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1. Introduction
Manufacturing systems are driven by material consumption, energy use, and production processes (Esmaeilian et al., 
2016; Ivanov et al., 2025). These systems generate considerable amounts of solid waste and contribute significantly to 
greenhouse gas emissions (Zhang et al., 2020). Sustainable manufacturing prioritizes the responsible consumption of 
natural sources and energy while ensuring a secure environment for workers and society, alongside maintaining financial
viability.  Appropriate  management  of  the  entire  process  can lead to  decrease in  energy use,  emissions and waste  
generation. Moreover, other systems can be fed by excess energy and materials resulting in financial and environmental  
advantages (Starostka-Patyk, 2019). Sustainable waste management in industrial systems requires structured analytical 
approaches that enable the identification of waste-intensive and energy-intensive operations. In this context, data-driven  
modeling provides a systematic way to transform operational data into measurable sustainability indicators. 

The aim of this study is to develop a data-driven analytical modeling framework for process-level waste and 
energy analysis in manufacturing systems. The framework integrates linear regression and clustering techniques to  
quantify energy behaviour and classify waste generation patterns. The analytical outputs are embedded into an automated 
value stream representation to support structured decision-making for industrial waste management.

2. Methodology
In the proposed framework process-level electricity consumption was modeled as a function of production volume using 
linear  regression.  Production  quantity  was  treated  as  the  independent  variable,  while  total  electricity  consumption 
represented  the  dependent  variable.  The  slope  coefficient  was  interpreted  as  unit  energy  consumption,  reflecting 
production-dependent  energy  intensity,  whereas  the  intercept  term represented  fixed  baseline  energy  consumption 
independent  of  output.  The coefficient  of  determination (R²)  was used to evaluate model  adequacy.  The resulting  
regression coefficients were used as quantitative energy performance indicators for cross-process comparison.

To characterize waste behaviour, K-means clustering was applied to a feature set reflecting material efficiency 
and waste intensity. The feature set included scrap ratio, total waste generated, material intensity, and number of waste 
types. Features were standardized using z-score normalization to eliminate scale effects. The optimal number of clusters  
was determined using elbow and silhouette analysis. The clustering procedure enabled the grouping of processes with  
similar waste generation characteristics and supported the identification of environmentally critical process categories.  
Alternative clustering methods were evaluated to assess robustness.

Energy indicators obtained through regression analysis and waste classifications based on clustering analysis 
were then integrated into a structured process representation. Each process was described using quantified waste and  
energy attributes, enabling systematic comparison and identification of waste-intensive and energy-intensive operations. 
This  integration  allowed  the  transformation  of  operational  data  into  sustainability  indicators  for  industrial  waste 
management.

The proposed framework was applied in an industrial manufacturing system comprising multiple interconnected 
production processes with distinct material and energy flow characteristics. Operational data were structured at the  
process level to ensure comparability across heterogeneous production units. The dataset included electricity consumption 
records, production volumes, material input and output balances, and waste generation quantities. Prior to analysis, data  
were cleaned and standardized to ensure consistency and reliability of derived indicators.

3. Results and Discussion
The regression analysis demonstrated that electricity consumption exhibited a predominantly linear relationship with  
production volume across most processes. This confirmed that production-driven modeling provided an appropriate  
representation of energy behaviour at the process level. The slope coefficient served as a direct indicator of unit energy 
intensity, revealing substantial variation across processes. Higher slope values indicated energy-intensive operations 
where incremental increases in production output resulted in proportionally higher electricity demand. In some processes, 
the intercept term was negligible, suggesting that energy consumption was largely dependent on production capacity. In 
others, a pronounced intercept reflected baseline energy demand independent of output, indicating standby losses and 
auxiliary system consumption. The coefficient of determination (R²) values indicated that production volume explained 
a considerable portion of variability in electricity consumption, supporting the reliability of regression-based energy 
modeling for cross-process comparison.
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The clustering analysis resulted in a clear differentiation of processes based on waste generation and material  
efficiency characteristics. A two-cluster structure representing high-scrap and low-scrap process groups was identified as 
optimal according to silhouette evaluation. Processes within the high-scrap cluster exhibited significantly higher scrap 
ratios and total waste quantities relative to material input, marking them as environmentally critical nodes within the 
production system. In contrast, processes in the low-scrap cluster demonstrated comparatively stable material efficiency  
and lower waste intensity. The inclusion of waste type information did not significantly improve clustering performance, 
indicating that quantity-based waste indicators were more influential in distinguishing process-level waste generation.  
Alternative clustering methods resulted consistent identification of primary waste hotspots, confirming the robustness of 
the classification.

By combining regression-based energy indicators with clustering-based waste categorization,  the framework 
enabled structured identification of both waste-intensive and energy-intensive processes. This process-level approach 
supports targeted prioritization of waste minimization and energy efficiency measures. The simultaneous evaluation of 
waste  and  energy  data  strengthens  industrial  waste  management  strategies  by  providing  reproducible,  data-driven 
sustainability indicators suitable for operational decision-making.

4. Conclusion
This  study presented a  data-driven analytical  modeling framework for  process-level  waste  and energy analysis  in  
manufacturing systems. By integrating regression-based energy modeling with clustering-based waste characterization,  
the framework enabled quantitative identification of environmentally critical processes. The results demonstrated that  
process-level analysis provides greater transparency than aggregated indicators and supports targeted prioritization of 
waste reduction and energy efficiency actions. The proposed approach contributes to industrial waste management by 
transforming operational data into structured sustainability indicators that can support resource efficiency and circular  
economy implementation within production systems.
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