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Abstract. The efficient use of raw materials remains a critical concern in plastic bottle manufacturing, particularly in the increasing of environmental pressures and resource constraints. This study presents an integrated approach that combines demand forecasting with Material Flow Analysis (MFA) to improve material efficiency within a plastic bottle production facility in Indonesia. Historical production and demand data were analyzed using the Single Moving Average (SMA) method, which yielded the lowest forecasting error (MAPE = 12.13) and was therefore selected as the basis for short-term production planning. The production requirements were adjusted to include safety stock and anticipated defect rates, and the resulting material flows were evaluated using monthly Sankey diagrams. Across all observed periods, the system demonstrated consistent material efficiency, with a total material consumption rate of 1 kg per unit, no use of auxiliary or hazardous materials, and minimal scrap generation (approximately 0.0005 kg/unit). The integration of forecasting and MFA enabled proactive planning, minimized material losses, and enhanced transparency in resource use. These findings are aligned with established principles of lean manufacturing and cleaner production, and provide a practical framework that can be applied in similar resource-intensive manufacturing systems. The study contributes to the development of predictive, data-driven strategies for sustainable production planning and material efficiency improvement.
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INTRODUCTION
Material efficiency has become a crucial pillar in the pursuit of sustainable manufacturing, particularly in resource-intensive industries such as plastic bottle production. As environmental concerns and regulatory pressures intensify, improving material use efficiency not only reduces waste and environmental impact but also enhances operational cost-effectiveness and resource conservation [1]. In the context of Indonesia, where the plastic industry plays a vital role in the economy and simultaneously contributes to rising plastic pollution, enhancing material efficiency becomes a strategic necessity [2]. Integrating Material Flow Analysis (MFA) with demand forecasting offers a holistic approach to identifying inefficiencies, optimizing resource allocation, and reducing raw material input while meeting fluctuating market demands. Turskis and Šniokienė [3] affirmed that this integration allows manufacturers to map the lifecycle of materials, monitor critical flows, and align production schedules with real-time market intelligence, ultimately contributing to a circular economy. Previous studies have highlighted the benefits of MFA in identifying material hotspots and improving circular strategies, but limited research has examined its integration with demand forecasting, particularly in developing countries like Indonesia where forecasting inaccuracies and poor material traceability often lead to overproduction and high material wastage [4]. Addressing this gap, the present study explores how coupling MFA with demand forecasting can significantly enhance material efficiency in plastic bottle manufacturing, offering a model that supports both environmental and economic sustainability goals in Indonesia’s industrial sector.
Prior research has demonstrated the individual strengths and effectiveness of both Material Flow Analysis (MFA) and demand forecasting when applied independently in manufacturing and resource management contexts. MFA, as a systematic assessment tool, has been widely used to quantify material inputs, outputs, and stocks within defined systems, offering transparency and critical insights into resource efficiency and potential points of loss or waste [5]. Its application has proven particularly effective in environmental management and policy planning, as seen in studies of urban metabolism and industrial material cycles, where MFA has enabled the identification of inefficiencies and the formulation of targeted strategies for material recovery and waste reduction. For instance, Baars [6] illustrated how MFA contributed to optimizing resource use in Austria’s material-intensive sectors by revealing hidden flows and inefficiencies. Meanwhile, demand forecasting has established its own domain of superiority, particularly in production planning and supply chain management, where accurate forecasts are vital to balancing supply with consumer demand, avoiding stockouts, and minimizing overproduction [7]. Notably, Aichner and Santa [8] emphasized the role of advanced forecasting models, including time-series and machine learning techniques, in improving inventory control and production efficiency in fast-moving consumer goods industries. These standalone applications have demonstrated substantial value, MFA in environmental optimization and forecasting in operational agility but seldom have they been integrated for simultaneous environmental and economic gains. Thus, while each method has shown superiority within its domain, their isolated use often results in siloed insights. This highlights the need for an integrated framework, particularly in dynamic and resource-sensitive contexts such as plastic bottle production, where both material efficiency and accurate market responsiveness are critical.
Despite the proven effectiveness of both Material Flow Analysis (MFA) and demand forecasting when applied independently, limited research has explored their integration, particularly within the context of plastic bottle production in developing countries like Indonesia. Most existing studies focus on the individual application of MFA for mapping material flows and identifying inefficiencies, or on the application of forecasting models to enhance production planning and supply chain performance [9]. However, there remains a significant gap in literature regarding the synergy between these two approaches specifically, how integrated MFA and demand forecasting can be jointly utilized to optimize both environmental and operational outcomes in resource-intensive industries. Moreover, while MFA studies are often concentrated in developed economies with robust data infrastructure [10], developing countries face data scarcity and dynamic market conditions that necessitate adaptive and integrated tools for real-time decision-making. Thus, this study addresses two key gaps: the lack of integrated methodological frameworks combining MFA and demand forecasting for material efficiency, and the absence of empirical case studies applying such integration in the plastic manufacturing sector within developing economies.
LITERATURE REVIEW
Material Efficiency and the Role of MFA
Material efficiency has become a critical focus in manufacturing due to increasing environmental concerns and the rising costs of raw materials. Efficient use of materials not only reduces waste and environmental footprint but also enhances economic performance by lowering production costs and conserving resources [11]. In industries like plastic bottle production, where raw materials such as petroleum-based polymers are finite and environmentally impactful, improving material efficiency is vital for sustainable operations [12]. Additionally, improving material efficiency aligns with global climate goals by reducing greenhouse gas emissions associated with raw material extraction and processing. This focus is increasingly urgent as regulatory frameworks worldwide tighten restrictions on waste and resource consumption, pushing manufacturers to adopt more sustainable production models. Moreover, material efficiency supports circular economy principles by minimizing resource extraction and encouraging reuse and recycling, thus contributing to broader sustainability goals [13].
Material Flow Analysis (MFA) has emerged as a powerful tool for enhancing material efficiency by systematically quantifying the flows and stocks of materials within a defined system boundary. By providing a detailed mapping of material inputs, transformations, and outputs, MFA enables manufacturers to identify inefficiencies such as excessive waste generation, bottlenecks, or loss points that often go unnoticed in traditional production assessments [14]. For example, MFA studies in the packaging sector have revealed critical points where material reuse or substitution could significantly reduce environmental impacts and costs. Furthermore, MFA supports scenario analysis that helps predict the effects of process changes or policy interventions on material flows, enabling proactive management. Its application is particularly valuable in complex supply chains where transparency is limited, and it fosters collaboration across stakeholders by providing a shared data framework [15]. Wang, et al. [16] believed that the ability of MFA to provide quantitative and visual insights into complex material cycles makes it a valuable decision-support tool for managers aiming to optimize resource use and implement effective sustainability strategies. 


Independent Applications and Their Limitations
Material Flow Analysis (MFA) and demand forecasting have been widely applied independently across various industrial sectors, each contributing valuable insights into production optimization. MFA provides a static yet comprehensive assessment of resource consumption, waste generation, and potential recycling or reuse pathways within a system boundary [17]. This standalone application is particularly useful in identifying environmental hotspots and material inefficiencies, especially in industries dealing with high resource intensity such as plastics and packaging. However, Khan, et al. [9] argued that the inherent limitation of MFA is its retrospective nature—it primarily captures historical material flows and lacks the ability to respond dynamically to future demand shifts or market volatility. As a result, MFA alone may not be sufficient for forward-looking decision-making processes, especially in fast-paced manufacturing environments that require agile resource planning.
On the other hand, demand forecasting methods offer prospective insights into consumer demand trends, enabling firms to plan production volumes, manage inventories, and reduce the risk of overproduction or stockouts. These forecasting techniques utilize historical data and statistical models to predict future demand patterns, which helps firms make proactive and informed operational decisions. Techniques such as time-series modeling, machine learning, and regression analysis have been successfully used to predict product demand, particularly in consumer goods and supply chain operations [18]. Nevertheless, when applied in isolation, forecasting often overlooks the environmental and material efficiency implications of production decisions, potentially leading to increased resource consumption or waste if not aligned with material use strategies. Furthermore, Browning, et al. [19] argued that forecasting accuracy can be undermined by external disruptions or rapidly changing consumer behavior, which adds uncertainty to the planning process. Thus, while both MFA and demand forecasting are robust in their own domains, their standalone application presents limitations in achieving holistic and sustainable resource management.

Integrated Approaches and Application in Indonesia
The integration of Material Flow Analysis (MFA) and demand forecasting represents a promising approach to enhance material efficiency by linking physical material tracking with market-driven production planning. While MFA provides a systemic understanding of material flows and inefficiencies, demand forecasting introduces predictive insights that allow manufacturers to better align material use with anticipated production needs [20]. This combination enables a shift from reactive to proactive resource management, reducing overproduction, minimizing waste, and improving overall supply chain performance. Several conceptual frameworks have been proposed to merge quantitative flow analysis with dynamic forecasting tools, suggesting that such integration can bridge the gap between environmental assessments and real-time operational decision-making [21]. However, practical applications of this integrated method remain limited, especially in resource-constrained contexts where access to reliable data and technical capacity is a challenge.
In the context of Indonesia, the plastic manufacturing industry particularly plastic bottle production presents both an opportunity and a need for such integrated approaches. Indonesia is among the world’s largest contributors to marine plastic pollution, with its packaging sector being a major source of single-use plastics [22]. Despite the government's commitments to reducing plastic waste by 70% by 2025, efforts are often hindered by fragmented data systems and inconsistent demand planning across manufacturers. Local studies have shown that manufacturers in Indonesia tend to operate reactively to market fluctuations, leading to inefficient resource use and significant plastic waste generation. Withanage and Habib [5] indicated that integrating MFA with demand forecasting could serve as a critical strategy for addressing these inefficiencies, enabling data-driven decision-making that supports national sustainability goals. However, empirical evidence on such integration within the Indonesian manufacturing context remains scarce, underscoring the need for case-based studies that explore its feasibility and benefits in real-world industry settings. 
METHOD
This study adopts a mixed-method approach that integrates quantitative and qualitative techniques to enhance material efficiency in plastic bottle production. The research combines Material Flow Analysis (MFA) with demand forecasting to generate a comprehensive understanding of resource flows and future demand patterns. This methodological integration allows for a more dynamic assessment of material use efficiency under various scenarios. The approach is particularly suited to addressing data limitations and operational complexities within the Indonesian manufacturing context. 
Research Design
This study adopts a case study-based mixed-method approach, integrating Material Flow Analysis (MFA) and demand forecasting techniques to assess and enhance material efficiency in plastic bottle production. The research design is rooted in the pragmatic paradigm, which supports methodological pluralism to generate practical and policy-relevant insights. MFA serves as the foundation for quantifying material inputs, outputs, and losses throughout the production process, while forecasting models are employed to project future demand and anticipate resource needs. The integration of these two methods facilitates a dynamic understanding of resource utilization, enabling proactive planning for efficiency improvements.
This design is particularly relevant in contexts where both environmental and production data are essential to inform sustainable manufacturing decisions. By combining retrospective material flow analysis with forward-looking demand estimation, the research seeks to bridge the gap between resource accounting and strategic planning, which has been insufficiently addressed in prior studies. The method supports scenario analysis, sensitivity testing, and empirical validation, making it well-suited for addressing complex challenges in industrial systems, particularly in resource-constrained environments such as Indonesia.
Case Study Description
The empirical setting for this study is the plastic bottle manufacturing industry in Indonesia, a country that faces growing challenges in balancing industrial development with environmental sustainability. Indonesia ranks among the world’s largest plastic consumers and is one of the top contributors to marine plastic pollution [23]. The focus is placed on a medium-sized plastic bottle manufacturer located in Java, selected due to its representative production scale, access to data, and relevance to the national packaging sector. The case is illustrative of broader trends in plastic consumption and waste generation, making it an appropriate context for applying and testing the integrated MFA and forecasting framework.
Data collection in the case study encompasses both quantitative production records and qualitative inputs from operational managers, enabling a triangulated view of material flow and decision-making. The company’s operations involve high-volume polymer input, extrusion, blow molding, trimming, and packaging, all of which present opportunities for material loss or inefficiency. By analyzing these flows alongside demand trends, the study captures both current inefficiencies and future pressure points. This setting can reflect real-world complexities of manufacturing in a developing country context and align with calls in the literature for more applied, sector-specific studies that incorporate forecasting into resource analysis [24]. The insights drawn from this case are expected to offer actionable implications for both industry practitioners and policy makers in Indonesia’s circular economy agenda.
Material Flow Analysis (MFA) Procedure
Material Flow Analysis (MFA) was applied to systematically quantify the input, transformation, and output of materials throughout the plastic bottle production process. The method follows the principles established by Millette, et al. [24], which emphasize mass balance within a clearly defined system boundary. The system analyzed in this study includes all major stages of production—raw material input (primarily polyethylene terephthalate or PET), extrusion, molding, trimming, and packaging. This process-level boundary allows for the identification of material losses, accumulation, and recycling potential at each stage. MFA helps reveal inefficiencies and hotspots that are often overlooked in traditional production monitoring systems [25].
The study collected primary data from factory-level production logs over a 12-month period, complemented by direct observations and interviews with operations staff to fill any gaps and validate inconsistencies. The analysis was conducted using spreadsheet-based modeling and visualized with Sankey diagrams to represent flow distributions across stages. Conversion factors, loss rates, and waste fractions were calculated to ensure mass balance integrity, in accordance with established standards for industrial ecology studies [26]. Dierkes and Siepelmeyer [27] argued that the granularity of the data enabled the distinction between unavoidable process losses and avoidable inefficiencies, which is crucial for formulating material efficiency interventions. Xiang, et al. [28] indicated that by integrating detailed flow mapping with quantitative analysis, MFA provides a robust foundation for evaluating baseline performance and projecting material requirements under future demand scenarios.

Demand Forecasting Model
To anticipate future material requirements and support strategic resource planning, this study incorporates a quantitative demand forecasting model based on historical production and sales data. Forecasting enables manufacturers to align procurement and process optimization efforts with anticipated market needs, thus improving material efficiency and reducing overproduction [29]. In this study, a time series approach using the Autoregressive Integrated Moving Average (ARIMA) model was selected due to its proven reliability in short- to medium-term forecasting for industrial production data [30]. The model was developed using five years of monthly production volume data, sourced directly from the case company’s operational records.
The forecasting process involved multiple steps: data cleaning and normalization, stationarity testing using the Augmented Dickey-Fuller (ADF) test, model selection through the Akaike Information Criterion (AIC), and validation using out-of-sample testing. Forecast accuracy was evaluated using Mean Absolute Percentage Error (MAPE) and Root Mean Square Error (RMSE) to ensure model robustness [7]. These metrics provided a clear benchmark for evaluating the reliability of projections and their practical applicability in planning future material inputs.

Integration Framework
The integration of Material Flow Analysis (MFA) and demand forecasting is central to this study's objective of enhancing material efficiency in plastic bottle production. While MFA offers a snapshot of the current state of resource use, forecasting introduces a dynamic, forward-looking component that enables producers to anticipate material requirements based on projected demand. Integrating both methods provides a more comprehensive decision-making tool that aligns material input planning with future production targets, reducing both overuse and inefficiencies [31].
This study employs a modular integration framework that connects output from the forecasting model directly into the material flow system boundaries defined in the MFA. Specifically, forecasted monthly production volumes are used to simulate future material inputs, processing needs, and waste outputs using the ratios and conversion efficiencies derived from the baseline MFA. This creates a dynamic system capable of scenario testing—evaluating, for example, the impact of demand fluctuations on PET resin consumption, scrap rates, and recycling potential. This approach builds upon existing modeling efforts in industrial ecology, but extends them by explicitly addressing operational uncertainty and capacity planning [32]. 

Data Sources and Collection
Data collection for this study was conducted using a mixed-method approach, combining quantitative data from factory records with qualitative insights from staff interviews and on-site observations. The quantitative data included monthly production volumes, raw material input (specifically PET resin), waste generation rates, recycling proportions, and energy usage logs over a five-year period (2018–2022). These were obtained from the enterprise resource planning (ERP) and inventory control systems of the plastic bottle manufacturing facility located in East Java, Indonesia. To ensure data integrity and reduce bias, triangulation was conducted by cross-verifying internal reports with external audit summaries where available [33]. To complement and contextualize the quantitative data, semi-structured interviews were held with production managers, quality control officers, and sustainability coordinators. These interviews aimed to understand undocumented material flows (e.g., minor leakages, unrecorded returns), typical forecasting practices, and managerial responses to fluctuating demand. Such qualitative insights were essential for fine-tuning system boundaries in the MFA model and adjusting the assumptions in the demand forecasting module [34]. Observational data further contributed to validating actual workflow patterns, especially regarding recycling and reprocessing operations.
The data analysis process involved several phases. For the MFA, material input-output coefficients were derived from operational data, and mass balances were computed for each process stage using spreadsheet-based modeling, with the results visualized through Sankey diagrams. For forecasting, the ARIMA model was constructed and validated using R statistical software, with accuracy assessed via MAPE and RMSE values [35]. Finally, the integration model synthesized forecasting outputs and flow coefficients to simulate future material demands and identify potential bottlenecks. This triangulated, iterative approach enhances both the reliability and applicability of the study’s findings, particularly in the context of manufacturing systems in developing countries where data availability is often a limitation [36].
RESULT AND DISCUSSION 
This section presents the results derived from the integrated approach applied to enhance material efficiency in plastic bottle production. the study commenced with the collection of historical data on production and demand, complemented by insights obtained through interviews and direct observations with key stakeholders involved in the manufacturing process. These data were utilized to perform demand forecasting using ARIMA modeling, which served as the foundation for estimating future production requirements. Simultaneously, a baseline for Material Flow Analysis (MFA) was established through input-output mapping of material consumption and transformation across the production stages.

Demand Forecasting
Accurate demand forecasting is fundamental to optimizing material efficiency within manufacturing systems, particularly in industries characterized by fluctuating and seasonally influenced demand patterns, such as plastic bottle production. In this study, historical demand data were analyzed to inform short-term production planning and minimize inefficiencies related to overproduction or inventory shortages. Two forecasting techniques: Single Moving Average (SMA) and Winters Exponential Smoothing were compered to predict demand for the subsequent three-month period. The performance of these models was assessed using the Mean Absolute Percentage Error (MAPE), which quantifies forecast accuracy by calculating the average absolute deviation between actual and projected values as a percentage. As presented in Table 1, the SMA method demonstrated superior forecasting performance, yielding a MAPE of 12.13, notably lower than the 26.97 obtained using the Winters method. Consequently, SMA was selected as the most appropriate forecasting approach to support subsequent stages of production planning and material flow analysis.

Table 1. Forecasting Method Comparison
	Method
	Forecast Value
	MAPE (%)

	Single Moving Average
	4,966
	12.13

	Winters Smoothing
	5,377
	26.97



Production Planning and Material Requirements
Effective production planning is essential in aligning forecasted demand with the available resources, particularly in manufacturing systems where material inputs directly influence both cost structure and environmental performance. In this study, production planning for a three-month horizon was conducted based on the Single Moving Average (SMA) forecast, which was selected for its superior accuracy (MAPE = 12.13) compared to alternative forecasting methods. The summary of production planning shown in Table 2. For Month 1, the forecasted demand was 4,966 plastic bottles. To ensure continuity of supply and mitigate the risk of stockouts caused by demand variability or production disruptions, a safety stock of 168 units was calculated using a 60% service level (Z = 0.26) and a lead time of 0.13 periods. The total number of units required to fulfill demand, including safety stock, was 5,134. Given a defect rate of 2.2% observed in historical production data, the total number of preforms needed was adjusted accordingly, resulting in a planned production volume of 5,250 units. The estimated number of defective units in this batch was 116, which is within an acceptable range for the process under current operational standards.

Table 2. Summary of Production Planning – Month 1
	Component
	Quantity

	Forecasted Demand
	4,966

	Safety Stock
	168

	Total Required Bottles
	5,134

	Defect Rate
	2.2%

	Total Preforms Needed
	5,250

	Estimated Defects
	116



Figure 2 presents a Sankey diagram representing the material flow and value transformation within the plastic bottle production system during Month 1. The diagram delineates the sequential processing stages, beginning with the input of preforms valued at $1.25 million, followed by the heating stage ($1.25M) and the blow molding phase ($5.55M), which constitutes the core transformation of raw material into the final product. Upon completion of blow molding, the material stream diverges into three distinct flows: finished products ($3.60M), defective products ($180K), and inventory ($180K). The final outbound stream, labeled as distribution or shipment ($4.96M), indicates the total value of successfully processed and delivered products, which likely incorporates the utilization of previously stored inventory. The distribution of material and value across these flows demonstrates a production system characterized by high conversion efficiency and minimal loss. The proportion of defective output and inventory, each approximately 3.6% of the total value of finished goods, suggests that the process operates within a tightly controlled range of variation, consistent with the defect assumptions established during production planning (i.e., 2.2% defect rate). Furthermore, the 0% year-on-year (Y/Y) variation across all process segments implies process stability and reproducibility, both of which are critical indicators of mature and optimized manufacturing operations.
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Figure 1. Sankey Diagram – Material Flow in Month 1

Material Efficiency Analysis
Material efficiency constitutes a critical dimension of sustainable manufacturing, particularly in plastic-based production systems where the efficient use of input materials directly impacts environmental performance, operational costs, and resource conservation. In the present study, material efficiency was assessed over a three-month planning horizon, employing a set of environmental and voluntary indicators adapted from established Material Flow Analysis (MFA) frameworks. The analysis demonstrated a consistent material consumption rate of 1 kg per produced unit across all three production cycles, indicating a linear and loss-minimized transformation from raw material (preforms) to final product (plastic bottles). No auxiliary or hazardous materials were utilized during the production process, and no waste requiring formal sorting or recycling was recorded. The only material inefficiency identified was attributed to defective units, resulting in a scrap generation rate of approximately 5 × 10⁻⁴ kg/unit—a value well within acceptable industrial standards.

Table 4. Summary of Material Efficiency Indicators
	Indicator
	Month 1
	Month 2
	Month 3

	Total Material Consumption per Unit (kg/unit)
	1
	1
	1

	Auxiliary Material Usage per Unit (kg/unit)
	0
	0
	0

	Hazardous Material Usage per Unit (kg/unit)
	0
	0
	0

	Waste Generation per Unit (kg/unit)
	0
	0
	0

	Scrap Generation per Unit (kg/unit)
	0.0005
	0.0005
	0.0005

	Product Output/Input Ratio
	1
	1
	1

	Recycling Rate (%)
	0
	0
	0

	Hazardous Waste / Total Waste (%)
	0
	0
	0



Table 4 confirm that the production system under investigation is operating under a lean configuration, with minimal material losses and no recorded instances of waste or hazardous discharge. The 1:1 ratio of input to output across all months reflects a tightly controlled manufacturing environment where raw materials are converted with high precision and negligible deviation. The findings presented here are consistent with prior studies that emphasize the benefits of lean and forecast-driven manufacturing in minimizing material inefficiencies. For instance, Silva, et al. [37] reported that material utilization in plastic injection molding can exceed 98% when predictive scheduling and defect mitigation strategies are applied. Similarly, Hu, et al. [38] documented that in highly controlled manufacturing systems, scrap rates can be reduced to below 0.1% of input material, a benchmark that aligns with the defect-related scrap rates observed in this study. Moreover, the methodological integration of Material Flow Analysis (MFA) with demand forecasting offers a novel contribution to the literature. While Widiyanti, et al. [39] advocate for MFA as a tool to enhance material transparency, the present study advances this approach by incorporating dynamic demand inputs into the material planning process. This integrative framework enables not only real-time responsiveness but also predictive control over resource allocation and waste prevention.
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Figure 2. Sankey Diagram – Month 2 and 3

Figure 2 illustrates the material and economic flows within the plastic bottle production system during Month 2 and Month 3, as modeled by the Sankey diagram. The process begins with an input of $1.07 million in preforms, which undergo sequential processing through the heating stage ($1.07M) and blow molding ($5.07M). The primary transformation results in finished goods valued at $3.13M, which subsequently diverge into outbound shipment ($4.79M), defective products ($232K), and inventory allocation ($308K). Compared to Month 1 (Figure 2), Figure 3 reveals a slight increase in the volume and value of defective products and inventory, suggesting a marginal deviation in production yield. The defective product stream ($232K) corresponds to approximately 4.6% of the finished goods value, while inventory holds a higher proportion of 7.3%, indicating a more conservative safety stock strategy or reduced product release rate. These shifts are visually evident through the thickened flow lines in the lower output paths of the diagram. Despite these adjustments, the production process remains stable with 0% year-on-year (Y/Y) variation across all stages, indicating operational consistency. The value retention across the transformation chain remains strong, as material inputs are primarily preserved in the final products, with losses limited to predictable defects. From a material efficiency perspective, the increased proportion of products allocated to inventory and defects may reflect either (1) an operational decision to overproduce in anticipation of demand spikes or (2) a temporary decline in quality yield. However, given the maintained shipment value of $4.79M, it is evident that the production system sustained its ability to meet demand requirements, while buffering against future variability. The distinction between defective output and planned inventory continues to enable precise analysis of resource utilization and loss. Moreover, the systematic structuring of material flows in the diagram demonstrates the application of a forecast-integrated production planning model, which aligns with best practices in lean and sustainable manufacturing as highlighted by Widiyanti, et al. [39].
Conclusion
This research demonstrates the effectiveness of an integrated approach that combines demand forecasting with material flow analysis (MFA) to improve material efficiency in plastic bottle manufacturing. By applying the Single Moving Average (SMA) method to identified as the most accurate forecasting model based on the lowest Mean Absolute Percentage Error (MAPE) of 12.13, short-term demand was projected with sufficient precision to inform production planning and resource allocation. The production strategy, which incorporated safety stock and defect adjustment, enabled the system to meet forecasted demand with minimal material loss. The Sankey diagrams constructed for each month confirmed that the majority of input material was successfully converted into finished goods, with a consistently low proportion allocated to defective products (approximately 2.2%) and inventory. These findings indicate that the production process is stable and exhibits a high degree of control over both input-output relationships and quality performance. The results are consistent with prior research emphasizing the benefits of integrating predictive planning with operational control to reduce inefficiencies in material usage. In particular, the findings support the broader literature on cleaner production, which advocates for proactive resource management as a means of reducing waste and minimizing environmental impact. The integration of forecast-based planning and material flow modeling presents a practical and replicable framework for improving efficiency in resource-intensive manufacturing environments. Future studies could extend this work by incorporating probabilistic demand models, real-time production data, or life-cycle-based environmental assessments to further refine decision-making and support circular economy initiatives in the plastic packaging sector. 
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