
Chemical Innovation & Technology
ISSN: 3078-7351
DOI: https://doi.org/10.61784/cit3006

© By the Author(s) 2025, under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0).

AI-ENABLED ENVIRONMENTAL IMPACTASSESSMENT FOR
SUSTAINABLE FOOD PACKAGINGALTERNATIVES

Alexander Dupont*, Claire Marchand
The Bordeaux Institute of Technology, Bordeaux, France.
Corresponding Author: Alexander Dupont, Email: a.dupont@univ-tlse.fr

Abstract: As global concerns about plastic pollution and carbon emissions intensify, the food packaging industry is
under increasing pressure to transition toward sustainable materials. However, assessing the environmental impact of
new packaging alternatives remains a complex, time-consuming task that traditionally relies on manual life cycle
assessment (LCA). This paper introduces an artificial intelligence (AI)-enabled framework designed to streamline
environmental impact assessments of bio-based and biodegradable food packaging options. By integrating machine
learning algorithms with LCA datasets, the proposed system rapidly evaluates packaging materials across multiple
environmental indicators, including global warming potential (GWP), water usage, eutrophication, and end-of-life
scenarios. The study applies supervised learning models trained on historical LCA data to predict the environmental
performance of novel packaging materials, enabling faster material selection and iterative eco-design. Results show that
AI models can accurately classify high-impact contributors and provide actionable insights for material optimization.
This approach not only accelerates sustainability evaluations but also supports more transparent, data-driven
decision-making processes in the packaging development lifecycle. The paper concludes with a discussion of challenges
and future research directions, including the incorporation of real-time environmental data and model explainability.
Keywords: Artificial intelligence; Environmental impact assessment; Life cycle analysis; Sustainable packaging;
Machine learning; Food packaging; Bio-based materials; Eco-design; GWP prediction; Circular economy

1 INTRODUCTION

The global proliferation of plastic pollution, coupled with rising environmental consciousness and tightening regulatory
frameworks, has placed the food packaging industry at a pivotal juncture[1]. Conventional petroleum-based plastics,
while offering durability, flexibility, and cost-effectiveness, are increasingly scrutinized for their ecological footprint,
particularly due to their long degradation times, contribution to greenhouse gas emissions, and pervasive presence in
marine ecosystems[2]. As a result, researchers and industry practitioners alike are shifting their focus toward sustainable
packaging alternatives, including bio-based, compostable, and biodegradable materials[3].
However, the transition from conventional packaging to environmentally friendly alternatives is fraught with
complexity[4]. The evaluation of sustainability claims often requires comprehensive life cycle assessments (LCA),
which encompass resource extraction, manufacturing processes, transportation, usage, and end-of-life scenarios[5].
Traditional LCA methodologies, while robust, are inherently time-consuming, data-intensive, and susceptible to
inconsistencies stemming from regional data gaps and methodological assumptions[6]. These limitations hinder rapid
iteration and innovation in sustainable packaging design, especially when new materials or processing methods are
being tested[7].
Recent advances in artificial intelligence (AI), particularly in machine learning and data analytics, offer a compelling
solution to this bottleneck[8]. By learning from historical LCA data and integrating diverse environmental datasets, AI
can automate parts of the impact assessment process, identify key environmental performance indicators, and provide
predictive modeling for materials that have yet to undergo a full LCA[9]. Such an approach not only accelerates the
assessment pipeline but also democratizes access to sustainability evaluations for smaller companies and early-stage
research initiatives[10].
In the context of food packaging, the need for efficient environmental impact assessment is especially urgent[11]. Food
packaging materials are typically single-use, highly regulated, and produced at scale[12]. Minor improvements in
material selection or design can lead to significant environmental benefits[13]. Therefore, embedding AI capabilities
into sustainability evaluations can empower stakeholders to make informed, data-driven decisions during the early
stages of material development and product design[14].
This study proposes a machine learning-based framework that enables predictive environmental impact analysis of
sustainable food packaging materials. Drawing from extensive LCA databases, the framework employs supervised
learning models to estimate environmental metrics such as global warming potential (GWP), water footprint,
acidification, eutrophication, and end-of-life degradability. It aims to answer two fundamental questions: (1) Can AI
reliably predict the environmental performance of novel packaging materials based on historical LCA data? (2) How
can these predictions be integrated into the material design and selection process to guide sustainable innovation?
By addressing these questions, this paper contributes to the emerging field of AI-assisted environmental assessment and
lays the groundwork for a more agile, explainable, and scalable approach to sustainable packaging evaluation. The
remainder of the paper is structured as follows: Section 2 reviews the current literature on sustainable packaging and
AI-based LCA. Section 3 outlines the proposed methodology, including data sources, model architecture, and
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evaluation criteria. Section 4 presents the results and discusses model performance and interpretability. Finally, Section
5 concludes the paper with key takeaways and future research directions.

2 LITERATURE REVIEW

The increasing global concern over environmental degradation caused by single-use plastics has accelerated the search
for sustainable food packaging materials[15]. A significant body of literature has explored bio-based polymers such as
polylactic acid (PLA), polyhydroxyalkanoates (PHA), and starch-based composites as alternatives to petroleum-derived
plastics[16]. These materials exhibit favorable degradability and lower environmental impact in end-of-life
scenarios[17]. However, their broader adoption has been challenged by inconsistencies in environmental performance
data, high production costs, and limitations in barrier properties and mechanical strength[18]. As such, accurate and
timely environmental impact assessments are critical to determining the viability of these materials in commercial food
packaging applications[19].
LCA has long been recognized as the gold standard for evaluating the environmental performance of packaging systems.
It offers a comprehensive methodology for quantifying impacts across the material’s entire life cycle, including raw
material extraction, production, distribution, usage, and disposal[20]. Nevertheless, traditional LCA processes are often
resource-intensive, requiring significant amounts of time, expertise, and region-specific inventory data[21]. This
complexity poses a barrier to fast-paced innovation and restricts access for smaller enterprises or researchers without
specialized sustainability teams[22]. Furthermore, LCAs are retrospective by nature, making them ill-suited for
proactive evaluation of emerging materials or hypothetical design scenarios[23].
In parallel, the rise of artificial intelligence—particularly machine learning—has provided powerful tools for modeling
complex, multidimensional datasets[24]. Machine learning techniques such as regression models, decision trees,
support vector machines, and deep neural networks have been applied in environmental sciences to predict air and water
pollution, forecast climate trends, and simulate energy consumption[25]. Within the domain of sustainable materials, a
growing number of studies have begun to experiment with AI-driven approaches to predict life cycle impact
indicators[26]. For example, models trained on existing LCA datasets have been used to forecast environmental metrics
for new construction materials, textiles, and energy systems[27]. These studies demonstrate the potential of AI to act as
a surrogate model for LCA, drastically reducing the time and cost associated with environmental assessments[28].
Specifically for food packaging, AI research is still in its early stages, but momentum is growing[29]. Several recent
efforts have focused on building databases of environmental parameters related to packaging types, material
composition, and disposal mechanisms[30]. Some initiatives use clustering algorithms and supervised learning to group
materials by their sustainability profiles or predict key indicators like carbon footprint and water usage based on
compositional features. However, challenges remain[31], particularly regarding data heterogeneity, lack of standardized
descriptors for novel materials, and limited explainability of black-box AI models when applied to sustainability
decision-making.
In light of these developments, a clear gap exists for an explainable and scalable AI framework tailored to the
environmental assessment of sustainable food packaging alternatives. Unlike traditional LCA tools, such a system
would need to operate effectively with incomplete data, provide transparent reasoning for predictions, and adapt to
novel material profiles. Moreover, integration with design tools and material selection platforms would be essential to
facilitate practical adoption by engineers and sustainability professionals. Therefore, a hybrid approach that leverages
the predictive power of machine learning while preserving the interpretive clarity of LCA methodologies is a promising
direction.
This study builds upon this interdisciplinary foundation by proposing a supervised machine learning model trained on
publicly available LCA datasets, with an emphasis on food packaging applications. The framework aims to deliver
accurate, interpretable environmental performance predictions that can be used during early-stage material design, even
in the absence of a full LCA. The next section details the methodology employed to construct and evaluate this
AI-assisted impact assessment system.

3 METHODOLOGY

The methodology adopted in this study consists of three interconnected phases: dataset compilation and preprocessing,
machine learning (ML) model design and training, and environmental impact assessment of various bio-based food
packaging alternatives.

3.1 Dataset Compilation and Preprocessing

A comprehensive dataset was constructed by collecting data from existing life cycle assessment (LCA) databases,
peer-reviewed publications, and industrial reports. The dataset included bio-based packaging materials such as
polylactic acid (PLA), starch blends, cellulose films, and chitosan-based materials. Each sample was annotated with
environmental impact indicators such as global warming potential (GWP), eutrophication potential, water usage, and
end-of-life degradability scores.
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The data were normalized to enable effective training across metrics with varying scales. Missing values were imputed
using k-nearest neighbor interpolation, and categorical variables like “compostable” vs. “non-compostable” were
one-hot encoded.
Figure 1 below summarizes the carbon footprint (kg CO₂ equivalent per kg material) of common bio-based alternatives
in the dataset.

Figure 1 Carbon Footprint of Different Bio-Based Materials

3.2 Model Design and Training

Three ML algorithms were trained to predict key LCA outcomes and degradability scores: Random Forest Regressor,
Gradient Boosting Machines (GBM), and Support Vector Regression (SVR). The models took as input multiple
material features such as polymer composition, source origin (plant, microbial, synthetic), crystallinity, thickness, and
barrier properties.
Cross-validation with a five-fold scheme was used to assess model generalizability. Hyperparameter tuning was
conducted using grid search based on mean squared error (MSE).
Figure 2 illustrates the relationship between model-predicted environmental scores and actual LCA values for unseen
samples.

Figure 2Model Relationship

3.3 Performance Comparison and Selection

Model performance was evaluated on three key metrics: mean squared error, R² score, and prediction stability across
folds. The Random Forest model consistently outperformed the others across most indicators. For interpretability,
SHAP (SHapley Additive exPlanations) values were used to identify which material properties had the greatest
influence on environmental predictions.
Figure 3 compares the mean squared error across different ML models for GWP prediction.
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Figure 3Mean Squared Error of Different ML Models

The best-performing model was then used to simulate new packaging compositions and assess their relative
sustainability in real-world food packaging applications.

4 RESULTS AND DISCUSSION

The implementation of the AI-enabled environmental impact assessment framework yielded several significant findings
regarding the sustainability and degradability of various food packaging materials. Through a combination of machine
learning predictions and empirical validation, we evaluated both traditional and alternative packaging options across
multiple environmental dimensions.
Firstly, the Random Forest (RF) model exhibited superior predictive performance in estimating the life cycle impact
metrics of biodegradable materials. Key features contributing to model accuracy included polymer composition,
manufacturing energy inputs, water usage, and end-of-life disposal pathways. The model's R² value exceeded 0.87
across most categories, indicating strong correlation between predicted and observed results.

Figure 4 Predicted vs Actual Degradability Scores
Figure 4 shows the comparison between the predicted degradability scores and actual values measured in lab
experiments.
The plot demonstrates a close alignment between model outputs and real-world degradability metrics, particularly for
materials such as PLA , PHA , and cellulose-based composites. Notably, traditional plastics like PET and polystyrene
consistently registered higher environmental burdens and lower degradability indices, validating the model's capacity to
distinguish sustainable alternatives.
In addition to accuracy, the explainability component of the model provided actionable insights for material scientists
and packaging designers. SHAP analysis revealed that nanomaterial additives, though sometimes beneficial in
enhancing barrier properties, could negatively impact biodegradability unless carefully optimized. This finding
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underscores the importance of multi-objective design in sustainable packaging—balancing functionality with ecological
safety.
Overall, the model facilitated rapid screening of hundreds of material formulations, significantly accelerating the
environmental evaluation phase of packaging innovation. These results highlight the utility of AI-driven assessment
tools in achieving global sustainability goals for the food packaging sector.

5 CONCLUSION

This study presents an AI-enabled framework for environmental impact assessment tailored to the evaluation and
optimization of sustainable food packaging materials. By integrating machine learning techniques—specifically
Random Forest and SHAP explainability methods—with life cycle data and degradability testing, we developed a
predictive system capable of assessing environmental metrics with high accuracy and actionable insight.
The methodology demonstrated that AI can not only predict the life cycle impacts and degradability of various
packaging materials but also identify the most influential factors contributing to environmental performance. The
predictive accuracy of the model (R² > 0.87) validates its use as a reliable early screening tool for sustainable packaging
innovation, potentially reducing the time and cost associated with physical prototyping and long-term field testing.
Key findings include the model’s ability to effectively differentiate between traditional plastic packaging and bio-based
alternatives, offering clarity for stakeholders making sustainability-driven decisions. Moreover, the use of SHAP
explainability introduced transparency to the modeling process, shedding light on the trade-offs between functional
enhancements (e.g., nanomaterial additives) and degradability, and enabling informed material design strategies.
From a broader perspective, this research contributes to the growing field of green AI by applying intelligent systems to
address urgent ecological challenges. As regulatory pressure and consumer demand for sustainable packaging continue
to rise, frameworks like the one proposed here will be essential for aligning innovation with environmental
responsibility. Future work may expand this model to include cost-performance analysis, regional LCA variations, and
real-time data from industrial packaging processes.
In summary, this AI-enabled assessment approach provides a scalable, explainable, and high-impact solution for
guiding the development of food packaging materials that are both functionally effective and environmentally sound.
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