriksson et al. [13] and De
Laurentiis et al. [14] showed that these techniques not only curb greenhouse gas (GHG) emissions
but also produce valuable coproducts such as renewable energy, soil amendments, and nutrient re-
covery. To quantify these environmental benefits, researchers have employed life cycle assessment
(LCA) tools. Tonini et al. [15] reported that conversion of food waste to biogas through anaerobic
digestion could reduce emissions by up to 50% compared to landfill disposal. Similarly, Papargy-
ropoulou et al. [16] emphasized that applying a food waste hierarchy, which prioritizes reuse,
redistribution, and recycling, can lead to significant emission savings at municipal and regional
levels.nBeyond processing methods, the integration of food recycling strategies within the supply
chain can amplify environmental and economic benefits. Thyberg and Tonjes [17] proposed the
embedding of recycling centers in reverse logistics networks to minimize transportation emissions
and enable closed-loop systems.

However, these studies tend to focus on post-consumer waste handling and collection efficiency,
with limited attention to upstream supply chain decisions such as order quantities, shelf-life
management, or inventory control. This gap is critical, as food systems account for a substantial
share of global emissions. Emerging studies show the potential of CE-based inventory systems.
Wani et al. [18] developed a model involving a waste supplier and a fiber bottle producer, focusing
on the fact that green investments and CE technologies can increase profits by 8.076% while
reducing emissions and resource consumption. Wani et al. [19] demonstrated that the use of
municipal solid waste for the production of biodiesel could increase global production by 98.5%,
highlighting the capacity of CE to convert waste into renewable energy. In another study, Wani et
al. [20] used LCA to evaluate apple orchards, advocating for eco-friendly packaging and a supply
chain redesign to reduce emissions. Nketiah et al. [21] evaluated the use of biogas from food
waste in China’s Jiangsu province, reporting notable reductions in coal use, carbon emissions, and
potential for global warming. The study also found positive economic outcomes using return on
investment (ROI), net present value (NPV), and cost savings analysis, further reinforcing the role
of biogas in sustainable development.

Anaerobic digestion, a key CE strategy, produces biogas, a methane-rich renewable energy source,
by breaking down organic material in oxygen-free conditions. This process not only reduces
methane leaks from landfills but also generates energy, reduces odors and pathogens, and pro-
duces digestate, a nutrient-rich fertilizer. In the U.S., widespread adoption of biogas could reduce
emissions equivalent to removing 800,000 to 11 million vehicles annually. In addition, it could
generate more than 335,000 temporary and 23,000 permanent jobs while offering a sustainable
outlet for livestock and food waste. Despite the growing body of literature on emission reduction
and food waste recycling, few studies have developed inventory models that explicitly integrate
climate emergency (CE) strategies and quantify the resulting emission reductions. Current models
often treat waste recovery and emission control as downstream activities, rather than proactively
integrating them into upstream inventory decisions like order quantity, reorder timing, and shelf-
life optimization. This study addresses this gap by proposing an EOQ-based inventory model that
combines food recycling options (e., composting, anaerobic digestion) and emission reduction
metrics directly into the decision-making framework. The model incorporates a circularity index
and an emission cost component, enabling joint optimization of profitability and environmental
sustainability in food supply chains. In doing so, it advances the state-of-the-art in green inventory
models and provides a novel tool to achieve cost-effective emission mitigation through circular
food system practices.
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Circular economy

The circular economy (CE) framework aims to close material loops and minimize waste through
strategies such as reuse, recycling, and recovery. Within food systems, CE approaches focus on
valorizing food waste through methods such as composting, anaerobic digestion, or repurposing
waste for secondary uses. Seminal studies by Papargyropoulou et al. [16] underscore the potential
of circularity to reduce food waste and mitigate associated environmental impacts. Despite grow-
ing interest, operational models that integrate CE principles into inventory management remain
underexplored. Existing research focuses primarily on policy interventions, consumer behavior,
and waste processing technologies, with limited attention to inventory control mechanisms. This
research gap presents an opportunity to develop EOQ-based (Economic Order Quantity) models
that align ordering decisions with waste valorization strategies, supporting circularity while
reducing emissions. The core idea of CE in food systems is to establish a sustainable model where
waste is not discarded but reused, recycled, or composted, ultimately reducing environmental
burdens and increasing efficiency. This model encourages closing the resource use loop and
optimizing sustainability at all stages of the supply chain. For example, Jamaludin et al. [22]
examined the causes of food waste in Malaysia and explored alternative waste management
strategies, including potential market applications. Their findings reveal that the average food
waste per person is approximately 1.6 kg per week, with rice being the most frequently wasted
item. Consumer behavior theories identify poor food handling practices and gender differences as
key contributors to food waste. Talekar [23] provides a comprehensive review of food waste in
Australia, analyzing primary sources, regulatory responses, and current management practices.
The study also evaluates the use of food waste as a resource and highlights the challenges and
future directions for the development of food waste biorefinery technologies. Authors in [24]
developed a theoretical model to examine the relationship between the structure of the market
and food waste. Their work could be expanded by investigating the impact of CE in differentiated
production settings, such as Hotelling-style oligopolies, where retailers exert greater market power
and recycling may not always yield optimal results.

Khan et al. [25] focus on optimizing production and circularity levels for manufacturers to reduce
carbon emissions and promote environmental protection through strategic operational adjust-
ments. Similarly, Thomas et al. [26] explored a two-tier supply chain in the plastic industry using a
linear decreasing demand model tied to circularity levels. However, the linearity assumption may
not adequately reflect complex real-world dynamics. Hence, there is a need for sustainable opera-
tional models that account for carbon emissions, inventory decisions, and linear and non-linear
demand patterns shaped by circularity levels. In terms of waste valorization techniques, anaerobic
digestion offers a compelling solution. This process involves the breakdown of organic matter
by microorganisms in the absence of oxygen, producing biogas (primarily methane) suitable
for the generation, heating, or production of biofuels. The remaining by-product, digestate, is
nutrient-rich and can be used as fertilizer. Thus, anaerobic digestion not only reduces landfill
waste and generates renewable energy but also provides a sustainable alternative to chemical
fertilizers.

Food recycling

Food recycling has emerged as a practical and sustainable strategy within the larger framework of
the circular economy (CE). Rather than allowing food waste to accumulate in landfills, recycling
methods aim to transform waste into valuable secondary products such as animal feed, compost,
biofertilizer, and bioenergy. This approach not only diverts organic waste from traditional disposal
systems but also enables value recovery, contributing to resource efficiency and environmental
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Figure 1. Anaerobic digestion of organic waste for energy and fertilizer recovery

sustainability.

Integrating food recycling into supply chain management (SCM) practices requires not only lo-
gistic coordination but also quantitative modeling to ensure its effectiveness. Although recent
research has explored strategies for optimizing various stages of waste handling, such as collection,
sorting, and redistribution, a significant gap remains in the development of models that explic-
itly link inventory control and ordering decisions with food recycling processes. These models
must consider both economic and environmental performance metrics to be truly sustainable.
The circularity of food waste highlights the importance of reducing, reusing, and recycling food
materials to minimize environmental impacts, particularly greenhouse gas emissions. Organic
waste in landfills generates methane, a highly potent greenhouse gas; reducing food waste is a
critical strategy to mitigate emissions. Lu et al. [27] introduced a modified dynamic three-stage
circular data envelope analysis (DEA) model to evaluate food production, consumption, and waste
recycling in 27 European countries between 2008 and 2016. Their work highlights the inclusion
of food waste recycling in the production phase as a CE strategy, offering empirical insights
that can inform national food security policies. Similarly, Bernstad et al. [28] demonstrated that
accessibility plays a vital role in promoting household participation in recycling initiatives.

On the technological side, Alam et al. [29] investigated the management of food waste at the
Bangladesh University of Professionals (BUP) by generating biogas through dry anaerobic diges-
tion under mesophilic conditions. The findings suggest that this method not only addresses the
demands of energy but also offers environmental, economic, and social benefits to local commu-
nities. In a similar vein, Woon and Koks et al. [30] explored biogas production in Hong Kong,
highlighting its viability as a renewable fuel source for vehicles. Kurniawan et al. [31] develop a
framework linking agri-food waste valorization to the production of bioactive compounds and
their integration into the circular economy model. Mehta et al. [32] highlight the critical role of
institutional food waste from hospitals and post-secondary institutions in the design of strategies
for reduction, reuse and recovery within this framework. Similarly, Pandey et al. [33] evaluated the
potential of integrating nutrient recovery with anaerobic digestion to improve circular economy
outcomes in the water—food—energy nexus, contributing to renewable energy production and
global food security. From an operational management perspective, Sebatjane et al. [34] developed
an integrated inventory model to determine optimal lot sizes, shipment frequencies, and cycle
times, while also evaluating the benefits of investing in preservation technologies. Their work
suggests that such investments can lead to cost reductions in inventory management. Rashid et al.
[35] extended CE principles to the conversion of organic food waste into compost, using nonlinear
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statistical methods, including exponential, logarithmic, and logistic models. These approaches
help to derive more accurate nonlinear demand functions and assess their impact on biogas
production. Using Woon's [30] technique, our study implements cross-validation and non-linear
modeling to create a solid numerical basis for incorporating recycling dynamics into inventory
systems. We also examine the correlation between the cross-validation parameters and other
assumptions related to the demand curves. We provide basic descriptions of the Circularity Index
and the EOQ model in Section 2. Section 3 explains the assumptions, while Section 4 outlines the
problem descriptions. Section 5 presents illustrations of non-linear models, including logarithmic,
logistic, and exponential functions. Section 6 discusses the applications of these models. Section 7
focuses on sensitivity analysis and presents the related discussion. Section 8 analyzes the discus-
sion and implementations in the food industry. Section 9 explores the managerial implications for
the food industry. Finally, Section 10 presents the conclusions.

2 Circularity index with EOQ inventory model

The Economic Order Quantity (EOQ) model is a classical inventory management technique that
typically assumes constant and predictable demand alongside non-linear cost structures. The
application of EOQ or similar models can contribute to broader improvements in circularity within
food systems. Rabta [4] was among the first to investigate how product circularity influences
demand structures within an inventory system. However, this study did not incorporate the
carbon emissions generated by inventory operations. Later, Woon and Koksin [30] applied a
circular linear demand model to the plastics industry, but acknowledged that such linear demand
patterns may not adequately represent all real-world scenarios. This highlights the need to include
carbon emission factors in sustainable inventory models that can handle both linear and non-linear
demand structures. Circular economy (CE) techniques have many advantages, but organizations
sometimes struggle to implement them because of the high costs and complicated technology
involved. Moreover, Rabta [4] did not explore the full spectrum of demand and per-unit profit
combinations in EOQ models, especially the impacts of non-linear demand and profit patterns.
Our approach builds on these insights by incorporating a product-specific circularity index and
modifying the traditional EOQ assumptions accordingly. We focus on a single-product, single-
location inventory system where the manager orders a fixed quantity Q each period to satisfy
demand. The product is available in a standard or circular version, with circularity represented by
a parameter 6 ranging from 0 to 1 [0 < 6 < 1]. Importantly, both the demand rate and the gross
profit per unit depend on the level of circularity of the product. For clarity, the following notations
in Table 1 are introduced:

3 Assumption

¢ The rate of demand varies according to the product’s circularity index.

¢ For a given parameter 6, the demand rate is deterministic, well-established, and remains steady.

¢ The fixed holding and ordering costs are not related to each other.

¢ The demand and gross profit per unit are not linearly related to the circularity of the product.
Therefore, the fraction of produced goods that undergo remanufacturing determines the demand
and the gross profit per unit.

* The manufacturer maintains a consistent production and sales strategy, focusing on a single
product to fulfill customer demand, with operations continuing over an unlimited time horizon.
In addition, the production rate consistently exceeds the customer demand rate.

¢ Carbon emissions from various manufacturing activities are considered, including setup op-
erations, warehouse activities, and the production process, which are recognized as the main
sources of emissions. The manufacturer faces penalties from government authorities based on
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Table 1. Parameter values and their descriptions

Parameters Descriptions
Product circularity index
Economic Order of Quantity (units/year)
Holding cost (units/year), where h # 0
Emissions resulting from storage operations of carbon (units/year)
Base demand
Circularity impact on demand
Decay rate parameter
Base profit
Circularity profit impact
Carbon tax (unit of weight)
Carbon emission (unit of weight)
Fixed setup cost (dollars/setup)
P Demand function (units/unit of time)
Q(H) Profit function (unit of time)
EOQ Model Economic Order Quantity Model

Ko 9= > ™2 QIT0

—~
D>
~—~

the total carbon emissions produced.

4 Problem description

Given the assumptions stated, this section presents the total profit of the manufacturer per unit
time for a single product within the circular economy framework. Before performing a detailed
analysis, it is essential to define the customer demand and gross profit structures per unit, both
of which are influenced by the circularity index of the product, denoted by 6. The relationships
among circularity, demand, and per-unit profit are modeled using nonlinear functions. Specifically,
an exponential inverse demand function is employed, following the formulation from [23],

D(0) = a+peand P(0) = A+ ue "%, where theta > 0 is the circularity index (a higher value
indicates greater circularity)? «, 8,7y, A, u € R are parameters with real value, x > 0and A > 0
ensure that the baseline demand and profit are positive, v > 0 control the decay rate (sensitivity to
circularity), f and u determine the strength and direction of the impact of circularity on demand
and profit, respectively. These parameters reflect the sensitivity of demand and profit to the
circularity level of the product. Nonlinear models, such as the exponential form used here, are
essential, since linear models do not capture the complex effects of circularity. Higher circularity
influences not only demand but also production costs and prices, thereby affecting consumer
behavior, material choices, production technologies, and environmental policies such as carbon
taxes.

To reduce carbon emissions in production and inventory under circular economy practices, firms
must adopt models that reflect the nonlinear relationships between demand and per-unit profit.
Capturing these dynamics is crucial for optimizing the circularity index and maximizing profit
within sustainability constraints.

To address this research gap, this study proposes a sustainable order quantity model that integrates
production policies, circularity levels, carbon emissions, and the non-linear impact of circularity
on demand and profitability. The model uses advanced demand functions, such as the logarithmic
relationship introduced by Rabta [4], to better represent consumer responses to circularity. This
enhances both the realism and the practical relevance of the framework in modeling sustainable
operations D(0) = Py + alog(1 + 70), and the logistic form P(6) = Py + m, where Py, 0,7,
and are constants, with Py,6,5,> 0,a > 0, and 6y € [0,1].. Furthermore, other possible non-
linearities could be examined to assess the impact of the circularity level on both demand and
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per-unit gross profit. The manufacturer first creates and subsequently sells a quantity Q, each
generating a gross profit per unit of P(0) over one business cycle. Hence, the total gross profit
from the Q units is Q*P(60). Furthermore, the manufacturer incurs the setup costs denoted by K
and completely pays the costs sHQ(1 — D(0)). In addition, the manufacturer is responsible for
a carbon tax imposed by the authorities, calculated based on emissions from setup operations,
warehouse activities, and production processes. T{e + fP(6)T + $Q(1— P(6)) + (1 — P(8))?} are
introduced by Md. Al-Amin Khan [25]. Finally, the overall manufacturer’s profit is given by

D) =a+Be ", and PB) = A+ pue"?, (1)
#Q.0) = pE)P©) - 225 Hoa-De)
-8+ D) + S0 -D@) + (1-D@) ),
#(0.6) = D(&)P(8) — TfD(8) - 2K Ly Gry0(1 - De)) - QT(1- D(6))%. @

o) 2

The objective now is to find the ideal quantity to produce (Q*) within a business cycle and the
optimal circular leveling (6* € [0,1]) for these produced units, enabling the manufacturer to
achieve the highest profit per unit of time. Consequently, the production process presents the
following optimization challenge:

Problem A:

max ¢(Q,0), where c={(Q,0):0<Q<o0 and 0<6<1}, (Q,0)eoc. 3)

Solution techniques

The demand patterns, gross profit per unit, and production quantities allow the optimal solution
to be categorized into three separate cases:

Case 1: When considering both demand and per-unit gross profit increase as a function of 6, or
if one of them increases while the other variable stays invariant for 6, the optimal solution for
Problem A (3)is 6* =1, and

0= 2D(1)(K + Te)
V(H+G6T)(1-D1))(1—-D(1))*

Case 2: Considering demand and per-unit gross profit decrease as a function of 6, or if one
decreases whereas the other variable stays invariant for 6, the optimal solution for the manufacturer
is either 6*= 0, and

0- 2D(0)(K + Te)
(H+ GT)(1—D(0))(1—D(0))*

Case 3: The ideal solution is found when one function for demand or per-unit gross profit increases
and the other decreases to 6. Problem A (3) may differ from Cases 1 and 2. The Lagrange multiplier
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technique finds the optimal solution in this situation.

D(0)(K+Te) 1

L(Q,8) = D(6)P(6) —TfD(6) — 0 —5(H+GT)Q(1-D(9)) @

— QT(1—D86))* — 1 (6 — 1) + pa.

To find the Karush-Kuhn-Tucker conditions necessary for an optimal solution are: Equation twice
partially differential for 6, Q to find the Hessian matrix

2 —0
%:_<2(w+ﬁe(;3)(K+Te), -
3—15 = (a+ B ) (ype™ ™) + (e ") (A + pe ™) — Tf (Bye )
vpe (K+Te) 1 e ™ » (6)
~ T (A GTQU+ e ™) — QT [1-2 [(a+ o) (Bre )] ],
0%L S0 (215-10) 1 230 (o—70)2
sz = (et pe ) (T ue ™) + 7 pule™)

v Be 19 (K + Te)
Q

— S(H+GT)Q( — B2 ™) — QT(2{(a+ o) (BrPe ™) + 262 7,

— (A4 e ) (PP P uBle0) — T (ByPe ) —

((’rﬁe”’@)(K + Te))
PL 2L Q2
900L — 9LoQ ) + (@) (14 Bye19)

+2T (a+ e %) Bye 7P,

o’ Pn
902 0Q0d0

H = ,
% %
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[(a+ Be ") (v ue™ %) + v Bu(e 1)
— (A+pe ) (Be 1) + P uple?)?
_ Tf(,B'yze*w) B ')’2.33776 (K+Te)

Q
=09+ 61— prre ™)

— QT 2 (a-+ e ) (B2 1) + 072 )

B (2(zx + ,Beg;)(K + Te))

- e 0 e - 2
) ((75 752K+T))+(H+2GT) (14 fre®) |
+ 2T (a + Be70) Bye°

[(a+ B 1) (v? e %) + 72 pu(e™?)?
— (A pue ) (Ve %) + P uple)?

— Tf(Byle ") — ’Yzﬁe_wéK + Te)

— S(H+GT)Q(1 — e ™)
~ QT [2((a+ e 1) (By2e 1) + 92 p2(e 7)?)

B (2(zx + 5e;93)(1< + Te))

() (e

detH >0&

+2T(w+ pe 1) pye "

ui(e—1) =0, @)
U = 0, (8)
H1, U2 > 0. (9)

The complementary conditions (7) and (8) yield three potential solutions for the optimization
Problem A (3).

* Either =0, and 1=0

0= 2D(0)(K + Te)
~V (H+GT)(1—D(0))(1—D(0))*’
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12 = D(O)P(0)'+ D(0) P(0)~TfD(0) - 2T 114 6T)Q(1-D(0)) - QT1-D (0))%

*Or6=1, and pup=0

0= 2D(1)(K + Te)
-V (H+G6T)1-D(1))(1-D(1))*

i = D(PW) +D()'P(1) - 17D(1) - PEEET 4 610 - D(1)) - Qr(1-D' ()2

2D(0)(K+Te)

H+GT)(1-D(6))(1-D(8))* and from

* Either p; =0, and pp = 0 from Eq. (5) where Q = \/(

, : o 2D'(0)(H+GT)(1—-D(8)) (K+ Te)D(8)
(D(8)P(6) +D(6) P(6) —=TfD(6) ))* = BIO) 1D

(10)
2D(0) (K + Te)
~ by - PE)
#(6) — (D(O)P(6) +D(6) P(6)—TfD(6)))? — 22 (6)(H +D<€(;f))(1 —D(9))
_ (K+Te)D(8)  2D(8)(K+Te) (1—D(o)?. o

1-D()  (H+GT)(1—D(9))

Eq. (11) can be easily solved using several numerical approaches for circular leveling (6). Because
the function ¢ () is not linear, and can be used to find many possible circular indices in the range [0,
1]. All potential solutions must adhere to the necessary feasibility constraints, such as the positivity
of Q, 6 € [0,1], and Eq. (9). We evaluated the second-order derivative criterion to determine
whether a potential solution qualifies as a local optimizer. Furthermore, we determine the global
optimizer when several local optimizers are present by evaluating the manufacturer’s profit across
the local optima. The KKT criteria guarantee an ideal solution when the manufacturer’s profit
(Q, 8) exhibits concavity. The concavity of ¢(Q, 0) is completely dependent on the configurations
of both D(0) and P(6). Consequently, the concavity of ¢(Q, 6) is now examined in three potential
combinations of the previously specified forms of D(0) and P(0).

Non-linear and exponential relationship

Consider
D(G) = (lX —|—I[33_79), and P(Q) — (PO + be5(9—1)),
where « > 0,Py > 0,8 > 0,and b < 0. In this case,

2(Q.0) = D(O)P(@) ~ L2 — 11+ GTIQ(1 - D) — QT (1 - D)) ~ (0 -1) + 1z,
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$(Q,0) = (a+ pe ) (Po + be5(9*1)> CTf(a+ ) — ((oc + ﬁeg)(K + Te)>

(
1
2

(H+GT)Q (1= (a+pe™) ) = QT (1= (a + pe=)2) —pa (60— 1) + puof.
Partially differential to twice 8, Q to find the Hessian matrix

PP 2(a + e~ 10) (K 4 Te)
i o ): -

aaggg _ a%;LQ o [ ((vﬁwz (K-+ Te>) . <<H+2_GT>) (1+pre ™)

—2T (1 —(a+ ﬁe’79)> ﬁvewl ,

az
a—(;f = (e (P66 ) = sbype ™ +- (Po + 0" (7o)

L CD Qe ) - 20T (1 (@ + e ) (47 ) 22 )2)

002 0Qdf

H =
2 2
200Q Q2

detH >0& ((oc + ,Be_7e> <(52be‘59>> — (5b’yﬁ65_79> + <(P0 + be‘s(e_l))('yzﬁe_w))

+ <([3’)’(5be_79)e‘5(9_1)) —(Tfrpe ) — ('rzﬁe‘“’éK + Te))

n ( H+GT pe 79))
<2 ( (1—(a+ Be 79))(72&—70)) _ (7252(6—79)2» « (_Z(zx+ﬁe—g;)(K+Te))
{ 2

(Vﬁe ) K+Te>)+(<H+2GT>) <1+l3’re‘79>—2T(1—(w+ﬁ€_79))ﬁve‘”9] :
(13)
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detH >0 | (a+ pe 1) (o2be™) — obype’?

+ (Po + be‘s(e’l)> (’yzﬁe’w) + Bydbe 0?0 _ Tfy2Be?

- ,),2‘3379(5( + Te) n (H —l—2GT) 0 (7256779>

— 2QT<(1 —(a+ ,36_79)) (72/36_79> — 72,32(3_79)2>]

y (_zox +ﬁe—§3)<1<+ Te)) . _[ ((vﬁe—vggm Te)) . <<H+2 GT)) (1+ fre)

2
—2T(1—(a+ /se-“’))me—“’] .

(14)

As H is semidefinite negative, the objective function is concave. The curve shown in Figure 2
slopes downward, indicating concavity. Additionally, Figure 3 shows the position of the global
optimal solution for the profit. Consequently, the manufacturer makes the highest profit when the
products have a higher level of circularity. In this situation, one of the potential solutions is both
feasible and optimal. The various scenarios for this solution include:

i) Either 6 =0,

Q:\/ 2(a+ B) (K + Te)
(H+GT)(1— @+ )1~ (a+ B))"
u1 =0, and
12 = (@ B)(60) + (P + ) (—p) + TH(rp) + EETTD L 2t 6Tyg(ap)
+2QT(1— (a + e ")) (7).
ii)Or0 =1,
0= 2(a+ Be=7)(K + Te)
TV HT GO~ (ot po ) (@t pe )
If uyp =0,and

(yBe ) (K + Te)
Q

1 = (a+ e 7)(6be’) — (Py +be ") (yBe ™) + Tf (vpe) —

+ 3 (H +GT)Q(yfe ™) +2QT(1 — (a+ o)) (1e").
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iii) ]/ll = }12 = O,

0- \/ 2(a + pe1%) (K + Te)
(H+ GT)(1— (a+ Be1))(1— (x + e1¢))*’

<<zx -+ ﬁe_W) ((5176‘59) — <P0 + be_"Y(G_l)) <’yﬁe_79> +Tf <'yﬁe_79>>2
(vBe ) (K+Te) [(H +Gt) (1= (a+ pe~1%)) (1 — (a+ pe 1))’

2 (a + Be1?) (K + Te) (15)
2 (a+ Be 1) (K+Te) 1 8
* (<H+GT> (1 (o) (1 <a+5e—ve>>2> 7 (6T (e ™)

21 (1 (o 7)) ().

is expressed as ¢1(0) = 0 with

$1(0) = (((x + /Se_“’) (5be‘59> _ <p0 4 be—w(e—l)) (’y,Be_“"’> L Tf <758_79>>2
(vBe~"?) (K + Te) [(H+ GT) (1— (a+Be ")) (1— (a + ﬁe_vg))z]

2 (a+ Be 1) (K + Te) (16)
2 (a+ Be %) (K + Te) 1 0
’ <<H+GT> (1 (atpe)) <1—<a+ﬁew>>2> 5 (46T (78 )

+2T (1= (a+ ) (v6e??).

The formulation of ¢1(6) is non-linear in 6, enabling the identification of several solutions for 6
(not all of which need to be feasible) for Eq. (15).

Optimal profit
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Figure 2. Curve shows concavity Figure 3. Optimal profit
1 . Uptimal proii



Vennila and Karthikeyan | 363

Non-linear and logistic relationship

Let’s consider the logistic per-unit gross profit and demand defined as follows:

b

= —70 = -
D(6) = («+Be "), and P(0) P0+1+e—5(9—90)'

where «, Py, 6, B are all greater than zero, b < 0 and 6 € [0, 1]. In this case,

b
B —n0
(P(Qrg) - (DC —|—’B€ i ) (PO + 1 +e—5(9—90)

(et 5e—vg)(1< +Te) % (H+ GT) Q(1— (& + Be—a0))

—QT(1— (a+ Be—0))* — 1 (0 — 1) + p20,

) Tf(a+pe )

partially twice differentiate for Q, 0

’p <2(0¢ + Be %) (K + Te)) , a7

Q% Q3

s o | () () el

—2T (1 — (a4 [Se_79)> ﬁ'ye‘"f@] ,

2 0
= o) (g ) () + (4 s ) (76 ™)
(8 ) (s ) ~ Craspe®) - (TBET) (PR TOULECT))

+2QT ((1 —(a+ ﬁe‘79)> (vzﬁe—V"—zQﬂzﬁz(f”g)) .

To guarantee concavity, the Hessian matrix is required to be negative semi-definite. Furthermore,
det H>0&

0 a aﬁf)/ew a 20 —0
< <a+’36 ) <526—5(9—90)) " ((56—‘5(9—90) Pt 1+ e 9(6=0) <7 pe )

_ (7136—79) (m) TR 72[35—79 . 72/36‘79Q2(H+ GT)
+2QT (1 — (tx + 56*79» (72/3(3’79 —20QT?B e—y@) ) (_2 (2 + ,Be;) (K+ Te)>

- ([ (e T ¢ (551 o (pye) a1 (k) ] )
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As H is semidefinite negative, the objective function is concave.
i) Either 6 = 0,

Q:\/ 2(a+ B) (K + Te)
(H+GT)(1—(a+B))(1— (a+B))*’

1 =0, and

=M (ot ) () + AR +

_ %(HJF GT)Q(YB) —2QT(1 — (x + B))(VB)-

(vB) (K + Te)
Q

This method is possible and optimum if and only if o > 0.

H)ore =1,
0= 2(a+ Be=7)(K + Te)
(H+ GT)(1 — (at o) (1— (a + pe1)
uy =0, and
p1 = (a+ ﬁe_v)m —(Po+ m('yﬁe_m) +Tf(ype”)

n (yBe ") (K+Te) 1

Q 2

H+ GT)Q(yBe™") —2QT(1 — (a + e ™)) (vBe").

This method is possible and optimum if and only if, y; > 0.
iii) pp = o =0,

. \/ 2(a + Be1) (K + Te)
V((H+GT)A = (a+ Be19)) (1 — (a + Be=19))*

Then, we have

2
((‘X + ﬁe_v)m) — ((Po + mﬁﬁeﬂ@) + Tf(’Y,Be_ry)z)
_ ((’rﬁe‘”’)(H +GT)(1— (a+ Be1)) (1 — (w + 56‘”"))2>
(2 (a+ pe1%))
B 2(a + Be %) (K 4 Te)
(H+GT)(1— (a+Be19))(1— (a + pe1?))’
—2T(1— (a+ e 7)) (1Be").

(18)

) {5(H+GT)Q(pe M)
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The above equation is expressed as ¢, (6) = 0 with

0) = ((at g o) = (Pt ey ) (16e710) + Toape 2

_ ((7567)(14 + 6T —(a+ 5379))2)
2(a + Be1?)

o e e
B ((H i(c}_)ij &fi;:v)e))z) | (%<H+ GT)Q(vpe™™) —2T(1— ( +5€_7>)(7M) |

(19)

The formulation of ¢, (6) is non-linear in 6, enabling the identification of several solutions for 6
(not all of which need to be feasible) for Eq. (18).

Exponential inverse relationship and logarithmic relationship

Let us consider,

D(6) = (a4 e %), and P(#) = Py +alog(1+0),

¢(Q,8) = (a+ pe %) (Po + alog(1 + 78)) — Tf (a + pe~7°)
BChs 5”;)”( 1) L (H 4 GT) QM ~ (a + pe8)

— QT (1 — (a + Pe—70))* — 1 (6 — 1) + 126,

partially twice differentiate concerning Q, 6

PP (2(a + Be %) (K + Te)) ,

207 = @ 20)

2 2 e—G e B
azg»gzaaga%:_[(w& 752K+T>>+(<H+26T>)Q<W 1)

—2T (1 — (e + ﬁe*’fe)) ﬁwe”{’] ,

% [ (1+90)(ayBe "+)(ar?)(a + pe1?) ay*pe1° -
== (- T ) (B ) (v atog1 402

- (tf(pe) - (AT (1B OTI)

— (2QT*Be %) (1 —(a+ 56”9)) —9?B*2QT(e"%)?,

Q)

(21)
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Parameter | Value | Exponential Logistic Logarithmic
Q i} Q $2 Q $3
68600 | 22457 | 122652.30 | 22564 | 125462.20 | 22546 | 122451.60
R 68800 | 22458 | 122.10 22564 | 125462.20 | 22545 | 122455.20
69000 | 22459 | 121526.20 | 22566 | 125463.20 | 22545 | 122455.30
59600 | 21546 | 122565.00 | 22532 | 125442.20 | 22533 | 124421.20
« 59800 | 21548 | 121566.30 | 22522 | 125442.20 | 22433 | 124451.30
60000 | 21550 | 12266.40 | 22522 | 125442.30 | 22433 | 124462.20
8300 | 21236 | 112365.00 | 22456 | 125365.20 | 22566 | 124562.30
B 8400 | 21235 | 112364.10 | 22456 | 125365.20 | 22566 | 124562.00
8500 | 21237 | 112365.10 | 22456 | 125365.20 | 22566 | 124562.00
1.6 20175 | 113221.20 | 22445 | 125365.20 | 20325 | 124455.20
Py 1.8 | 20176 | 113222.10 | 22436 | 125365.20 | 20325 | 124453.20
2 20177 | 113222.20 | 22436 | 125365.20 | 20325 | 124453.30
-0.26 | 20145 | 115462.00 | 22423 | 124562.30 | 20145 | 124445.30
0 -0.25 | 20145 | 114562.00 | 22424 | 124562.30 | 20145 | 124445.30
-0.24 | 20145 | 114562.00 | 22424 | 124563.20 | 20145 | 124445.30
144 | 19856 | 114446.00 | 22568 | 125365.20 | 20142 | 124332.20
K 162 | 19866 | 114452.10 | 22568 | 125365.20 | 20142 | 124332.20
180 | 19866 | 114462.10 | 22568 | 125365.20 | 20142 | 124332.20
0.16 | 19652 | 11423520 | 22546 | 125345.20 | 20140 | 124222.00
H 0.18 | 19654 | 11423520 | 22546 | 125345.20 | 20140 | 124222.00
0.2 19655 | 114235.30 | 22546 | 125345.20 | 20140 | 124222.00
0.168 | 12457 | 113112.10 | 23546 | 124563.20 | 20140 | 124122.00
G 0.189 | 12465 | 113112.10 | 22445 | 124530.20 | 20140 | 124121.00
0.210 | 12477 | 113112.10 | 23654 | 125634.20 | 20140 | 124121.00
0.1 12365 | 112452.10 | 23654 | 124469.20 | 20140 | 124110.20
e 0.07 | 12364 | 112452.00 | 23655 | 124563.20 | 20140 | 124110.20
0.13 | 12364 | 112452.00 | 23656 | 124563.20 | 20140 | 124110.20
0.024 | 11253 | 112452.00 | 21546 | 124563.20 | 20110 | 124110.00
f 0.027 | 11365 | 112452.00 | 21547 | 124563.20 | 20110 | 124110.00
0.030 | 11356 | 112452.00 | 21547 | 124563.20 | 20110 | 124110.00
1.2 11452 | 112452.00 | 21365 | 124456.30 | 20145 | 124120.00
t 1.35 | 11452 | 112452.00 | 21366 | 124456.30 | 20150 | 124142.00
1.5 11454 | 112452.00 | 21365 | 124456.30 | 20150 | 124144.00
8 11256 | 112354.00 | 21365 | 12444.30 | 20110 | 125422.30
) 9 11256 | 112355.10 | 21456 | 12445.30 | 20110 | 125432.20
10 11256 | 112365.30 | 21466 | 12445.30 | 20111 | 124232.20
0.48 | 11256 | 112254.10 | 21456 | 12453.30 | 20012 | 124120.20
6o 0.54 | 11256 | 112254.10 | 21456 | 12453.30 | 20012 | 124121.20
0.6 11256 | 112254.10 | 21456 | 12455.30 | 20012 | 124121.20
detH >0 &
—0 2 —0 2 2,—v0
_(L490)(aype " +)(ar?) (a + e ™)\ (ay’pe — (Po+alog(1 +76) (12
(1+ 76)? (1+10) 0 J TIRY

- (7))~ (
(%&4%H+GDQ

+

>

Table 2. Impact of parameters on optimal policies and profit with non-linear demand

v2Be 9 (K + Te))

((

2

(vBe” 1) (K + Te)

Q2

)+ (

Q

- (2Q%e ) (1 (a-+ e ™)) — 1220T(e 7))

(h+ GT) +2GT)) Q (ﬁ'ye’”e) —2T ((1 —(a+ 56779)) 57679}> :
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As H is negative semi-definite, the objective function is concave.
i) Either 6 = 0,

Q:\/ 2(a+ B) (K + Te)
(H+GT)(1—(a+B))(1— (a+B))*’

1 =0, and
2 = av(a+ ) — (Ro)(ap) + Tvp + LEE T
L CTIOUB) 50101 - (a + ) (4P).
This method is possible and optimum if and only if , > 0.
i) Or 6 =1,
0= 2(a+ Be=7) (K + Te)
YV HAGCT) (A~ (a+pe))(1—(a+pe 7))
p2 = 0,and

,Yﬁef'y(K—Q-Te)

Q

_ a _ —
o = (o o) = (B alog(1+ 7)) afe + Tfype " +

- HACDRURED 12071 (a-+ pe ) (186,

This method is possible and optimum if and only if 37 > 0.
iii) U1 = U2 = O,

0 \/ 2(a + pe1?) (K + Te)
 V(H+GT)(1— (a+ Be19)) (1 — (a + pe=1))*’

( (—”’m + pe ] ’

L+70 ) — (Po+alog(1 +96)ype ) + tfvﬁe‘w)

(23)
— 0 _
_ ('Yﬁe ! g + Te)) - (<H FEDROEED | 20r(1 - (a + ﬁen)(vﬁen)
The above equation is expressed as ¢3(6) = 0 with
_((evlatpe] - o)
30 = (LTI (B 4 atog1 +90)3807) + Trape o
_ <’Y/3€76(QK+ Te)) - ((H + GT)zQ('yrBeV) L 20QT(1— (a + ,[337))(75(37))

The formulation of ¢3(6) is non-linear in 6, enabling the identification of several solutions for 6
(not all of which need to be feasible) for Eq. (23).
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5 TIllustrations

Non-linear and exponential relationships

The model takes into account unit profit functions and nonlinear demand. Adopting a non-linearity
assumption makes the model more accurate and shows different behaviors than the linear case,
such as higher profit variance across different levels of circularity and maybe several local extremes.
There are many potential combinations between the profit functions and the demand functions.
As an example, profit levels can show more fluctuation across different circularity levels, and
many are extremely close to each other. The unit gross profit of a product is determined by its
nonlinear logistic relationship, which is based on the circularity index D(#) = (a + Be~?) and
P(8) = (Py + be’(®1)) and the nonlinear demand. The data presented below are sourced from
Rabta [4]: Define 6 = 10, a= 8500, and b = -0.25. 6 = 0, Q*= 22463.20, and ¢*=121520.30 is the
optimal solution.

Comparison of two simple solutions 6 = 1 with Q = 24256.20 for a profit of ¢* = 12255.30. The
demand from clients rises significantly with this combination, whereas the gross profit per unit
steadily declines. The results show that as demand increases and per-unit profit decreases
exponentially 8, producing non-circular products becomes more advantageous than only making
circular ones.

Non-linear relationship and logistic relationship

The Economic Order Quantity (EOQ) model is widely used to determine the optimal order
quantity that minimizes inventory expenses, including order and storage costs. However, in the
context of your results, the EOQ model needs to be adapted to account for nonlinear profit and
demand functions, as well as the environmental impact, specifically greenhouse gas emissions
associated with different levels of circularity. The demand for the product is represented by a
logarithmic function, D(0) = (a 4 Be~7?), and P(0) = Py + m Let a = 8500, b =- 0.25 and
« = 5. The resulting overall profit is Q* = 22426.20 with a gross profit of ¢* = 16154.28. When a=10,
the value of Q increases to 35462.54, while the gross profit remains ¢* = 16154.28. Think of the
same parameters as previously, but with 2 = 12000 (a demand increase of up to 20%). The best
solution is now defined as: 8*=1, Q* = 22484, and ¢* = 16723.30. Taking into account the influence
of the circularity index and addressing the issue as a traditional EOQ, we determine: 6 =0, Q* =
10232.20, and ¢* = 117,921, resulting in a reduction of 37% profits. Therefore, the highest overall
profit value is preferred to maximize the total profit.

Non-linear relationship and logarithmic relationship

In this context, the demand is described by a nonlinear logarithmic function, while the unit profit
function takes the form of a nonlinear exponential D () = (a + Be~"%), and P(0) = Py + alog(1 +
v8). Leta =8500, b =-0.25 and a = 5. The resulting overall profitis Q* = 24426.20 with a gross profit
of ¢* =122545.28. When a=10, the value of Q increases to 26462.54, while the gross profit remains
¢* = 123154.28. Since the logarithmic demand function in 6 causes the demand to increase slowly
with increasing 6 values. Still, the linear per-unit gross profit 6 falls dramatically with increasing
6 values, the optimal solution for the manufacturer does not involve a very high or very low
circularity level for manufactured goods. The objective function lacks concavity, and the stationary
points of the Lagrangian are determined by solving a nonlinear equation. With parameters set
as after confirming the second-order optimal condition, two local maximizers are found, with
one representing the global optimum, which produces a profit 1% higher than when the least
favorable scenario occurs at indicating a saddle point where profit drops by 5.6% compared
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to the optimal value. This analysis indicates that as the threshold approaches, manufacturers
should focus on producing items with a circularity level below this threshold; conversely, to
optimize profit, prioritize high-circularity items if the threshold is near. The results indicate
that the traditional EOQ model and theoretical implementation assume constant demand and
linear relationships, which are not sufficient to capture the complexities introduced by non-linear
demand and circularity. By modifying the EOQ model to incorporate these complex relationships,
manufacturers can optimize both economic profit and environmental sustainability.

6 Applications

An EOQ-based model integrated with the principles of circular economy can revolutionize food
waste management by enhancing efficiency, reducing environmental impact, and promoting
the sustainable use of resources in various sectors. Food manufacturers can also utilize EOQ
to effectively manage by-products, transforming waste into secondary products such as animal
feed, bioenergy, compost, or biodegradable packaging, enhancing a closed-loop system that
maximizes resource efficiency. Governments and policymakers can also use EOQ models to
develop regulations that incentivize businesses to adopt circular food systems, such as tax benefits
for waste reduction or subsidies for sustainable packaging innovations. By shifting from a linear
"produce-consume-waste" model to a circular system that ensures surplus food is repurposed,
redistributed, or recycled rather than discarded, EOQ strategies can significantly contribute
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Comparing the food waste and biogas
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Figure 7. Comparing food waste and biogas

to sustainability by optimizing resource utilization, reducing environmental harm, lowering
operational costs, promoting long-term food security, and fostering a more responsible and
efficient global food system.

India generates nearly 50 million tonnes of food waste annually, with major losses occurring in the
agricultural, wholesale, and retail stages due to inadequate storage and logistics. Biogas initiatives
are expanding, with cities like Indore, Pune, and Bhubaneswar processing up to 2,000 tonnes/day
of food waste in energy through municipal biogas plants. India’s biogas potential exceeds 125
billion cubic meters, supported by the MNRE’s SATAT scheme to promote the nationwide adoption
of compressed biogas from organic waste.

7 Sensitivity analysis

A detailed sensitivity analysis demonstrates how adopting circular economy measures in inven-
tory management can support company-level decision-making by balancing profitability with
environmental sustainability. The findings suggest that businesses can adjust their order quantities
and circularity levels without significantly affecting overall profit margins. For example, under a
logistic demand model and linear profit function, increasing the circularity index parameter from
K=144 to K=160 results in a marginal profit increase of 114,446.00 to 114,452.10. This indicates
that integrating more circular practices, such as reusing materials or reducing waste, can be
implemented without incurring additional costs. Furthermore, mathematical modeling reveals
that the optimal degree of circularity is not static but varies depending on factors such as demand
growth, cost structures, and environmental parameters. Therefore, in certain cases, adopting a
more circular approach can be achieved without incurring additional costs. Figure 4 demonstrates
the behavior of the exponential function ¢; and its two feasible solutions in Table 2. Consequently,
the manufacturer achieves the global maximum total profit per unit of time for both feasible
circular indices. Figure 5 shows the graphical representation of the feasible solutions for the
logistic functions of equation ¢, in Table 2. Figure 6 presents the graphical representation of the
feasible solutions for the functions of the logistic equation ¢3 in Table 2. Further research should
extend these concepts to inventory, production, and supply chain models.
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8 Discussion and implementations in food industries

Theoretically, integrating the Economic Order Quantity (EOQ) model and the principles of cir-
cular economy into food waste management provides a strategic framework to minimize both
operational costs and environmental impacts. By optimizing inventory levels and aligning pro-
curement with actual consumption patterns, EOQ reduces overordering and spoilage, directly
cutting down food waste and associated greenhouse gas emissions. A 10-year analysis of food
waste and corresponding biogas production in Tamil Nadu, based on data from food and agri-
culture organizations, is illustrated in Figure 7 to highlight the state’s potential for sustainable
waste-to-energy conversion. Practically, this approach supports the development of closed-loop
systems in which organic waste is recovered through anaerobic digestion to produce biogas, as
demonstrated by companies such as Arla Foods and Bioenergy DevCo. These systems convert
waste into renewable energy and organic fertilizers, promoting sustainable agriculture and en-
ergy independence. In addition, waste segregation, redistribution, and composting practices,
supported by smart technologies and green logistics, further improve resource efficiency and
reduce emissions. The implementation of the model also involves the evaluation of regional waste
sources, the evaluation of current management practices, and the alignment with national policies
to design cost-effective and environmentally sound strategies. In general, combining EOQ with
circular food waste management offers a solid path to reducing emissions, conserving resources,
and supporting sustainable development goals.

9 Managerial implications for the food industry

Food waste recycling presents valuable managerial opportunities for the food industry by re-
ducing operational costs, improving sustainability, and improving brand reputation. Managers
should focus on optimizing forecasting, inventory, and production processes to minimize waste
generation while exploring scalable recycling solutions such as biogas, compost, and bioplastics.
The food industry can improve profits by adopting sustainable waste minimization practices
without increasing green investment, using recycling factors such as 1, i and ¢(Q, ) to convert
organic waste into valuable resources such as biogas. Optimizing forecasting and production
processes reduces overproduction, reduces disposal costs, and supports efficient resource use.
As environmental regulations tighten, the integration of reduce-reuse-recycle technologies and
improving waste minimization efficiency (J) becomes essential to maintain profitability and envi-
ronmental compliance. Integrating circular supply chain models and working in partnership with
waste management and recycling partners can transform organic waste into profitable resources.
In addition, staying ahead of regulatory requirements and investing in green technologies can
help ensure compliance and generate long-term financial returns. In general, treating food waste
as a resource supports strategic, environmental, and economic goals, positioning businesses for
sustainable growth.

10 Conclusion

This article introduces an EOQ inventory model under a circular economy framework, where
product circularity varies by a defined index. Both the order quantity and the circularity level are
treated as decision variables that influence demand, cost, and price. This study demonstrates that a
circular and sustainable economy offers an effective strategy to reduce food waste and greenhouse
gas emissions while improving business profitability. By integrating recycling technologies
and optimizing order quantities through an EOQ-based model, firms can manage food waste
efficiently and economically. From 2013 to 2022, Tamil Nadu data show that higher carbon
emissions negatively impact circularity by increasing operational costs through taxation. This
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discourages investment in sustainable waste-to-energy practices despite their long-term benefits.
However, adopting advanced recycling methods such as anaerobic digestion, composting, and
waste-to-energy can significantly mitigate environmental impacts. The proposed model not only
reduces logistical and operational costs but also supports sustainability goals through emissions
control and resource recovery. The EOQ-based model proves to be economically viable and
environmentally sustainable for the management of food waste. Sensitivity analysis reveals that
as carbon emissions per unit increase, circular practices tend to decline due to the added cost
of carbon taxes. This environmental burden discourages investment in circularity. To sustain
profitability, manufacturers must improve consumer awareness of circular features, for example,
by labeling products as eco-friendly, which is both economically viable and environmentally
sustainable for management.
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