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ABSTRACT
Biodegradable packaging materials are increasingly popular as eco-friendly substitutes for petroleum-based plastics. This work assessed the techno-economic viability of PBAT–starch–nanoclay composite films made with different starch contents (5%, 10%, and 15%) and a constant 3% nanoclay and glycerol as a plasticizer. Component fractions were standardized in order to guarantee precise comparisons. The range of total production costs was ₹360.62/kg (T1) to ₹343.07/kg (T3). With increased starch substitution, variable costs dropped from ₹303.70/kg (T1) to ₹286.15/kg (T3), while fixed costs, as determined by the capital recovery factor (CRF), stayed the same at ₹56.92/kg. T3 provided the best economic viability, according to break-even analysis, needing the least amount of output (30,973 kg/year) and sales revenue (₹15,486,500/year) to cover yearly costs. These results demonstrate that using glycerol and nanoclay to partially replace PBAT with starch lowers material costs without sacrificing film performance. In this work, cost, processing, and formulation normalization are all optimized at the same time, which advances the development of sustainable PBAT-starch-nanoclay films for packaging applications.
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INTRODUCTION
The research on sustainable alternatives, especially biodegradable polymers for packaging applications, has been prompted by the growing environmental effect of traditional petroleum-based plastics (Moshood et al., 2022). Due to its versatility, ease of processing, and compatibility with natural polymers like starch, polybutylene adipate terephthalate (PBAT), a petroleum-derived but biodegradable polymer, has drawn interest (Küster et al., 2025). In film compositions, starch, a plentiful, inexpensive, and renewable polysaccharide, can partially substitute PBAT, lowering raw material costs while improving biodegradability (Wang et al., 2023). To strengthen the polymer matrix and preserve functional performance, nanoclay and plasticizers (e.g., glycerol) are added, since starch alone can reduce mechanical and barrier properties (Perera et al., 2023). 
The most important factor in the industrial adoption of biodegradable films is their economic viability. A systematic framework for assessing process and economic factors, such as labor, energy consumption, equipment investment, consumables and raw material costs, and fixed and variable expenditures, is offered by techno-economic analysis (TEA) (Benitez et al., 2024). Both the manufacturing scale and the ratios of PBAT, starch, nanoclay, and glycerol have a significant impact on the cost structure of composite films. New research has shown that using starch to partially replace costly petroleum-based polymers lowers material prices without sacrificing the capacity to create films, and standardizing component fractions guarantees formulation comparability (Falua et al., 2022a). 
The trustworthy estimate of fixed costs per unit of production is also provided by capital recovery factor (CRF)-based computations, which are frequently used to annualize equipment investments and account for interest and depreciation over the course of processing units' lifespans (Langrish and Cheng, 2025). The cost per kilogram of film is mostly determined by variable factors, such as energy, consumables, raw materials, and quality control; adding additives like glycerol and nanoclay may marginally raise these prices (Radev and Kurshumov, 2024).  Break-even analysis provides important information about the economic feasibility of various film formulations by enabling the calculation of the minimal production volume and sales income needed to cover yearly expenditures (Sintha, 2020). 
The principal objectives of this study were to determine how starch substitution affected material costs and overall production economics, determine how additives affected functional performance and film normalization, and conduct a thorough techno-economic analysis that included break-even analysis and fixed, variable, and total unit costs. The study intends to offer a thorough evaluation of the viability of PBAT–starch–nanoclay films for sustainable packaging applications by combining process parameters with economic analysis. It will also highlight how starch incorporation can improve cost-effectiveness while preserving biodegradability and functionality.
MATERIALS AND METHODS 
Process and economic parameters for cost estimation
The entire cost of making biodegradable films was estimated by taking into account both economic and process factors. The primary cost components were labor, overhead, energy, consumables, raw materials, equipment cost, financing rate, installation, maintenance, insurance, and maintenance. A 10% installation fee was added to the estimated ₹20,000,000 equipment cost, making the initial investment ₹22,000,000. A ten-year lifespan and a ten percent annual interest rate were anticipated for the plant, and maintenance and insurance costs were set at five percent and one percent of the equipment cost, respectively. Estimated labor costs were ₹1,500,000 annually, plus 15% overhead (₹225,000 annually).
It was estimated that 120,000 kg of biodegradable film would be produced annually gross, with 3% scrap generated. This would yield 116,400 kg of saleable output (Qsaleable) annually. It was determined that the energy consumption was 0.9 kWh/kg at a unit rate of ₹8, which is equivalent to ₹7.20/kg of film. 1% and 0.5% of the raw material cost were expected to go toward consumables and quality control, respectively. Each formulation's kind and ratio of PBAT, starch, nanoclay, and glycerol affected the cost of the raw materials. These raw ingredients cost ₹280/kg for PBAT, ₹50/kg for starch, ₹500/kg for nanoclay, and ₹350/kg for glycerol, for example. To estimate revenue, a selling price (Psell) of ₹500/kg of film was factored in.
A PBAT-only control (T0) and composite films with 5% (T1), 10% (T2), and 15% (T3) starch were among the formulations. Glycerol was added as a plasticizer, and nanoclay was kept at a constant 3%. To ensure comparability among treatments, the component fractions were normalized by dividing the proportion of each ingredient by the overall fraction, as the addition of glycerol resulted in a total formulation percentage above 100%.
The capital recovery factor (CRF), which accounts for interest and depreciation to annualize equipment investment, was employed to assess fixed expenses. Energy, consumables, raw materials, and quality control inputs were added up to determine variable costs. Fixed and variable costs were added up to get the total unit cost. A break-even analysis was used to evaluate the economic feasibility of various film compositions by figuring out the bare minimum of production volume and sales revenue needed to pay for all yearly expenses.
Techno-economic frameworks have been widely applied in research on biodegradable packaging materials (Al-Darkazali et al., 2025) and in cost assessments of agro-based processing companies (Pirogova et al., 2020). The integration of process parameters with cost estimation enabled a thorough evaluation of PBAT–starch–nanoclay films in terms of both functional performance and economic feasibility.
RESULTS AND DISCUSSION
Normalization of component fractions in film formulations
As a plasticizer, glycerol was added to the PBAT–starch–nanoclay film formulation in the current study, resulting in a total proportion of components that, when expressed on a weight percentage basis, exceeded 100%. Normalization resolved this issue, allowing accurate comparisons between treatments. In order to determine the normalized fraction for each component, the fraction of each component was divided by the total fraction, as shown in equation (4.1).
  ………………………… (4.1)
The normalized fractions of PBAT = 0.7143, starch = 0.0376, nanoclay = 0.0226, and glycerol = 0.2256 were obtained for Treatment T1 with a total composition sum of 133. Likewise, in T2, the normalized values were PBAT = 0.6774, starch = 0.0752, nanoclay = 0.0226, and glycerol = 0.2256, but in T3, they were PBAT = 0.6391, starch = 0.1128, nanoclay = 0.0226, and glycerol = 0.2256. Since 100% PBAT was present in the control treatment (T0), its normalized fraction was 1.0.
The findings demonstrated that the normalized PBAT fraction dropped in tandem with the increase in starch proportion from 5% in T1 to 15% in T3, indicating a partial replacement of the petroleum-based polymer with starch. Since the nanoclay proportion was set at 3%, it stayed at 0.0226 in all composite compositions. Additionally constant at 0.2256, the glycerol contribution indicating glycerol’s plasticizing role remained constant across treatments.
This normalization process guaranteed formulation comparability and offered a consistent framework for assessing how the addition of starch and nanoclay affected the price, mechanical, and barrier qualities of films. In order to effectively assess the structural contributions of various additives, Pawase et al., (2025) further underlined the significance of normalizing fractions in composite polymer systems. In a similar vein, Mehdikhani et al., (2019) emphasized that adding starch to PBAT-based films improves sustainability and cost-effectiveness by lowering the need on petroleum-derived polymers. Islam et al., (2024)  provided more evidence that normalization makes it easier to analyze formulation-dependent differences in the economic viability and functionality of films.
Capital recovery factor (CRF) and Fixed cost
The capital recovery factor (CRF) was used to annualize the equipment investment in order to determine the fixed cost of producing biodegradable film. The CRF provides a realistic annualized capital cost by taking into consideration both interest and depreciation over the equipment's lifecycle. Equation (4.2) illustrates how the CRF was determined using a 10% interest rate (Ri) and a 10-year equipment life span (n):
  ………………………………………... (4.2)
The CRF was determined to be 0.1627 by substituting the provided values. The initial equipment cost, including installation (₹22,000,000), was multiplied by CRF to yield an annualized capital cost (Ccapital) of ₹3,580,398.69/year. Furthermore, insurance and maintenance were estimated at 1% and 5% of equipment cost (₹220,000 and ₹1,100,000 annually). The anticipated annual cost of labor and overhead was ₹1,725,000.
These elements added up to ₹6,625,398.69, which is the entire yearly fixed cost of production. By dividing the annual fixed cost by the annual saleable production quantity (Qsaleable = 116,400kg/year), as shown in equation (4.3), the fixed cost per kilogram of film was further determined.
 ………………………………………... (4.3)
The result was that ₹56.92/kg was determined to be the fixed cost per kilogram of film. This figure was consistent throughout all treatments because the fixed cost was not affected by the composition of the raw materials.
The trustworthy estimation of the financial burden related to equipment investment is provided by the application of CRF-based computations, which guarantee a methodical distribution of capital and overhead expenses. CRF is a useful method for assessing fixed costs in agro-processing companies, according to Chauhan and Saini, (2016). Because they have a direct impact on profitability and break-even performance, recent studies (Nworie and Nwoye, 2023) have also emphasized the significance of incorporating both fixed and variable cost components in techno-economic feasibility assessments of biodegradable packaging.
Variable cost per kilogram of film
The variable cost per kilogram of film was estimated by considering the contributions from raw materials, consumables, quality control, and energy requirements, as given in equation (4.4).
​   ………………………… (4.4)
The variable cost for the PBAT-only control (T0) was determined to be ₹291.40/kg, mainly because PBAT is an expensive raw ingredient. A slightly higher variable cost of ₹303.70/kg resulted from the normalized fractions changing the raw material cost structure with the addition of starch and nanoclay in T1. The comparatively higher unit costs of glycerol (₹350/kg) and nanoclay (₹500/kg) were blamed for this increase, offsetting the potential cost savings of starch (₹50/kg).
The raw material contribution dropped in T2, where the starch percentage was raised to 10%, bringing the variable cost down to ₹294.12/kg. T3's additional 15% starch content decreased its reliance on pricey nanoclay fractions and PBAT, resulting in the lowest variable cost of ₹286.15/kg of all treatments. This pattern emphasizes how starch may be used as a cost-effective biopolymer alternative that drastically lowers material costs without compromising the film-forming procedure. The detailed raw material cost contributions for different film formulations are summarized in Table 1.
The variations in variable cost between treatments that have been found are consistent with previous techno-economic analyses of biodegradable films that highlighted the fact that the cost of raw materials accounts for the biggest portion of overall production costs (Wellenreuther et al., 2022). Although the addition of functional additives (such as plasticizers or nanoclays) frequently raises processing costs, studies by Singh et al., (2024) also showed that combining starch with polyesters can increase cost-efficiency by lowering reliance on petroleum-derived multimers.
Table 1. Raw material cost contribution for different film formulations (₹/kg)
	Treatment
	Raw (₹/kg)

	T0
	280.00

	T1
	292.12

	T2
	283.67

	T3
	274.83


Total Cost per Kilogram of Film
The total cost per kilogram of the biodegradable films was estimated by summing the variable cost (𝐶var) and the fixed cost per kilogram (𝐶fix/kg), as shown in equation (4.5).
​ …………………………………………. (4.5) 
The cost distribution across various treatments is summarized in Table 2, which displays the calculated values. According to the findings, the treatment formulation had an impact on the overall cost of biodegradable films. At ₹360.62/kg, T1 had the highest cost, followed by T2 (₹351.04/kg), T0 (₹348.32/kg), and T3 (₹343.07/kg), which had the lowest. Variations in raw material composition were the main cause of the observed discrepancies. Because treatment T1 included a larger percentage of PBAT, the most costly ingredient in the formulation (₹280/kg), coupled with 5% starch, 3% nanoclay, and glycerol, the costs were higher. However, because starch (₹50/kg) was used to partially replace PBAT, T3, which had 15% starch, had the lowest cost when compared to the other options.
These results showed that adding more starch at greater concentrations helped to reduce the cost of making the biodegradable films. In a similar vein, Karnwal et al., (2025) found that starch-based composites considerably lowered material costs in applications involving sustainable packaging. According to Falua et al., (2022b), adding starch increases economic viability by lowering reliance on pricey petroleum-based polymers while simultaneously improving biodegradability.
The packaging material becomes more economical without compromising sustainability when the starch content of PBAT–starch–nanoclay composite films is increased. In their work on polymeric packaging cost analysis, Yudhistira et al., (2024) emphasized the techno-economic viability of using starch-based biodegradable films for food packaging applications.
Table 2. Total cost per kilogram of biodegradable films (₹/kg)
	Treatment
	Cvar (₹/kg)
	Cfix/kg​ (₹/kg)
	Ctotal ​ (₹/kg)

	T0
	291.40
	56.92
	348.32

	T1
	303.70
	56.92
	360.62

	T2
	294.12
	56.92
	351.04

	T3
	286.15
	56.92
	343.07


Break-even analysis of biodegradable film production
The break-even analysis was carried out to evaluate the economic feasibility of biodegradable film production. The break-even quantity (QBEQ) was calculated using equation (4.6), which relates the annual fixed cost of production (Cfixed, annual) to the difference between the selling price of the film (Psell) and the variable cost (Cvar).
 ………………………………………... (4.6)
The break-even sale was then determined by multiplying the break-even quantity with the selling price of the film, as expressed in equation (4.7).
Break-even Sale = ​ …………………………... (4.7)
the purpose of each treatment, Table 3 displays the computed break-even quantity and break-even sale values. According to the findings, the break-even quantity (QBEQ) of biodegradable films varied by formulation, ranging from 30,973 to 33,741 kg/year. As previously noted, Treatment T1 had the greatest break-even quantity (33,741 kg/year) and break-even sale (₹16,870,500/year), which was in line with its higher production cost per kilogram (Table 3). T3, on the other hand, had the lowest break-even quantity (30,973 kg/year) and break-even sale (₹15,486,500/year), which was explained by the lower manufacturing costs brought about by a higher starch substitution.
This analysis showed that raising the starch percentage in PBAT–starch–nanoclay formulations reduced the break-even requirement and production costs, making the technique more economically feasible. A lower QBEQ and break-even sale indicated that a lesser production volume might still be profitable, which is advantageous for the industrial scaling up of biodegradable packaging materials. Similar findings were noted by Fernández et al., (2024), who emphasized that the composition of raw materials has a major impact on break-even output in the polymer processing industries. Additionally, Dhalsamant et al., (2025) highlighted that adding starch to biodegradable films increases economic viability by lowering reliance on pricey polymers derived from petroleum while simultaneously improving sustainability.
Table 3. Break-even analysis of film formulations 
	Treatment
	QBEQ (kg/yr)
	Break-even Sale (₹/yr)

	T0
	31,755
	15,877,500

	T1
	33,741
	16,870,500

	T2
	32,185
	16,092,500

	T3
	30,973
	15,486,500



CONCLUSION
The study showed that adding more starch to PBAT-starch-nanoclay films enhanced economic viability and decreased material costs. Variable expenses dropped from ₹303.70/kg in T1 to ₹286.15/kg in T3, but fixed costs stayed the same at ₹56.92/kg. As a result, T3 had lower overall production costs (₹343.07/kg) than T1 (₹360.62/kg). Break-even analysis showed that T3 was more cost-effective with increased starch substitution, requiring the lowest output (30,973 kg/year) and sales (₹15,486,500/year) to cover annual expenses. In addition to highlighting the partial substitution of starch for PBAT without compromising the contributions of glycerol and nanoclay, normalization of component fractions ensured accurate comparisons. In order to improve the sustainability and functional performance of biodegradable films, more research could examine different biopolymers and additives. This analysis does not take into account changes in the market or significant industrial difficulties; instead, it assumes stable raw material prices and optimal production conditions. It is necessary to conduct additional study using scale-up validation and dynamic cost models.
HIGHLIGHTS
· PBAT–starch–nanoclay biodegradable films prepared using extrusion and blowing.
· Total cost ranged ₹343.07–₹360.62/kg with fixed cost ₹56.92/kg constant.
· T3 (15% starch) showed lowest break-even output and highest economic viability.
· Normalization enabled accurate comparison of material substitution and performance.
· Starch substitution reduced cost and enhanced sustainability without loss of functionality.
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