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ABSTRACT: Packaging materials are indispensable in modern industries but also significantly contribute to envi-
ronmental degradation, resource consumption, and waste generation. This systematic review critically assesses the
integration of artificial intelligence (AI), life cycle sustainability assessment (LCSA) following ISO 14040 standards, and
circularity mapping to overcome sustainability barriers in packaging. The study identifies environmental, economic,
and social hotspots across the life cycle stages of packaging materials by examining real-world case studies such as Coca-
Colas adoption of recycled PET bottles and Unilever’s commitment to 100% recyclable plastic. AI technologies highlight
transformative tools for optimising resource allocation, enhancing waste management, and supporting predictive
maintenance in packaging systems. To maximise their impact, circular economy (CE) strategies, including material
substitution, reusable packaging, and recycling, are discussed with AI-driven approaches. Policy frameworks like
mandatory life cycle reporting and Al-focused capacity-building initiatives drive systemic change. The packaging
industry achieves significant sustainability improvements by combining LCSA, CE principles, and AI while fostering
economic benefits and social equity. This paper provides a comprehensive foundation for future research and practical
applications to transform the packaging sector into a more sustainable and circular system. This review is the first
to integrate LCSA, circular economy mapping, and Al applications in sustainable packaging. It highlights practical
strategies and identifies research gaps to guide academia, industry, and policymakers toward scalable and intelligent
sustainability solutions. Moreover, the review bridges methodological rigour with practical implementation by aligning
digital intelligence with material sustainability frameworks, thus forming a multidisciplinary blueprint for a circular
tuture in packaging.

KEYWORDS: Sustainable packaging; life cycle sustainability assessment; LCSA; circular economy; CE; artificial
intelligence in packaging; Al; environmental impact reduction

1 Introduction

The global demand for packaging materials has witnessed unprecedented growth, fueled by industrial
expansion, e-commerce proliferation, and the intensification of globalisation [1]. Packaging is pivotal in
ensuring product safety, facilitating efficient transportation, and enhancing market appeal. However, the
environmental ramifications of the packaging sector have raised alarm bells, highlighting the urgent need
for sustainable practices [2]. Packaging materials contribute significantly to resource depletion, greenhouse
gas emissions, and the growing challenge of waste generation. Addressing these issues necessitates a holistic
and systematic approach encompassing environmental, economic, and social dimensions [3].
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Life Cycle-Based Sustainability Assessment (LCSA) has emerged as a robust framework for evaluating
the comprehensive impacts of packaging materials throughout their life cycle—from raw material extraction
and production to usage and end-of-life management [4]. Governed by ISO 14040 standards, LCSA offers a
structured methodology to identify environmental hotspots, economic inefficiencies, and social challenges,
enabling stakeholders to make informed decisions [5]. However, traditional LCSA approaches are often
constrained by their reliance on static data and limited adaptability to dynamic industrial and environmental

conditions [6].

In recent years, the principles of the circular economy (CE) have gained significant traction as a
transformative paradigm to mitigate the environmental impacts of packaging [7]. Unlike the linear “take-
make-dispose” model, the CE emphasises resource efficiency, waste minimisation, and material recovery
through recycling, reuse, and material substitution strategies [8]. Circularity mapping, a tool for assessing
material flows and identifying circular opportunities, has become indispensable for advancing CE objec-
tives [9]. Nevertheless, achieving circularity at scale requires innovative solutions to overcome technical,
logistical, and economic barriers.

Artificial intelligence (AI) is increasingly recognised as a game-changing technology in the quest for
sustainable packaging solutions [10]. Al's data analytics, pattern recognition, and predictive modelling
capabilities can augment traditional LCSA and circularity mapping methodologies [11]. By leveraging Al,
the packaging industry can optimise resource allocation, improve waste management processes, and enable
predictive maintenance of production systems. Moreover, Al can facilitate real-time monitoring and adaptive
decision-making, ensuring that sustainability objectives are met efficiently and effectively [12].

The integration of LCSA, circularity mapping, and Al represents a transformative triad for tackling the
multifaceted sustainability challenges faced by the packaging sector. While each domain has been studied
in isolation, this review is among the first to synthesise their intersection critically. It provides a unified
framework that links lifecycle-based impact assessment with regenerative design strategies and intelligent
optimisation tools. Through this integration, the study uncovers how AI technologies can enhance the
dynamism, accuracy, and responsiveness of both LCSA and circular economy efforts.

This review highlights the practical advancements and lessons learned from industry leaders by
examining real-world case studies—such as Coca-Cola’s adoption of recycled PET bottles, Unilever’s pledge
toward 100% recyclable plastics, and IKEAs use of mushroom-based biodegradable packaging. However,
unlike prior works that stop at descriptive summaries, this study interrogates how scalable AI techniques can
amplify circularity outcomes, bridge performance gaps, and address systemic inefficiencies within traditional
packaging systems.

Furthermore, the novelty of this review lies in its dual-layered approach: (1) offering a cross-domain syn-
thesis of sector-specific innovations, and (2) embedding those insights into a technically structured roadmap
that maps Al functions (e.g., machine learning, computer vision, reinforcement learning) to packaging
sustainability outcomes (e.g., material flow optimisation, lifecycle modelling, waste stream intelligence).
This contributes to the field by framing AI not merely as an operational tool, but as an enabler of systems
thinking—capable of closing information loops, modelling complex interactions, and dynamically updating
lifecycle metrics in real time.

In doing so, this review presents both opportunities and challenges—demonstrating that while AI has
enormous potential to augment sustainable packaging systems, it also introduces complexities related to data
governance, ethical deployment, and regional equity as illustrated in Fig. 1. Thus, the paper reviews current
applications and a strategic foundation for future research and cross-sectoral collaboration to build digitally
intelligent, circular packaging ecosystems.
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Figure 1: Conceptual integration of LCSA, circular economy, and Al in sustainable packaging

2 Methodology

This systematic review followed the PRISMA guidelines to identify and analyse relevant literature
published between 2010 and 2025 on sustainable packaging, life cycle assessment, circular economy, and Al
applications in the packaging sector [13]. The search was conducted across multiple databases, including
Scopus, Web of Science, ScienceDirect, IEEE Xplore, and Google Scholar [14] using combinations of the fol-
lowing keywords: “sustainable packaging,” “life cycle assessment,” “circular economy;” “artificial intelligence,”

» <«

“packaging waste,” “recycling,” and “biodegradable materials”.

Studies were included if they met the following criteria:

o Focused on real-world packaging applications or case studies

o Addressed LCSA frameworks or methodologies for packaging materials
o Described Al-enabled innovations in packaging sustainability

o Proposed or evaluated CE strategies for packaging materials

o Published in peer-reviewed journals or conference proceedings

o Written in English

After screening over 250 initial records, as illustrated in Fig. 2, 120 studies were selected for full-text
review, and 85 articles were ultimately included in the analysis. Additionally, 15 industry case studies were
examined to provide practical insights into implementing sustainable packaging strategies. Data extraction
focused on methodological approaches, key findings, technological innovations, and practical implications
for the packaging industry. A summary of the review process is provided in Table 1.



304 ] Artif Intell. 2025;7(1)

Records identified through
database searching
Scopus, Web of Science,
ScienceDirect,

IEEE Xplore, Google Scholar
n =250+

Records after duplicates
removed
n =200

Records screened
based on title and abstract
n =200

Inclusion criteria met?

Yes

‘

Full-text articles
assessed for eligibility
n=120

Records excluded
n =80

Quality assessment
and relevance check

Met criteria Did not meet criteria

Studies included in
qualitative synthesis
n = 85 articles

. I

Final systematic review
Total sources: 100

Full-text articles excluded
n=35

Industry case studies
examined separately

85 academic articles + 15
n=15

case studies

Figure 2: PRISMA flow diagram showing the systematic literature review process for identifying and selecting studies
on sustainable packaging, life cycle assessment, circular economy, and Al applications in packaging (2010-2025)
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Table 1: Overview of the systematic review methodology

Component Description
Review type Systematic Literature Review following PRISMA 2020 guidelines
Time frame Publications from 2010 to 2025
Databases searched Scopus, Web of Science, IEEE Xplore, ScienceDirect, Google Scholar
Search keywords “Sustainable packaging,” “Life Cycle Assessment,” “Circular Economy;’
“Artificial Intelligence”
Inclusion criteria Peer-reviewed, English-language studies focused on LCSA, CE, and/or
Al in packaging
Exclusion criteria Non-English, non-packaging context, theoretical-only studies,
non-peer-reviewed sources
Final studies selected 85 peer-reviewed articles + 15 industry case studies
Analysis tools VOSviewer for bibliometric mapping; relevance rating scale (1-5);
thematic and geographic coding
Synthesis approach Thematic clustering and triangulation across LCSA, CE, and Al
concepts

Supplementing the initial data extraction, a multi-level coding process facilitated study classifica-
tion. Key thematic clusters were Al-enhanced LCSA modelling, CE mapping frameworks, and AI-driven
recycling/reuse systems. Concurrent geographical categorisation mapped regional variations in adoption
patterns. A bibliometric analysis using VOSviewer was conducted to visualise author collaboration networks
and keyword co-occurrence, revealing the intellectual structure of the research domain.

A relevance rating (1-5) was assigned to validate selected studies” relevance based on their method-
ological transparency, industrial applicability, and thematic depth. Only studies scoring four or above were
considered for advanced synthesis. The review also consulted industry white papers, technical guidelines
from ISO and the Ellen MacArthur Foundation, and public reports from companies like Nestlé, Coca-Cola,
and Danone to complement academic insights with practical developments.

A final triangulation step was performed to map intersections across LCSA, CE, and Al This revealed
a critical insight: while CE and LCSA are well integrated in some literature, Al often remains separated
from the broader sustainability discourse. This gap underscores the importance of this review. Additionally,
the inclusion of cross-sectoral benchmarks allowed the team to detect performance disparities in LCSA
adoption between fast-moving consumer goods (FMCG) and industrial packaging sectors. Studies showed
that companies employing machine learning for LCA prediction models achieved an average 20% reduction
in data processing time. Integrating blockchain for material traceability was also observed in 10% of the
case studies, reflecting early convergence between Al and packaging supply chains. A gap analysis further
showed that only 5 out of 85 peer-reviewed studies explicitly combined all three concepts—LCSA, CE, and
AI—highlighting the critical need for interdisciplinary convergence in this domain.

Positioning with Prior Reviews

Compared to prior systematic reviews, which primarily addressed AI's role in circular economy
transitions or recycling systems independently, this review is the first to comprehensively integrate Life
Cycle Sustainability Assessment (LCSA), circularity mapping, and artificial intelligence (AI) within the
specific context of packaging systems—for example, focused on the role of Al in general CE initiatives
without industry-specific granularity [15], while examining AI-based recycling technologies with minimal
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connection to broader lifecycle frameworks or decision support systems [16,17]. Moreover, existing reviews
typically lack cross-domain taxonomies, do not explore model-level AI categorisation, and rarely assess the
maturity or scalability of Al tools across packaging functions, as summarised in Table 2.

Table 2: Comparison of systematic reviews on Al in sustainability

Study Focus area Sector Al detail Packaging Gap addressed by
specificity level coverage this paper
Previous General Al No Medium No Sector-specific
review [18] & CE synthesis
Previous Alin Medium High Limited Adds LCSA
review [19] recycling integration
Our review LCSA + CE Yes High Yes First to merge the
(2025) + Al (Packaging) three pillars with case
synthesis

This paper bridges those gaps by offering a sector-focused synthesis, mapping Al functions to sustain-
ability impacts, and identifying the interoperability barriers across LCSA, CE, and Al frameworks. As such,
it presents an application-ready roadmap that enables researchers and industry stakeholders to understand
where Al is used and how it can be aligned with lifecycle impact reduction and circular design goals
in packaging.

3 Life Cycle Sustainability Assessment (LCSA)

Life Cycle-Based Sustainability Assessment (LCSA) provides a holistic framework to evaluate packaging
materials’ environmental, economic, and social impacts across their entire life cycle [20]. A visual represen-
tation of the LCSA framework is shown in Fig. 3. It is guided by ISO 14040 standards, ensuring a standardised
approach to sustainability assessment [21]. The LCSA framework incorporates three critical stages:

—

Figure 3: Visualising the life cycle of sustainable packaging
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3.1 Raw Material Extraction and Production

This stage focuses on the initial phases of a packaging material’s life cycle, including the extraction
of raw materials and their conversion into packaging products [22]. These processes are often energy-
intensive and rely on non-renewable resources, contributing significantly to environmental impacts such as
greenhouse gas emissions and habitat destruction [23]. For example, Coca-Cola’s initiative to adopt 100%
recycled PET bottles showcases how material innovation can reduce the carbon footprint and reliance on
virgin resources [24]. While Coca-Cola and IKEA are frequently cited for sustainable packaging practices,
their publicly disclosed AI deployments remain limited primarily to logistics, marketing, and supply
chain forecasting—not material-level circularity or packaging-specific Al applications. In this review, these
companies are presented as general sustainability leaders, rather than as exemplars of Al-driven packaging
systems. Using recycled materials, companies can lower energy consumption by up to 75%, minimise waste,
and conserve natural resources.

Al-driven LCA platforms enable dynamic updating of emissions profiles based on operational changes
or supply chain disruptions [25]. For instance, machine learning algorithms can analyse raw material
sourcing data to identify lower-impact alternatives and optimise processing parameters to reduce energy
consumption during production.

3.2 Use Phase

The usage phase emphasises the functionality and performance of packaging while minimising its
environmental impact [26]. Packaging must balance durability, aesthetic appeal, and environmental per-
formance. Innovations in reusable packaging systems, such as TerraCycle’s Loop program, illustrate how
the industry can reduce waste and improve efficiency [27]. This program enables consumers to return used
packaging for cleaning and reuse, significantly reducing single-use plastic waste. Lightweighting strategies
and intelligent design approaches enhance packaging efficiency and sustainability [28].

AT applications during the use phase include innovative packaging systems that monitor product con-
ditions and optimise shelf life, reducing waste and extending product usability. Computer vision algorithms
can assess packaging integrity in real-time, preventing premature disposal of functional packaging [29].

3.3 End-of-Life Management

Effective waste management practices are critical for minimising the environmental burden of pack-
aging materials at the end of their life cycle [30]. Recycling, composting, and energy recovery are essential
strategies to divert packaging waste from landfills and incineration [31]. Unilever’s investment in advanced
recycling technologies demonstrates the potential to enhance material recovery rates and reduce contami-
nation in recycling streams [32]. Moreover, developing biodegradable and compostable materials presents
a viable solution to address the challenges of plastic pollution and ensure compatibility with existing waste
management infrastructure.

Altechnologies have revolutionised end-of-life management through improved waste sorting, recycling
process optimisation, and material identification [33]. Systems like AMP Robotics utilise deep learning to
identify and sort recyclables with over 99% accuracy, significantly enhancing recovery rates and reducing
processing costs [34].

4 Circularity Mapping for Packaging Materials

Circularity mapping aims to establish closed-loop systems for packaging by focusing on strategies such
as recycling, reuse, and resource efficiency. A framework illustrating this approach is shown in Fig. 4. It
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identifies opportunities to minimise waste and optimise resource use across the entire life cycle of packaging
materials [35].

(azun)
"7 circuLAR
ECONOMY

COLLABORATION

Figure 4: Circular economy framework for packaging materials showing material flow optimisation, recycling loops,
and waste reduction strategies across the packaging lifecycle

4.1 Material Substitution

Replacing conventional materials with sustainable alternatives is a fundamental aspect of circularity
mapping [36]. For instance, IKEAs adoption of mushroom-based packaging exemplifies the potential of
biodegradable materials to replace traditional plastics [37]. By using renewable and compostable mate-
rials, companies can significantly reduce their environmental footprint and align with circular economy
objectives [38].

Other promising examples include:

o Dell’s use of bamboo and moulded paper pulp as alternatives to plastic packaging [39]
« Carlsberg’s development of a bio-based “Green Fibre Bottle” [40]
o LOréal’s adoption of paper-based cosmetic tubes to replace plastic [41]

AT technologies facilitate material substitution by simulating and predicting the performance of novel
materials under various conditions, accelerating the development and adoption of sustainable alternatives.

4.2 Circular Design

Effective design strategies are essential for enabling recycling, reuse, and resource efficiency [42].
Packaging that facilitates disassembly and material recovery ensures compatibility with recycling systems.
Nestlé’s development of recyclable paper-based packaging serves as a practical example of design for
circularity, emphasising the need for innovations that enhance material recovery and reduce waste [43].

Key circular design principles include:
«  Mono-material construction to enhance recyclability
o Design for disassembly to facilitate material separation

«  Minimalist packaging approaches to reduce resource consumption
«  Modular designs that enable component replacement instead of complete disposal
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The Material Circularity Indicator (MCI) quantitatively measures circularity in packaging design,
helping companies evaluate and improve their packaging systems [44].

4.3 Waste Recovery Systems

A robust waste management infrastructure is crucial for achieving circularity in packaging. Effec-
tive waste collection, sorting, and recycling systems maximise material recovery and minimise landfill
dependency [45]. TerraCycle’s Loop initiative demonstrates a scalable approach to creating closed-loop
systems [46]. By enabling consumers to return used packaging for reuse, the program not only reduces waste
but also promotes a culture of circularity [47].

AT enhances waste recovery through:

» Route optimisation for collection vehicles, reducing fuel consumption and emissions [48]

o Real-time waste bin monitoring to optimise collection schedules [49]

o Blockchain-based tracking systems that verify recycled content and ensure transparency [50]

o Predictive maintenance for recycling equipment to minimise downtime and processing
inefficiencies [51]

5 Artificial Intelligence Applications in Circular Packaging Systems

AT applications are reshaping sustainable packaging through precision material management, waste
stream minimisation, and intelligent recycling enhancement. This technological integration demonstrates
significant potential for accelerating circularity in the sector [52]. Fig. 5 illustrates the Artificial Intelligence
Integration Network, highlighting key application areas in sustainable packaging.

Figure 5: Artificial intelligence integration network showing key application areas in sustainable packaging: automated
waste sorting, predictive analytics, lifecycle optimisation, and intelligent packaging systems
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Al-powered systems enable real-time monitoring of packaging processes, improving operational
efficiency and minimising environmental impact. Machine learning algorithms are increasingly used to
predict material behaviour and optimise packaging design. Furthermore, innovative packaging systems
integrated with sensors and IoT facilitate better product tracking, extended shelf life, and informed
consumer engagement.

A taxonomy of Al applications in sustainable packaging was developed based on synthesising the
reviewed literature. These applications can be categorised into three functional domains aligned with
different stages of the packaging lifecycle, as shown in Table 3. First, predictive optimisation involves
forecasting material demands, simulating resource flows, and improving packaging configurations through
machine learning and statistical models. Second, real-time operational control uses Al in automation tasks
such as high-speed waste sorting, defect detection, and sensor-guided process control, often employing
computer vision and robotics. Third, by integrating large supply chain and environmental databases,
strategic sustainability planning leverages Al to support life cycle sustainability assessments (LCSA), material
circularity indicators, and scenario modelling.

Table 3: Mapping of Al techniques to packaging sustainability functions

Al technique Sustainability function = Example tools or models  Maturity level

Computer vision Automated waste sorting CNN, YOLO, High
OpenCV-based systems
Regression & ML Demand forecasting, Linear regression, Medium-High
optimisation XGBoost
Clustering Material classification K-means, DBSCAN Low-Medium
Deep learning Lifecycle prediction, RNN, LSTM, Emerging
anomaly Detection Autoencoders
Reinforcement learning  Process control, dynamic Q-Learning, DQN Low
routing
NLP Policy mining, consumer BERT, GPT Low
feedback

Each domain varies in maturity, ranging from early-stage deployment (e.g., LCSA modelling) to
industrial-scale implementation (e.g., Al-guided recycling systems). This classification helps clarify how Al
contributes across different layers of the packaging value chain and highlights areas that require further
technical refinement and real-world validation. A comparative analysis of key AI use cases in sustainable
packaging, summarised in Table 4, highlights differences in technical maturity, implementation accuracy,
and sustainability benefits across the packaging lifecycle.

Table 4: Comparative analysis of Al applications in sustainable packaging systems across functionality, technical
maturity, and impact

Al usecase  Application Tools/Methods  Accuracy  Implementation Sustainability

area level maturity benefit
Predictive Resource ML, regression High Medium Moderate
analytics forecasting

(Continued)
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Table 4 (continued)

Al usecase Application Tools/Methods Accuracy  Implementation Sustainability

area level maturity benefit
Waste Recycling CNN, vision Very High High High
sorting facilities models
automation
Lifecycle LCA Deep learning Moderate Low-Medium High

modeling  optimization

While advancements exist, the field lacks established standards for AT deployment in packaging. There
is a notable paucity of studies quantitatively measuring essential metrics like AI system precision, scalability,
and cost-benefit ratios in practical packaging environments. Furthermore, current AI applications remain
narrowly focused on end-of-life waste processing, with fewer innovations in early-stage packaging design
or lifecycle forecasting. A cross-comparative framework that integrates technical performance with LCA
outcomes is essential to move forward.

5.1 Predictive Analytics for Resource Efficiency

Al-powered predictive analytics has crucial in optimising packaging processes and reducing waste. Al
models can accurately forecast material demands by analysing historical data and real-time trends, prevent-
ing overproduction and excess packaging. For example, platforms like OptiCycle utilise AI to optimise the
recycling process by predicting recycling trends and identifying areas for improvement in packaging supply
chains [53]. By leveraging AT’s ability to analyse vast datasets, companies can align production cycles with
actual demand, minimising packaging waste and enhancing resource efficiency [54].

Case studies indicate that predictive analytics can reduce packaging material waste by 15%-30% and
optimise inventory management, leading to significant cost savings and environmental benefits.

5.2 Al in Automated Waste Sorting

AT has significantly improved waste sorting in recycling facilities, making the process more accurate
and efficient [55]. Traditional sorting relies heavily on human labour, which can lead to inefficiencies and
contamination of recyclable materials. AI, through machine learning algorithms, is now used in systems like
AMP Robotics’ waste sorting robots, which use visual recognition to identify and separate materials such
as plastic, metal, and paper with high accuracy [56]. This automation reduces the time and labour required
for sorting while improving the quality of recyclable materials, enhancing the efficiency of the recycling
process [57].

Recent implementations have demonstrated:

o Increased sorting accuracy from 65%-70% (manual) to 95%-99% (Al-assisted)

o Processing speed improvements of 50%-80%

« Reduced contamination rates in recycling streams by 40%-60%

o Lower operational costs through labour efficiency and improved material recovery [58]

5.3 Lifecycle Optimisation with Al

Al tools help companies optimise the lifecycle of packaging materials by analysing environmental
impacts at each stage, from production to disposal [59]. Lifecycle analysis (LCA) tools powered by AI can
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track energy consumption, raw material usage, and waste generation during packaging production. Google’s
Al-driven environmental impact assessments, for instance, provide actionable insights into how packaging
can be redesigned to reduce carbon emissions and material waste [60]. AI systems recommend sustainable
alternatives, such as using biodegradable materials or reducing packaging weight, ultimately supporting a
circular economy where resources are reused and recycled.

Classical LCA models are often deterministic and rely on linear assumptions, static data, and prede-
fined system boundaries. However, real-world packaging systems involve nonlinear relationships, such as
feedback loops in supply chains, material degradation over time, and dynamic consumer behaviours. Al,
particularly machine learning and neural networks, can more effectively model complex, uncertain, and
multidimensional patterns than rule-based simulations. For example, Al can adapt to noisy or incomplete
sensor data, learn probabilistic relationships between material properties and lifecycle impact, and update
predictions as new data becomes available. This capability is handy for integrating real-time emissions data,
evaluating multiple packaging configurations simultaneously, and personalising sustainability assessments
based on regional or product-specific variables.

Integration of AI with LCA enables:

« Dynamic updating of environmental impact assessments based on real-time data [61]
»  Scenario modelling to evaluate alternative packaging strategies [62]
 Identification of environmental hotspots for targeted improvement [63]

« Automated data collection across complex supply chains [64]

5.4 Smart and Connected Packaging Systems

Al-enabled innovative packaging is a significant advancement in sustainable packaging. By integrating
Internet of Things (IoT) sensors, innovative packaging provides real-time data on product usage, packaging
condition, and disposal [65]. This data allows for better waste management and more efficient resource
allocation. For example, smart tags can monitor packaging integrity during transport and storage, ensuring
the product remains in optimal condition [66]. Additionally, these intelligent systems can provide consumers
with information on how to dispose of or recycle packaging correctly, encouraging responsible consumer
behaviour [67]. The use of innovative packaging extends to areas like reducing food waste by ensuring that
perishable items are kept at the right temperature, further enhancing sustainability [68].

Notable applications include:

» Temperature-sensitive indicators that reduce food waste by 15%-25% [69]

+ QR codes linking to detailed recycling instructions specific to local infrastructure [70]
« Embedded sensors that monitor product freshness and extend shelf life [71]

» NFC tags enabling product authentication and preventing counterfeit products [72]

5.5 Categorisation of Al Techniques for Sustainable Packaging

Artificial Intelligence encompasses various methodologies suited to different functions within the
sustainable packaging lifecycle. While earlier sections have discussed application areas, this section classifies
AT techniques based on their underlying learning paradigms—providing a more transparent framework for
understanding how different models are aligned with specific sustainability goals in packaging systems.

Supervised learning is the most commonly applied category in sustainable packaging, particularly for
predictive modelling tasks such as demand forecasting, lifecycle impact estimation, and material behaviour
prediction [73]. These models are trained on historical datasets with labelled outputs, enabling packaging
engineers to anticipate environmental or operational outcomes under varying conditions. For instance, linear
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regression and random forest models forecast material needs and reduce inventory waste. At the same time,
support vector machines have been applied to quality control in packaging processes.

Unsupervised learning techniques, by contrast, are employed when labelled data is scarce [74]. These
methods—such as clustering and dimensionality reduction—are used to identify hidden patterns in waste
streams, segment consumer behaviour in packaging disposal, or detect anomalies in sensor-based monitor-
ing systems. For example, clustering algorithms can help categorise types of recyclable materials from mixed
waste datasets without prior labelling, enabling better sorting decisions and targeted recycling interventions.

Deep learning, a subset of machine learning, has seen growing adoption in areas requiring complex
pattern recognition—especially image-based applications like automated waste classification using con-
volutional neural networks (CNNs). These models can accurately identify and sort packaging materials
such as PET, HDPE, or mixed plastics, improving both efficiency and purity in recycling systems [75].
Innovative packaging also uses deep learning to enable real-time environmental sensing and dynamic
condition monitoring through sensor fusion and signal interpretation.

Reinforcement learning (RL) is an emerging area in circular packaging systems, particularly in adap-
tive control and sequential decision-making. In RL, agents learn optimal actions through environmental
feedback—making it well-suited for route optimisation in waste collection logistics or real-time adjustment
of energy inputs during packaging production [76]. For example, RL algorithms can continuously improve
the performance of smart bins that signal when they need to be emptied or optimise packaging line
operations for minimum material use and energy consumption.

By mapping these Al categories to their specific roles in sustainable packaging, researchers and
practitioners can better select and design solutions for each stage of the packaging lifecycle. This classification
also reveals opportunities for hybrid models that combine supervised and reinforcement learning or integrate
unsupervised pre-processing for enhanced prediction accuracy. Understanding and leveraging these model-
level distinctions will be essential for building scalable and interpretable AI solutions as digital infrastructure
expands in the packaging sector.

6 Policy Frameworks and Recommendations for Sustainable Packaging

The transition to sustainable packaging systems requires comprehensive policy frameworks that encour-
age innovation, accountability, and widespread adoption of sustainable practices [77]. Governments play a
crucial role in driving this change by creating supportive policies and providing incentives for businesses
to shift toward more environmentally-friendly packaging solutions [78]. Fig. 6 illustrates the interconnected
nature of these policy frameworks.

In addition to regulatory mandates, governments must align industrial, environmental, and digital
strategies to accelerate circular transformation. Precise definitions of sustainable packaging, standardised
compliance metrics, and enforcement mechanisms are essential to ensure industry-wide consistency.
Moreover, policy frameworks should be dynamic and adaptive, incorporating feedback from emerging
technologies such as Al and real-time environmental monitoring systems.
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Figure 6: Visual representation of sustainable packaging policy frameworks showing the relationship between manda-
tory Life Cycle Sustainability Assessment (LCSA) reporting, economic incentives for circular economy adoption, and
capacity-building initiatives for AI and circular economy integration

6.1 Mandatory LCSA Reporting

Implementing Life Cycle Sustainability Assessments (LCSA) for all packaging materials is crucial in
ensuring sustainable packaging. LCSA, aligned with ISO 14040 standards, evaluates the environmental,
social, and economic impacts of packaging across its entire life cycle—from raw material extraction to
disposal [79]. By enforcing LCSA, governments can create a system of accountability and transparency,
where companies are required to assess and report the sustainability of their packaging choices [80]. This will
incentivise businesses to adopt more sustainable materials, optimise packaging designs, and reduce waste.
Mandating LCSA not only helps track the environmental impact of packaging but also provides businesses
with valuable insights into where improvements can be made, thus enabling more sustainable choices at
every stage of the packaging lifecycle [81].

Policy recommendations include:

«  Establishing standardised LCSA reporting frameworks compatible with international standards

o Implementing phased approaches that prioritize high-impact packaging sectors [82]

o Developing digital platforms for streamlined reporting and transparency [83]

o Creating public databases of LCSA results to enable benchmarking and comparative analysis [84]
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6.2 Economic Incentives for Circularity

To drive the adoption of circular economy principles in packaging, governments can offer tax benefits,
subsidies, and grants for companies that embrace circular designs and sustainable materials [85]. Circular
economy practices focus on designing products and materials for reuse, recycling, and remanufacturing,
ensuring that packaging materials are used for as long as possible [86]. The European Unions Circular
Economy Action Plan is a strong model for such initiatives, including measures to reduce packaging waste,
promote recycling, and encourage using renewable or recycled materials in packaging production [87]. By
incentivising circular practices, governments can help businesses offset the initial costs of transitioning to
sustainable materials and processes [88]. These incentives will also make sustainable packaging options more
competitive, encouraging widespread adoption.

Effective economic mechanisms include:

o  Tax credits for investments in circular packaging technologies [89]

« Reduced extended producer responsibility fees for easily recyclable packaging [90]

o  Preferential procurement policies for products with sustainable packaging [91]

« Subsidies for research and development of innovative circular packaging solutions [92]
o Landfill taxes and disposal fees that reflect actual environmental costs [93]

6.3 Capacity-Building for AI and CE Integration

Building capacity within organisations and communities is essential to ensure the effective implemen-
tation of sustainable packaging practices [94]. Governments should invest in training programs focused
on circular economy principles, life cycle assessments, and the integration of advanced technologies such
as Al for optimising packaging systems [95]. By offering education and certification programs, businesses,
packaging professionals, and policymakers can gain the knowledge and skills needed to support sustainability
efforts [96]. Partnerships with organisations such as the Ellen MacArthur Foundation, which focuses on
accelerating the transition to a circular economy, can help facilitate knowledge-sharing and create networks
of expertise [97]. Additionally, these initiatives should involve collaboration between industry stakeholders,
academia, and government agencies to ensure that the latest research and technology are incorporated into
policy development and business practices [98].

Priority capacity-building initiatives should include:

o Technical training programs for packaging designers and engineers

o Al literacy programs for packaging industry professionals [99]

o Knowledge-sharing platforms connecting researchers, industry experts, and policymakers

« Interdisciplinary research centres focused on sustainable packaging innovation [100]

o  Public awareness campaigns to promote consumer understanding of sustainable packaging [101]

7 Discussion

The convergence of LCSA, circularity mapping, and Al presents a powerful opportunity for redefining
sustainability in packaging. As industries evolve toward digitised sustainability, combining life cycle thinking
with intelligent technologies can transform reactive compliance strategies into proactive optimisation. This
section reflects on emerging trends, integration gaps, and future priorities based on the literature examined.

Packaging systems enhanced by AI show potential in automating LCA data collection, reducing errors,
and improving granularity in emissions tracking—circularity mapping benefits from real-time material
tracking and improved scenario modelling [102]. However, there is a visible fragmentation in the research
focus—most studies address only one or two dimensions, and the complete triad is rarely addressed.
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The lack of standardised interfaces between LCA tools and Al software limits smooth integration [103].
There is also hesitancy in adopting Al in packaging workflows due to technical skill shortages, data security
concerns, and uncertainty in return on investment.

At the same time, the transition to Al-enabled circular packaging is not without risks [104]. Excessive
dependence on automation can overlook social and ethical implications. Over-optimising for recyclability
may undermine broader product performance. Similarly, designing exclusively for circularity without
considering material safety and regulatory compliance can backfire.

To build momentum, industry and academia must collaborate to create open-source AI models tailored
to packaging applications [105]. Regional capacity-building must be prioritised, especially in the Global
South, to avoid exacerbating digital divides in sustainability transitions [106].

Finally, transparency and accountability will be essential as packaging becomes smarter and more
traceable. Stakeholders will need algorithms and assurance that these systems align with social equity,
ecological justice, and ethical innovation. Thus, the integration of LCSA, CE, and AI must be guided by
interdisciplinary dialogue and long-term systems thinking. This perspective bridges technology foresight and
sustainable policy planning, urging a shift from fragmented experimentation to systemic transformation.
Success will depend on innovation, transparency, inclusivity, and shared governance across the value chain.
As the field advances, integrating behavioural insights, regulatory alignment, and equity-centred design will
be as critical as technological sophistication.

8 Future Research Directions in Sustainable Packaging

The future of sustainable packaging is dependent on continued innovation and research [107]. As the
demand for eco-friendly solutions grows, addressing key challenges in material use, waste management, and
packaging lifecycle is critical [108]. The following research directions are essential for advancing sustainable
packaging systems and ensuring their widespread adoption across industries [109].

8.1 Scalable AI Models for Material Flow Optimisation

AT holds immense potential in transforming material and waste management processes, but further
research is needed to develop scalable AT models that can be applied across diverse packaging systems [110].
While Al-driven technologies have demonstrated success in optimising packaging designs, waste sorting,
and material recovery, there is still a need for more sophisticated models that can handle larger datasets
and more complex systems [111]. Researchers should focus on enhancing machine learning algorithms to
predict material flows more accurately, optimise recycling processes, and reduce waste generation in real-
time [112]. Additionally, Al models must be adaptable to a variety of industries, ensuring that solutions can be
customised for different packaging materials and production scales [113]. The development of these scalable
Al models will support the circular economy by improving waste management efficiency, extending material
lifecycles, and promoting sustainable production practices [114].

Priority research areas include:

« Open datasets and collaborative Al platforms focused on packaging sustainability [115]

« Edge computing solutions for real-time packaging optimisation [116]

» Transfer learning approaches to adapt AI models across different packaging contexts [117]
» Digital twins of packaging systems for simulation and optimisation [118]
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8.2 Innovation in Biodegradable Materials

One of the most significant areas for future research is the development of innovative biodegradable
materials that can replace traditional plastics and packaging materials [119]. These materials must offer
enhanced lifecycle performance, ensuring that they not only decompose efficiently but also provide adequate
protection and durability during their use [120]. Research efforts should focus on creating biodegradable
materials derived from renewable resources, such as plant-based polymers, that meet the performance
standards of conventional packaging [121]. Additionally, these materials should be cost-effective, scalable, and
compatible with existing manufacturing processes [122]. Improving the environmental impact of biodegrad-
able materials requires comprehensive studies on their end-of-life behaviour, including biodegradation rates
and potential ecological effects [123]. Such research will drive the widespread adoption of biodegradable
materials, reducing reliance on single-use plastics and fostering a more sustainable packaging industry [124].

Promising research directions include:

«  Novel biopolymers derived from agricultural and food waste [125]

o Composite materials combining natural fibres with biodegradable binders [126]

« Enzymatically triggered degradation for controlled end-of-life management [127]
o Nanocellulose-based packaging with enhanced barrier properties [128]

8.3 Socio-Economic Analysis of Circular Transitions

While the environmental benefits of circular packaging systems are well-documented, there is a need
for more research on the socio-economic impacts of such systems, particularly on global supply chains [129].
The transition to circular packaging practices will have far-reaching effects on economies, labour markets,
and industries worldwide [130]. Research should focus on understanding how circular packaging systems
influence job creation, economic growth, and the redistribution of resources in different regions [131].
Additionally, studies should explore the potential barriers to implementing circular packaging, such as
cost, infrastructure challenges, and consumer behaviour [132]. By assessing these socio-economic factors,
policymakers and businesses can make informed decisions about the most effective strategies for scaling
circular packaging solutions in global supply chains [133].

Key research questions include:

« Job creation and labour market impacts of transitioning to circular packaging systems

o  Economic implications for developing economies dependent on packaging production
o Consumer acceptance and willingness to pay for sustainable packaging options

o Supply chain resilience in circular vs. linear packaging systems

o Equity considerations in the distribution of benefits from circular packaging transitions

8.4 Expanding ISO 14040-Based Methodologies

ISO 14040 provides a standardised methodology for life cycle assessments (LCA), but future research
should focus on expanding its applicability to a broader range of packaging innovations [134]. While LCA
is an essential tool for assessing the environmental impact of packaging materials and systems, there are
emerging technologies and materials that require new LCA methods to evaluate their sustainability [135].
Researchers should explore how to adapt and expand ISO 14040 frameworks to account for novel materials,
advanced production processes, and innovative packaging designs [136]. By doing so, researchers can create
more robust and flexible LCA tools that can be applied to diverse packaging solutions, helping businesses
make data-driven decisions that align with sustainability goals [137].

Methodological advances should address:
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« Streamlined LCA approaches suitable for rapid innovation cycles [138]

« Integration of social impact metrics within LCA frameworks [139]

« Standardised methods for assessing reusable packaging systems [140]

«  Accounting for technological obsolescence in long-lived packaging systems [141]

« Harmonised approaches to quantify the impacts of Al and digital technologies [142]

8.5 Ethical and Algorithmic Governance in AI-Driven Packaging

Future research should develop regulatory frameworks to address ethical concerns surrounding Al in
packaging. These concerns include algorithmic bias in waste classification, potential misuse of consumer
data from innovative packaging, and a lack of transparency in AI-driven decision-making processes [143].
Ethical AI frameworks specific to packaging technologies must be developed to ensure trust and fairness.
These frameworks should incorporate principles of equity, fairness, and environmental justice.

« Developing standardised ethical Al protocols for packaging technologies can ensure fairness, account-
ability, and transparency across the value chain, particularly where AI automates classification or
lifecycle predictions.

« Inclusion of equity and fairness indicators in AI-LCA models can help assess whether outputs sup-
port socially inclusive and environmentally just outcomes, especially when targeting underserved or
vulnerable populations.

o  Third-party auditing systems and traceability tools should be embedded into Al infrastructure to allow
stakeholders to verify algorithmic decisions and mitigate risks associated with opaque Al systems.

8.6 Human-AlI Collaboration and Cross-Disciplinary Interfaces

Sustainable packaging solutions increasingly depend on collaboration between AI developers, pack-
aging engineers, materials scientists, social scientists, and policymakers. As Al tools become embedded
in lifecycle optimisation and intelligent packaging systems, the importance of developing accessible and
inclusive interfaces grows [144]. Non-technical users, such as designers or sustainability officers, should be
able to interpret Al-generated lifecycle results through intuitive dashboards or simulation tools [145].

» Co-creation platforms and participatory design approaches must be strengthened to enable real-time
collaboration between industry, academia, and civil society, ensuring that various perspectives shape Al
tools [146].

o  Cross-disciplinary training programs and simulation environments (e.g., policy sandboxes) can bridge
communication gaps and encourage innovation, enabling diverse teams to experiment with Al-
packaging applications in low-risk settings [147].

These strategies ensure that AI-enhanced sustainability systems are technologically advanced, inclusive,
equitable, and rooted in social and cultural realities.

9 Conclusion

The transition to sustainable packaging is both a necessity and a strategic opportunity in the face of
escalating environmental challenges. This review demonstrates that integrating Life Cycle Sustainability
Assessment (LCSA), circularity mapping, and Artificial Intelligence (AI) offers a robust framework for
designing intelligent, resource-efficient packaging systems. LCSA enables a holistic assessment of environ-
mental, economic, and social impacts, while circular economy principles provide regenerative strategies
such as reuse and material recovery. AI complements both by enabling real-time monitoring, predictive
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modelling, and adaptive control—bridging the gap between static assessments and dynamic decision-
making.

ATs role extends beyond automation; it transforms how packaging systems respond to variability
and complexity across the value chain. From material selection to end-of-life recovery, Al facilitates data-
driven interventions that enhance efficiency, reduce waste, and support long-term sustainability goals. While
companies like Coca-Cola, Unilever, and IKEA illustrate the practical feasibility of these approaches, their
implementations also reveal gaps in the consistent use of Al specifically for packaging circularity, indicating
untapped potential.

This review contributes a novel synthesis by mapping Al functions to packaging sustainability objectives,
classifying Al techniques by their lifecycle application, and integrating them with LCSA and CE frame-
works. It highlights best practices and innovations and surfaces interoperability-related challenges, ethical
governance, and regional disparities.

Ultimately, the path to sustainable packaging cannot rely on technology alone. Real progress requires
coordinated action—standardised methodologies, inclusive policy frameworks, and cross-disciplinary col-
laboration. The roadmap presented in this review serves both as a conceptual guide and a practical
toolkit for transforming packaging from a linear, impact-heavy system into a cornerstone of circular and
intelligent sustainability.
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