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Abstract  This research addresses the critical 

intersection of operational efficiency and environmental 

sustainability within the agri-manufacturing sector, 

specifically focusing on the animal feed industry in 

developing economies. Characterized by high physical 

perishability of organic raw materials and significant 

market volatility, the industry necessitates advanced 

inventory control mechanisms to mitigate financial leakage 

and environmental degradation. A mixed-methods study 

involving interviews with stock controllers and operations 

managers (using purposive sampling), survey 

questionnaires with 380 customers/farmers (using random 

sampling), a time study, and a focus group with 10 

employees was employed. This study develops a multi-

objective optimization framework that integrates non-

instantaneous deterioration modelled via a two-parameter 

Weibull distribution with stock-dependent demand 

dynamics. Uniquely, the model internalizes carbon 

emission taxation across ordering, holding, and disposal 

activities, aligning economic profit with decarbonization 

goals. A meta-heuristic solution procedure utilizing an 

elitist Genetic Algorithm is employed to resolve the non-

linear, multi-dimensional objective functions. Calibrated 

with empirical data from a prominent agricultural feed 

manufacturer, the results reveal that a sustainable lean 

policy reduces spoilage costs by 45% and carbon footprints 

by 21%, while simultaneously enhancing total annual 

profitability by 14.2%. The contribution lies in bridging the 

implementation gap between operations research and shop-

floor reality for SMEs, by incorporating a mathematical 

framework into a validated Python-based decision-support 

system. The results also provide significant contributions 

to literature, practice, and policy, offering a scalable 

roadmap for SMEs to achieve Industry 5.0 standards while 

bolstering national food security and ecological resilience. 

Keywords  Sustainable Inventory Management, 

Weibull Deterioration, Carbon Emission Taxation, Genetic 

Algorithm, Animal Feed Industry, Multi-Objective 

Optimization 

1. Introduction

The fundamental mandate of industrial engineering 

within the modern supply chain is the optimization of 

buffers to ensure resilience against stochastic disturbances 

while maintaining lean operational standards. Within the 

globalized agri-manufacturing landscape [1-9], this 

challenge is acutely felt in the animal feed sector, where 

raw materials exhibit high physical perishability and price 

volatility. Effective inventory management constitutes the 

primary buffer between uncertain demand and rigid 

manufacturing constraints, yet empirical evidence suggests 

that many small and medium enterprises (SMEs) in 

developing regions remain trapped in a state of digital 

exclusion [10, 11]. 

1.1. Macro-Economic Context and the Strategic 

Importance of Feed 

The agricultural sector is a cornerstone of the economy 

of Botswana and rural livelihoods. Livestock production is 
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the dominant sub-sector, contributing approximately 80% 

to the agricultural Gross Domestic Product (GDP) [12, 13, 

14, 15]. Despite its cultural and economic prominence, the 

sector faces systemic vulnerabilities. As of 2024, the total 

agricultural contribution to the national GDP stood at a 

modest 1.71%, a figure that has seen a historical decline 

from higher levels in previous decades. This decline is 

exacerbated by a near 85% dependency on imported 

products, rendering the domestic feed industry highly 

sensitive to global commodity price shifts and logistical 

disruptions. 

The operational stability of feed manufacturers is 

intrinsically linked to national food security [8, 15]. The 

health of the national herd, which provides over 95% of 

meat exports from commercial farms, is dependent on the 

consistent availability of high-quality nutritional 

supplements such as maize, soya meal, urea, and molasses. 

When feed supplies fail or the quality of ingredients is 

compromised due to poor inventory rotation, the ripple 

effects extend to cattle growth rates, milk production, and 

the overall resilience of the livestock value chain. 

Table 1 establishes the macroeconomic baseline for the 

study. The high contribution of livestock to agricultural 

GDP (80%), contrasted with the overall low national GDP 

share (1.71%), underscores a sector that is vital for rural 

livelihoods but economically marginalized. The 

approximately 85% import dependency creates a high-risk 

environment for inventory managers, where the $400,000 

financial leakage documented in the case organization 

represents a critical threat to industrial sustainability. 

1.2. The Systemic Impact of Agri-Manufacturing 

Inefficiencies 

The case organization is a prominent feed manufacturer 

that has operated since 2007. Despite over a decade of 

growth, the firm relies on a disjointed system of manual 

ledgers and Microsoft Excel spreadsheets for inventory 

control. Audits have documented annual financial losses 

exceeding $400,000. These losses are not merely 

accounting errors but stem from structural operational 

failures. Discrepancies between physical stock and system 

records lead to frequent stockouts of critical Category A 

ingredients like soya meal, forcing customers to substitute 

with inferior products and damaging long-term brand 

loyalty. 

Moreover, the lack of real-time visibility prevents the 

manufacturer from developing accurate production 

schedules. High-value organic materials are often stored 

for excessive periods, leading to invisible spoilage, where 

the biochemical integrity of the feed is compromised before 

it reaches the customer. In the context of theclimatic 

conditions, characterized by erratic rainfall and moisture 

spikes, the moisture-driven decay of maize and the 

fermentation of molasses are significant risks that manual 

systems cannot quantify or manage. 

1.3. The Transition toward Sustainable and Human-

Centric Systems 

The paradigm shift toward Industry 4.0 and Industry 5.0 

requires a re-evaluation of traditional inventory models [6, 

16]. Optimization must now transcend the classical focus 

on cost minimization to incorporate the triple bottom line, 

namely economic profitability, environmental stewardship, 

and social responsibility. For feed manufacturers, the 

internalization of environmental externalities is no longer 

optional. Warehouse energy for lighting and ventilation, 

fuel consumption for ordering logistics, and the methane 

emissions from disposing of spoiled organic waste are 

significant contributors to a firm’s carbon footprint. 

The introduction of carbon policies, such as the carbon 

emission taxes currently being explored or implemented in 

various jurisdictions, creates a financial incentive for firms 

to adopt green inventory practices. By treating carbon as a 

cost parameter in the objective function, the mathematical 

model forces the system toward a sustainable lean point. 

This point balances the economic benefits of holding stock 

(higher sales due to stock visibility) against the 

environmental and financial penalties of spoilage and 

emissions. 

Table 1.  National sector indicators for the Country’s agri-manufacturing landscape 

National Sector Indicator Value / Percentage Source Basis 

Livestock Share of Agricultural GDP 80% Mordor Intelligence [8], AfDB [13] 

Total Agriculture Share of National GDP 1.71% World Bank [12], Statistics Botswana [14] 

Meat Export Fraction (Commercial) >95% AfDB [13], Statistics Botswana [14] 

Cereal Import Dependency ~85% AfDB [13] 

Annual Financial Leakage (Case Firm) $400,000 Field audit data (This study) 

Lost Sales due to Stockouts 9.7% Field survey and observations (This study) 
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2. Literature Review 

2.1. Theoretical Evolution of Inventory Control for 

Deteriorating Items 

Scientific inventory control began with the Economic 

Order Quantity (EOQ) model developed by Ford W. Harris 

in 1913 [1], which provided a foundational framework for 

balancing ordering and inventory holding costs under the 

assumption of non-deterioration and deterministic demand 

[1]. However, the reality of physical perishability led to the 

formalization of deterioration models in the mid-20th 

century. Pioneers like Ghare and Schrader [2] established 

the concept of exponential decay, where a constant fraction 

of the inventory is lost to spoilage in each time unit. 

Subsequent refinements recognized that for organic 

commodities, the rate of deterioration is rarely constant. 

Covert and Philip [3] introduced the use of a two-parameter 

Weibull distribution to model variable deterioration rates. 

The Weibull distribution is particularly appropriate for the 

animal feed industry because it can represent an increasing 

hazard rate as ingredients age, reflecting the acceleration of 

spoilage caused by moisture accumulation or biochemical 

breakdown. Recent literature [10, 16, 17, 18] has expanded 

these classifications into non-instantaneous deterioration, 

where a product maintains its utility for a fixed shelf-life 

period before the onset of decay. A taxonomy of model 

evolution in scientific inventory management is depicted in 

Table 2. 

Table 2 delineates the historical progression of inventory 

theory. It highlights the shift from purely economic models 

to contemporary Industry 5.0 paradigms that integrate 

sustainability and human-centric factors [4, 16]. This 

transition justifies the present study's focus on multi-

objective optimization under environmental constraints. 

2.2. Integration of Carbon Policies and Environmental 

Externalities 

The integration of sustainability into inventory planning 

gained popularity following the realization that global 

supply chains are major contributors to carbon emissions. 

Bonney and Jaber [4] were among the first to argue that 

traditional models must explicitly internalize the costs of 

logistics and waste. High-quality research standards in 

production engineering now require the inclusion of carbon 

emission parameters, typically governed by one of three 

policy mechanisms, namely carbon taxation, carbon caps, 

and cap-and-trade systems [10, 17, 18]. Table 3 shows a 

comparative analysis of carbon policy mechanisms on the 

decision variables. 

Table 3 compares the impact of various regulatory 

instruments on inventory decisions. The linear carbon tax, 

which is the focus of this study, is shown to be a direct 

driver for increasing inventory turnover, thereby reducing 

cumulative emissions from long-term storage and waste 

disposal. In the context of the animal feed industry, 

emissions are derived from three distinct sources. First, the 

ordering process involves fuel consumption during bulk 

transportation. Second, the holding process requires 

electricity for ventilation, dehumidification, and cooling in 

silos. Third, the deterioration of organic matter results in 

the emission of methane and other harmful gases as waste 

decomposes. Research by Chen [19] and Xiao [20] 

suggests that internalizing these costs leads to a synergistic 

lean-green effect, where waste reduction directly drives 

both environmental and economic performance. 

Table 2.  Taxonomy of model evolution in scientific inventory management 

Model Evolution Period Key Paradigm Shift Seminal Contributions 

1913-1950 Cost minimization; Deterministic logic Harris [1] 

1950-1970 Exponential Decay; Constant spoilage rates Ghare and Schrader [2] 

1970-2000 Weibull Distribution; Time-dependent decay Covert and Philip [3] 

2011-2025 Sustainable Inventory; Carbon internalization Bonney and Jaber [4] 

2020-2025 Industry 5.0; AI-driven and human-centric Sariişik and Demir [16] 

Table 3.  Comparative analysis of carbon policy mechanisms on decision variables 

Carbon Policy Mechanism Operational Mechanism Impact on Decision Logic 

Linear Carbon Tax Fixed fee per kg of CO2 emitted Incentivizes faster inventory turnover to reduce holding emissions 

Carbon Cap Strict limit on total emissions per cycle Forces production constraints or shifts to green technology 

Cap-and-Trade Marketable permits for emissions Encourages capital investment in preservation technology to sell 

surplus credits 

Carbon Allowance Government-funded subsidies for the 

green shift 

Supports the acquisition of professional consulting or high-tech 

equipment for SMEs 
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2.3. Demand Dynamics and Stock Dependency 

A significant limitation of classical inventory theory is 

the assumption of constant, deterministic demand. In the 

agri-sector, market demand is a multi-dimensional function 

of selling price, visible stock levels, and the perceived 

freshness of the product. Stock-dependent demand 

acknowledges a behavioural reality where high availability 

on the showroom or warehouse floor encourages larger 

purchases from commercial farmers. 

Furthermore, the sustainability rating of a product is 

increasingly influencing consumer choice. Studies by Paul 

et al. [7] and Mishra et al. [5] demonstrate that modern 

consumers, even in developing economies, are willing to 

pay a premium for eco-friendly goods. Consequently, 

demand is modelled as a function where higher 

sustainability investments lead to increased market share, 

offsetting the initial capital expenditure of green 

technologies. 

2.4. Meta-Heuristic Foundations and Algorithmic 

Maturity 

The mathematical formulation of these integrated 

models results in complex, non-linear, and often non-

convex objective functions. Traditional gradient-based 

optimization methods are frequently confined to local 

optima, making meta-heuristic algorithms the standard for 

modern industrial engineering research. Genetic 

Algorithms (GA), Particle Swarm Optimization (PSO), and 

the Marine Predators Algorithm (MPA) have emerged as 

robust tools for exploring high-dimensional search spaces 

[21, 22, 23]. 

The GA leverages the principles of natural selection 

(selection, crossover, and mutation) to refine solution 

populations toward the global optimum. This is critical for 

resolving the conflicting objectives of profit maximization 

and emission reduction. For instance, reducing transport 

frequency to save on fuel may increase warehouse holding 

levels and spoilage risk. GA allows decision-makers to 

identify the Pareto optimal point that satisfies both 

constraints. 

2.5. The Research Gap: From Theory to Shop-Floor 

Reality 

Despite the explosion of academic models, a significant 

implementation gap remains. Most studies end with a 

numerical validation using hypothetical datasets, leaving 

SME managers with no tangible tools for 

operationalization. There is a lack of research describing 

the instantiation of these models into software artifacts that 

can be used by non-technical staff. This study addresses 

this gap by presenting a framework that includes both 

rigorous mathematical modelling and the development of a 

validated Python-based web application for real-world 

tracking and decision support. 

3. Materials and Methods 

3.1. Data Collection and Sampling Methods 

A mixed-methods approach was conducted. It involved 

interviews with stock controllers and operations managers 

for a prominent agricultural feed manufacturer (using 

purposive sampling), survey questionnaires with 380 

farmers (using random sampling), time study, field 

observations, and a focus group with 10 employees. The 

mixed methods approach was intended to ensure that the 

mathematical model reflects industrial reality at the case 

organization. 

 Purposive and Random Sampling - Interviews were 

conducted with warehouse staff to identify 

communication gaps, while surveys of 380 cattle 

farmers provided empirical data on demand 

sensitivity to stock levels. 

 Time Study - Logistical lags and order cycle times 

were recorded using stopwatch measurements over a 

4-week period to establish a baseline for current 

manual operations. 

 Triangulation - Financial leakage data were cross-

referenced between physical stock take records and 

the company's Excel ledger to mitigate common 

method bias. 

Quantitative data analysis methods involving descriptive 

statistics such as means, variance, and order frequencies 

were used. Qualitative data analysis methods involving 

content and thematic analysis were used to analyze 

interview responses. 

3.2. Mathematical Model Development 

A non-linear multi-objective optimization model was 

developed in this study. The mathematical model, using a 

two-parameter Weibull distribution with stock-dependent 

demand dynamics, integrates non-instantaneous 

deterioration. The proposed model was designed for a 

single deteriorating organic item (e.g., soya meal or urea 

pellets) managed by a manufacturing SME. The goal was 

to optimize the cycle length (T) and the point at which 

inventory is depleted (t1) to maximize average profit per 

unit time while internalizing carbon tax penalties. 

3.2.1. Analytical Notation and Parameters 

The economic and environmental parameters relevant to 

the Southern African context are summarized in Table 4, in 

the context of a nomenclature of the mathematical model 

parameters and notations. 

The nomenclature in Table 4 standardizes the symbols 

used in the non-linear objective function. These variables 

represent the integration of economic costs (represented by 

the symbols A, c, h, p) and environmental externalities 

(represented by the symbols Ctax, EO, Eh, Ed). This 

integration is a critical component of robust multi-objective 

modelling. 
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Table 4.  Nomenclature of model parameters and notations 

Symbol Description Unit 

A Ordering cost per replenishment cycle BWP/order 

c Unit purchasing or production cost BWP/unit 

h Unit inventory holding cost per unit time BWP/unit/year 

p Unit selling price BWP/unit 

Ctax Carbon tax rate per kg of emission BWP/kg CO2 

EO Fixed carbon emissions per order cycle kg CO2/order 

Eh Emissions per unit held per unit time kg CO2/unit/year 

Ed Emissions per deteriorated unit disposed kg CO2/unit 

α Weibull scale parameter dimensionless 

β Weibull shape parameter dimensionless 

D Constant demand component units/year 

b Price sensitivity coefficient - 

γ Stock-dependency coefficient - 

 

3.2.2. Differential Equations for Governing Inventory 

Levels 

The instantaneous inventory level I(t) depletes due to 

customer demand and physical deterioration [2, 3]. During 

the replenishment interval [0, t1], the dynamics are 

governed by a first-order linear differential equation, 

equation 1. 

𝑑𝐼𝑡

𝑑𝑡
+ 𝜃(𝑡)𝐼(𝑡) =  −𝐷(𝑡), 0 ≤ 𝑡 ≤ 𝑡1   (1) 

Substituting the Weibull deterioration function θ(t) = 

αβtβ-1 and the stock-dependent demand function D(t) = (a - 

bp) + γ I (t), yields equation 2. 

𝑑𝐼𝑡

𝑑𝑡
+ (𝛼𝛽𝑡 𝛽−1 + γ)𝐼(𝑡) =  −(𝑎 − 𝑏𝑝)   (2) 

Applying the boundary condition I(t1) = 0, the general 

solution for the inventory level is found using the 

integrating factor, defined in equation 3.  

𝐼 𝐹 = 𝑒 ∫ =  𝑒𝛼𝑡𝛽
+ γt

(𝛼𝛽𝜇^ 𝛽−1+γ)d𝜇

−∞

: 

𝐼 (𝑡) = 𝑒 ^ − (𝛼𝑡𝛽 + γt) ∫ (𝑎 − 𝑏𝑝)𝑒(𝛼𝜇𝛽+γ𝜇)𝑑𝜇,
(𝑡1

𝑡

0 ≤ 𝑡 ≤ 𝑡1              (3) 

The initial order quantity Q is determined by evaluating 

the inventory level at the beginning of the cycle (t=0), as 

represented in equation 4. 

𝑄 = 𝐼 (0) =  ∫ (𝑎 − 𝑏𝑝)𝑒(𝛼𝜇𝛽+γ𝜇)𝑑𝜇
𝑡1

0
      (4) 

This derivation captures the non-instantaneous nature of 

organic spoilage, where decay accelerates over time due to 

the Weibull shape parameter β. Evaluation of this integral 

requires numerical approximation methods (e.g., 

Maclaurin series) or direct computation within the GA 

solver. 

3.2.3. Total Multi-Objective Profit Function 

The primary objective is the maximization of the average 

profit per unit time (TP), which explicitly internalizes the 

carbon emission cost (CEC). The function is defined in 

equation 5. 

𝑇 𝑃 (𝑡1  , 𝑇) =
1

𝑇
              (5) 

The Carbon Emission Cost (CEC) fulfills the 

requirements for a green inventory framework by 

penalizing emissions across all logistical stages. The 

internalization of Ctax ensures that the system seeks a 

sustainable lean point. At this point, the benefits of carrying 

extra stock (i.e., increased sales due to γI(t)) are balanced 

against the financial penalties of carbon emissions and 

physical spoilage (Ed). 

3.3. Optimization Strategy – Exclusive Genetic 

Algorithm (GA) 

The complexity of the Weibull parameters and the stock-

dependent demand function resulted in a solution space that 

is not suitable for gradient-based methods. An elitist 

Genetic Algorithm was implemented in Python to resolve 

the variables t1 and T. 

1. Vector Representation: Potential solutions were 

encoded as real-valued vectors representing the 

replenishment policy (t1, T). 

2. Fitness Evaluation: The fitness of each vector 

represents the value of the TP function. Exclusivity 

ensured that the best-performing policy in each 

generation is preserved, preventing the loss of near-

optimal solutions. 

3. Selection and Operators: Competition selection was 

used to choose parent vectors. Arithmetic crossover 
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and stochastic operators were applied to explore the 

search space and prevent premature convergence. 

4. Constraint Handling: The algorithm enforced physical 

feasibility, specifically 0 < t1 < T and Q > 0, through 

a penalty function approach. 

4. Results 

4.1. Appraisal of Existing Manual Systems and 

Financial Leakage 

Results from an empirical study into the operational state 

of the case organization revealed the profound failures 

associated with non-automated inventory tracking. A time 

study and observational analysis of manual records 

confirmed that the $400, 000 annual loss is primarily driven 

by invisible spoilage and stockout-driven revenue loss. 

Table 5 depicts the results in the context of customer flow 

and the impact of stockouts. 

A quantification of the operational inefficiencies in 

Table 5 reveals 2 key issues: (1) a 9.7% stockout rate 

directly translates to lost revenue, and (2) a mean cycle time 

of 11.55 minutes highlights the presence of non-value-

added activities in the manual system that impede 

scalability. The measured mean cycle time of 11.55 

minutes per customer significantly exceeds the industry 

benchmark of 5 minutes for automated retail-

manufacturing centres. This bottleneck limits throughput 

during peak drought periods. Furthermore, nearly 10% of 

customers were turned away due to the absence of critical 

supplements such as soya oil cake, which represents a 

direct failure of the existing reorder level (ROL) logic. 

4.2. ABC Classification and Spoilage Concentration 

An ABC analysis was performed to categorize the 

manufacturer's inventory (see Table 6) based on total 

annual consumption value. The results indicate that 

financial leakage is heavily concentrated in high-value, 

highly perishable ingredients. 

The results in Table 6 reveal that 75% of the inventory 

value is concentrated in only 20% of the items (Class A). 

These high-value organic materials are subject to rapid 

Weibull-distributed deterioration, confirming that the $400, 

000 leakage is primarily driven by poor management of 

these specific items. Molasses and urea require specialized 

storage to prevent fermentation and crystallization. 

Without automated tracking of batch dates and Weibull 

decay parameters, these items are frequently held beyond 

their nutritional half-life, leading to unrecorded 

deterioration and physical waste that contributes to the 

$400,000 loss. 

4.3. Numerical Optimization: Comparison of 

Frameworks 

To validate the multi-objective model, a simulation was 

used to compare performance metrics between a traditional 

EOQ policy (ignoring carbon taxes and variable 

deterioration) [3, 22] against the proposed sustainable 

framework (see Table 7). The base parameters used were: 

a=10,000 units, b=50, γ =0.05, h=$1.52, and 

Ctax=$3.81/tonCO2. 

The results demonstrate that internalizing the carbon tax 

forces the manufacturer to adopt a lean shift in ordering 

behaviour. While order frequency increased slightly 

(leading to higher transport emissions per order), the 

dramatic reduction in average inventory levels and silo 

energy consumption led to a net 21% reduction in carbon 

footprint. Crucially, the 45% reduction in spoilage costs 

proved that faster inventory turnover is the most effective 

way to mitigate the risks associated with aging organic 

matter. These results validate the lean-green hypothesis, 

since the 21% reduction in carbon footprint and the 14.2% 

profit increase demonstrate that environmental 

sustainability and operational lean are synergistic. 

Table 5.  Time study and observational field data on customer flow and stockout impact 

Week Number Total Customers/farmers Sales Made Failed Sales (Stockouts) Measured Cycle Time (Mins) 

1 99 86 13 11.2 

2 96 89 7 10.8 

3 95 88 7 11.9 

4 90 80 10 12.3 

Average 95 85.7 9.25 (9.7%) 11.55 

Table 6.  ABC inventory classification and associated deterioration risks 

Category % of Items % of Value Primary Ingredients Observed Spoilage Drivers 

Class A 20% 75% Soya Meal, Molasses, Urea Moisture spikes; lack of batch tracking 

Class B 30% 15% Maize, Hominy Chop, Feed Lime Pests; standard oxidation 

Class C 50% 10% Salt, Premixes, Packaging General shelf-life expiration 
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Table 7.  Comparison of performance metrics between traditional and sustainable frameworks 

Performance Metric Traditional Policy Sustainable Policy Variance (%) 

Optimal Order Quantity (Q*) 3,200 units 2,450 units 23.4% 

Cycle Time (T*) 0.32 years 0.24 years -25.0% 

Annual Spoilage Cost BWP 18,500 BWP 10,175 45.0% 

Total Carbon Footprint 1,500 kg CO2 1,185 kg CO2 -21.0% 

Total Annual Profit (TP) Baseline +14.2% Increase +14.2% 

 

4.4. Sensitivity Analysis of Core Parameters 

A sensitivity analysis was conducted by varying key 

model parameters by ± 20% to test the proposed 

framework’s robustness. The results are presented in Table 

8. 

The analysis shows that profit is most sensitive to the 

deterioration rate (α(t)). This analysis confirms that 

investment in preservation technology (e.g., climate-

controlled silos) would yield substantial returns by 

allowing the case organization to hold larger, more cost-

efficient batches without risking high spoilage. Conversely, 

the system is relatively resilient to carbon tax increases, 

suggesting that firms can adapt to green regulations 

through optimized inventory policies without suffering 

significant financial damage. 

4.5. Expanded Sensitivity Analysis - Carbon Tax and 

Total Profit 

The resilience of an industrial framework often rests not 

on its performance under ideal conditions, but on its 

behavior when external stressors, particularly regulatory 

ones, begin to fluctuate. In the context of the agricultural 

sector in Southern Africa, the idea of carbon taxation is 

frequently viewed by SME managers as a tax on survival 

that threatens to erode already thin margins. To interrogate 

this assumption, an expanded sensitivity analysis was 

performed to specifically examine the relationship (non-

linear) between varying carbon penalties (Ctax) and the net 

total profit (TP). 

The results of this analysis are summarized in Table 9. 

These results reflect a range of carbon price scenarios, from 

a 50% reduction (representing a subsidized "green start" 

environment) to a 100% increase (representing a high-

penalty regulatory regime). 

Based on the results in Table 9, a compelling narrative 

emerged that challenges the conventions of the cost-burden 

prevalent in current inventory literature. While it is 

mathematically expected that increasing a penalty term in 

a maximization function will reduce the objective value, 

the rate of that reduction in this model is unexpectedly 

dampened. For example, even when the carbon tax is 

doubled (+100%), the net profit only retracts by 4.64% 

relative to the sustainable base case. 

This resilience is not by chance but rather a direct result 

of the "lean-green" mitigation behavior inherent in the 

multi-objective GA solver. As the carbon penalty increases, 

the system does not passively absorb the cost. Instead, it 

dynamically recalibrates the replenishment policy toward a 

hyper-lean state, shrinking the order quantity (Q*) and 

shortening the cycle time (T*). In doing so, the livestock 

feed manufacturer effectively "starves" the emission 

sources. By holding less stock for shorter durations, the 

case organization significantly curtails holding-stage 

emissions from silo aeration and, more importantly, 

preempts the Weibull-driven spoilage that would otherwise 

lead to methane-heavy organic waste. 

The contention is that a fundamental departure from 

traditional non-deteriorating inventory models is evident. 

In those classical settings, a carbon tax often acts as a 

purely punitive measure that forces a trade-off between 

transport and inventory holding costs. However, in the 

animal feed industry, where the organic nature of the 

product makes time an enemy, the carbon tax acts as a 

proxy for quality control. It provides the financial "push" 

required to move away from the $400,000 financial leakage 

(see section 1.1, 4.2, and 5.3) associated with the case 

organization’s manual, high-volume, slow-rotation legacy 

system. 

The novelty of this analysis lies in its demonstration that 

environmental regulation can catalyze operational 

discipline. While previous studies often treat carbon 

taxation as a static constraint, the results of the sensitivity 

analysis in this study prove that for SMEs managing 

perishable goods, the optimal point of profitability is 

remarkably stable even under aggressive environmental 

pricing. The model essentially discovers that the most 

effective way to avoid paying for carbon is to stop paying 

for waste. By flattening the impact curve through 

optimized turnover, the proposed framework allows the 

livestock feed manufacturer to maintain a double-digit 

profit increase over the manual baseline, irrespective of 

whether the tax is BWP 1.91 or BWP 7.62. This insight 

provides a powerful, evidence-based argument for 

policymakers. The implication is that carbon taxes, when 

coupled with digital decision-support tools such as the 

Python-based GA solver developed in this study, do not 

bankrupt SMEs but rather modernize them. 
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Table 8.  Sensitivity analysis of core parameters 

Parameter Shift (+20%) Impact on Q* Impact on T* Impact on Total Profit 

Carbon Tax (Ctax) -8% -7% -2.5% 

Deterioration Rate (α(t)) -12% -10% -5.8% 

Inventory Holding Cost (h) -9% -9% -4.1% 

Table 9.  Sensitivity of optimal policy and profitability to fluctuations in Carbon Tax (Ctax) 

Ctax Variation Ctax (BWP/ton) Optimal Order Q* Optimal Cycle T* Total Profit (TP) % Change in TP 

-50% 1.91 2,780 0.28 Baseline +17.8% +3.15% 

-20% 3.05 2,590 0.25 Baseline +15.5% +1.14% 

0 (Base Case) 3.81 2,450 0.24 Baseline +14.2% 0% 

+20% 4.57 2,254 0.22 Baseline +13.3% -0.79% 

+50% 5.72 1,980 0.19 Baseline +11.8% -2.10% 

+100% 7.62 1,650 0.16 Baseline +8.9% -4.64% 

Table 10.  Usability validation results from an industrial focus group 

Usability Statement Likert Mean (1-5) Interpretation 

"The application was easy to navigate." 3.8 Agree 

"Automated ROL alerts are necessary." 4.7 Strongly Agree 

"Carbon tracking provides useful insights." 4.2 Agree 

"The system is too complex for daily use." 1.04 Strongly Disagree 

NB: ROL =reorder level 

4.6. Software Architecture and Validation 

The mathematical logic was deployed into a Django-

based web application to provide the case organization with 

a deployable tool. The architecture includes a Python solver 

engine that executes the GA to calculate dynamic reorder 

levels (ROLs) based on current market data and 

deterioration parameters. Following qualitative validation 

of the proposed tool, using a focus group with 10 

employees, the results are presented in Table 10. 

The validation of the Django-based software prototype 

followed a dual-pathway approach, to distinguish between 

system accuracy and user acceptance. System accuracy was 

verified by the Python solver engine's ability to consistently 

execute the GA and converge on dynamic ROLs that 

aligned with the theoretical mathematical framework 

across 100 test iterations. The engine successfully 

internalized Weibull parameters to prevent the unrecorded 

deterioration previously documented in manual systems. 

Conversely, user acceptance (see Table 10) was addressed 

through qualitative feedback from the focus group, whose 

results indicated high perceived utility. Specifically, the 

automated ROL alert feature received a mean score of 4.7, 

confirming that the proposed solution addresses the 

implementation gap by providing actionable decision 

support to non-technical warehouse staff. The customer 

review feature was identified by management as a critical 

tool for linking biochemical shelf-life data with real-world 

livestock performance. This finding effectively closes the 

feedback loop between industrial engineering and 

agricultural outcomes. 

5. Discussion 

5.1. Theoretical and Industrial Implications of Weibull 

Decay 

The use of the two-parameter Weibull distribution 

allows for a significantly more refined understanding of the 

hazard rate of organic feed. Unlike constant decay models, 

the Weibull function accurately captures the physical 

reality where the probability of fermentation in molasses 

silos or crystallization in urea bags increases over time as 

moisture accumulates [24]. By optimizing replenishment 

cycles based on these parameters, firms ensure that they are 

selling products at their peak nutritional freshness. This 

optimization is a primary driver of demand among eco-

conscious and quality-sensitive farmers. 

The sensitivity of the carbon footprint to the Weibull 

shape parameter (β) represents the critical link where green 

and lean paradigms collide. Within this framework, an 

increasing β signifies an accelerating deterioration rate, 

which directly inflates the volume of organic waste and the 

subsequent methane emissions generated during disposal. 

This acceleration forces the inventory system toward a 
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hyper-lean replenishment policy to mitigate spoilage-

related financial and environmental costs. However, this 

study demonstrates that reducing β, achievable through 

investments in moisture-controlled, climate-stabilized silos, 

allows the manufacturer to extend the profitable shelf life 

of Class A items. By effectively flattening the deterioration 

curve, the system can optimize order frequencies to balance 

transportation emissions against holding-stage emissions. 

The outcome is the identification of a stable, sustainable 

equilibrium that does not rely solely on high-frequency 

logistical turnover. 

Moreover, the model's sensitivity to preservation 

technology investments suggests a strategic shift for SMEs. 

Rather than focusing on simple warehouse expansion, 

manufacturers should prioritize capital expenditure on 

high-tech storage solutions like moisture sensors and 

automated aeration. These investments effectively reduce 

the Weibull shape parameter (β), extending the profitable 

shelf life of high-value Class A items and reducing the 

financial leakage currently estimated at $400,000. 

5.2. The Synergy between Lean and Green Paradigms 

The 21% reduction in carbon footprint achieved in the 

simulation validates the hypothesis that economic 

profitability and environmental stewardship are not 

conflicting goals in the animal feed industry. In the context 

of the carbon tax, the system is incentivized to minimize 

wasted time in the warehouse [24]. This reduces both the 

electricity required for cooling and the methane emissions 

from decomposing organic waste. 

However, the 25% decrease in cycle time implies that 

logistical frequency must increase. For firms in regions like 

Southern Africa, where road infrastructure may be poor, 

this could potentially lead to higher transport costs. 

Managers must therefore integrate route optimization and 

vehicle load planning to ensure that the increased 

frequency of orders does not reverse the carbon savings 

gained in the warehouse. This lean-green synergy is a 

fundamental requirement for the transition to Industry 5.0, 

where human-centric and sustainable manufacturing 

becomes the competitive standard [25, 26]. 

5.3. Bridging the OR Implementation Gap 

The successful validation of the Python prototype 

highlights the role of software artifacts in transferring 

operations research (OR) modelling from academia to the 

shop floor. Whilst many articles remain theoretical, this 

study bridges that gap by delivering a deployable tool that 

addresses the needs of real-world actors, such as CEOs, 

salesclerks, and stock controllers. 

The move from manual Excel spreadsheets to a 

centralized, database-driven system provides the single 

source of truth required for Industry 4.0. This real-time 

visibility is essential for mitigating the $400,000 leakage, 

as it prevents unrecorded stock movements and allows for 

the automated calculation of ROLs based on the latest 

market demand and deterioration data. 

5.4. Macro-Economic and Policy Implications 

The optimization of feed management has direct 

implications for Botswana’s agricultural sector. By 

ensuring the consistent quality of nutritional supplements, 

manufacturers protect the health of the national herd, which 

is critical for maintaining accreditation for meat exports to 

the European Union and Gulf State markets. The 

integration of inventory science into the agricultural sector 

is therefore a mandatory evolution for countries aiming for 

long-term food sovereignty. 

For policymakers, the results suggest that carbon taxes 

can be an effective tool for incentivizing industrial 

efficiency, provided they are accompanied by initiatives 

that support digital transformation among SMEs. The 

carbon allowance policy, which provides professional 

consulting for low-carbon transitions, is an emerging tool 

that could further enhance the resilience of the 

manufacturing sector. 

6. Conclusions 

This research underscores a transformative win-win 

opportunity for policymakers and industrial managers 

within the agri-manufacturing sector. By demonstrating 

that the carbon footprint is acutely sensitive to the Weibull 

shape parameter (β), the proposed model proves that 

technological investments in preservation are not merely 

operational costs but rather strategic environmental 

imperatives that flatten the deterioration curve and 

minimize methane-intensive waste. Furthermore, the 

successful divergence of the software prototype's 

validation, proving both the mathematical accuracy of the 

Python-based GA solver and its high degree of user 

acceptance among non-technical SME staff, provides a 

verified roadmap for bridging the long-standing operations 

research implementation gap. 

Ultimately, the integration of such sustainable lean 

frameworks enables SMEs to mitigate significant financial 

leakage, such as the $400,000 annual loss, while 

simultaneously supporting national food security and 

achieving Industry 5.0 decarbonization targets. This dual 

achievement of a 21% reduction in carbon footprint 

alongside a 14.2% increase in profitability, primarily 

through a 45% reduction in physical spoilage costs, 

confirms that environmental stewardship is a direct catalyst 

for economic resilience in the animal feed industry. 

6.1. Limitations and Critical Reflection 

Despite its significant contributions, the current research 
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is limited to a single-site, single-item focus. In the complex 

multi-stage supply chains of globalized agri-manufacturing, 

interactions between upstream grain suppliers and 

downstream retail distributors can introduce further 

logistical delays and emissions. Future research should 

utilize multi-objective optimization to examine trade-offs 

in a multi-site environment where carbon policies may vary 

across different segments of the chain. Furthermore, while 

the two-parameter Weibull distribution provides a more 

realistic decay model, its accuracy is dependent on high-

quality environmental data. The integration of internet of 

things (IoT) sensors to monitor silo temperature and 

humidity in real-time would allow for the continuous 

refinement of Weibull parameters, enabling truly smart 

deterioration tracking in the age of Industry 5.0. 

6.2. Contributions to Knowledge and Practice 

This study contributes to the existing body of knowledge 

by formalizing an inventory framework that internalizes 

carbon taxation, specifically for the deteriorating animal 

feed sector. It proves that sustainability is not a financial 

burden but a catalyst for waste reduction and economic 

efficiency. For practitioners, the study provides a validated 

roadmap for digital transformation, demonstrating that 

advanced meta-heuristic algorithms such as GA are 

accessible to SME operators when delivered through user-

centric software interfaces. 

6.3. Policy and Managerial Implications 

The primary implications are for managers to replace 

static reorder levels with dynamic thresholds derived from 

Weibull decay parameters and real-time stock-dependent 

demand. For policymakers, the results suggest that carbon 

taxes can effectively drive industrial efficiency if supported 

by initiatives that provide SMEs with the technical tools for 

implementation. Ultimately, the optimization of inventory 

in the animal feed industry is a win-win scenario where 

environmental responsibility directly fuels economic 

growth and national resilience in an increasingly carbon-

constrained global economy. 

Acknowledgements 

The authors wish to acknowledge the cooperation 

accorded by management at the case organization, for 

granting authorization to be used as a case study. The 

authors thank all informants who participated in the study, 

including valuable input from staff at the office of research 

and development in the context of procedures leading to 

ethical approval for the study. 

Funding 

This research did not receive funding. 

Data Availability Statement 

The data used in this research are readily available upon 

reasonable request. 

Conflicts of Interest 

The authors declare no conflicts of interest concerning 

this research. 

 

REFERENCES 

[1] Harris F. W. “How many parts to make at once,” Factory, 
The Magazine of Management, vol. 10, no. 2, pp. 135–136, 
1913. https://userhome.brooklyn.cuny.edu/irudowsky/CIS
10.31/articles/EOQModel-OriginalPaper.pdf. 

[2] Ghare P. M, and Schrader, G. F. “A model for exponentially 
decaying inventory,” Journal of Industrial Engineering, vol. 
14, no. 1, pp. 238–243, 1963. 

[3] Covert, R. P., and Philip, G. C. “An EOQ model for items 
with Weibull distribution deterioration,” AIIE Transactions, 
vol. 5, no. 4, pp. 323–326, 1973.https://doi.org/10.1080/05
695557308974918. 

[4] Bonney M., and Jaber M. Y. “Environmentally responsible 
inventory models: Non-classical models for a non-classical 
era,” International Journal of Production Economics, vol. 
133, no. 1, pp. 43–53, 2011.https://doi.org/10.1016/j.ijpe.2
009.10.033. 

[5] Mishra, U., Wu, J. Z., Tsao, Y-C., and Tseng, M-L. 
“Sustainable inventory system with controllable non-
instantaneous deterioration and environmental emission 
rates,” Journal of Cleaner Production, vol. 244, 
Article no. 118807,2020. https://doi.org/10.1016/j.jclepro.
2019.118807. 

[6] Winkelhaus, S., and Grosse, E. H. “Logistics 4.0: a 
systematic review towards a new logistics system,” 
International Journal of Production Research, vol. 58, no. 
1, pp. 18–43, 2020.https://doi.org/10.1080/00207543.2019
.1612964. 

[7] Paul, A., Pervin, M., Roy, S. K., Maculan, N., and Weber, 
G. W. “A green inventory model with the effect of carbon 
taxation,” Annals of Operations Research, vol. 309, no. 1, 
pp. 233–248, 2022. https://doi.org/10.1007/s10479-021-
04143-8. 

[8] Mordor Intelligence. “Africa Feed Additives Market: Share, 
Size and Outlook,” Industry Market Report, London, UK, 
2022. 

[9] Chen, S., Lei, J. and Moinzadeh, K. “Inventory and supply 
chain management with auto-delivery subscription,” 
Production and Operations Management, vol. 32, no. 1, pp. 
4068–4087, 2023. https://doi.org/10.1111/poms.14078. 

[10] Liao, J. J., Srivastava, H. M, and Lin, S. D. “Sustainable 
inventory models with reduction on environmental emission 
and ordering costs under the discount policy of prepayment,” 
Journal of Industrial and Management Optimization, vol. 



 Universal Journal of Agricultural Research 14(2): 37-47, 2026 47 

 

21, no. 11, pp. 6295–6321, 2025. https://doi.org/10.3934/ji
mo.2025132. 

[11] Grützner, L., Voss, D., and Breitner, M. H. “Mature 
inventory management for supply chain automation: An 
interlinked process-reference model,” Electronic Markets, 
vol. 35, Article no. 34, 2025. https://doi.org/10.1007/s1252
5-025-00783-x. 

[12] World Bank. “Botswana GDP share of agriculture,” World 
Development Indicators, Washington D.C., 2024. 

[13] African Development Bank (AfDB). “Botswana Country 
Food and Agriculture Delivery Compact,” Agriculture 
Sector Report, Abidjan, Côte d'Ivoire, 2025. 

[14] Statistics Botswana. “Share of agriculture, forestry and 
fishing in GDP,” Annual Economic Statistics Bulletin, 
Gaborone, Botswana, 2025. 

[15] Matopote, G., Joshi, N.P. and Manatsha, B.T. “Agricultural 
production, its challenges and state intervention in 
Botswana: a historical perspective,” Cogent Food and 
Agriculture, vol. 11, no. 1, 2025. https://doi.org/10.1080/2
3311886.2025.2480726. 

[16] Sariişik, G., and Demir, S. “Industry 5.0: A Human-Centric 
Paradigm for Sustainable and Resilient Industrial 
Transformation,” Journal of Social Perspective Studies, vol. 
2, no. 2, pp. 50–66, 2025. https://doi.org/10.5281/zenodo.1
5358434. 

[17] Saranya, P., and Chandrasekaran, E. “Comparative analysis 
of the optimum inventory model under acceptable payment 
delay for deteriorating goods,” AIP Conference 
Proceedings, vol. 3162, no. 1, p. 020069, 2025. 
https://doi.org/10.1063/5.0242487. 

[18] Sebatjane, M. “Sustainable inventory models under carbon 
emission regulations: Taxonomy and literature review,” 
Computers & Operations Research, vol. 173, Article no. 
106865, 2025. https://doi.org/10.1016/j.cor.2024.106865. 

[19] Chen, Y.C. “Evaluating greenhouse gas emissions and 
energy recovery from municipal and industrial solid waste 
using waste-to-energy technology,” Journal of Cleaner 

Production, vol. 192, no. 1, pp. 262-269, 2018. 
https://doi.org/10.1016/j.jclepro.2018.04.260. 

[20] Xiao, D. “Evaluating and prioritizing strategies to reduce 
carbon emissions in the circular economy for environmental 
sustainability,” Journal of Environmental Management, vol. 
373, Article no. 123446, 2025.https://doi.org/10.1016/j.jen
vman.2024.123446. 

[21] Pirouz, B., and Guerriero, F. “Multi-objective stochastic 
optimization problem: a systematic literature review,” 
Applied Energy, vol. 405, Article no. 127237, 2026. 
https://doi.org/10.1016/j.apenergy.2025.127237. 

[22] Sharma, V., Awasthi, Y., and Kumar, S. “Genetic 
Algorithm-Based Inventory Model for Deteriorating Items 
with Inflation and Allowable Payment Delays,” 
International Journal of Innovations in Engineering and 
Technology, vol. 25, no. 1, pp. 6-23, 2024. 

[23] Faramarzi, A., Heidarinejad, M., Mirjalili, S., and Gandomi, 
A. H. “Marine Predators Algorithm: A nature-inspired 
metaheuristic,” Expert Systems with Applications, vol. 152, 
Article no. 113377, 2020. https://doi.org/10.1016/j.eswa.2
020.113377. 

[24] San-José, L. A., Sicília, J., Cárdenas-Barrón, L. E., and 
González-De-la-Rosa, M. “A sustainable inventory model 
for deteriorating items with power demand and full 
backlogging under a carbon emission tax,” International 
Journal of Production Economics, vol. 268, Article no. 
109098, 2024. https://doi.org/10.1016/j.ijpe.2023.109098. 

[25] Hatami-Marbini, A., Babaei, A., Jokar, M. R. A. 
“Optimising inventory management and collaborative 
supply chains: A robust data envelopment analysis-based 
approach,” European Journal of Operational Research, vol. 
331, no. 3, pp. 894–915, 2026. https://doi.org/10.1016/j.ejo
r.2025.10.016. 

[26] Lee, J. Y. “Investing in carbon emissions reduction in the 
EOQ model,” Journal of the Operational Research Society, 
vol. 71, no. 8, pp. 1289–1300, 2020. https://doi.org/10.108
0/01605682.2019.1609889. 

 


