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Abstract

The increasing demand for products and services coupled with growing environmental concerns has
necessitated a shift towards sustainable product development. Traditional methods often prioritize
functionality over environmental impact, leading to resource depletion and waste generation. To
address this, as environmental concerns are increasing in importance, innovative solutions are required
to integrate sustainability considerations into product lifecycles.

This study investigates the role of Artificial Intelligence (AI) in promoting sustainability within
product service systems. A systematic literature review was conducted to identify key Al technologies
and methodologies employed across different stages of product development. The analysis focused on
the impact of these technologies on environmental sustainability and business performance.

The findings reveal that Al technologies, including machine learning, natural language processing, and
virtual prototyping, can significantly enhance sustainability. These tools may optimize product design,
reduce material consumption, and minimize environmental impact. Furthermore, Al applications in
predictive maintenance, end-of-life management, and energy efficiency contribute to resource
optimization and waste reduction.

Al has the potential to transform product service system development by integrating sustainability
principles. By optimizing resource utilization, reducing waste, and enhancing decision-making, Al can
drive both environmental and economic benefits. While challenges such as data quality and algorithm
development exist, the overall positive impact of Al on sustainability is evident.

1. Introduction

The rapid advancement in technology and the continuous demand for new products and services, in an
era where environmental considerations are growing, have increased pressure on organizations to
efficiently manage resources and reduce product waste. Traditional product development methods
often prioritize consumer demands and optimizing functionality, with little regard for environmental
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impacts, leading to significant waste and inefficiencies throughout product lifecycles. This oversight
has contributed to global sustainability crisis (Zhou et al., 2024).

In response, organizations recognize the importance of sustainability, whereby there has been a
noticeable shift towards integrating innovative solutions considering sustainability into their product
lifecycles. The growing recognition of sustainability as a fundamental business operation has driven
the exploration of advanced technologies, particularly Artificial Intelligence (AI), in fostering
sustainable practices within organizations (Naeem et al., 2024).

Al have demonstrated great potential in transforming product development processes to be more
resource-efficient and environmental friendly (Basha et al., 2023). Sustainable servitization, which
involves integrating services directly into product offerings, has emerged as a key mechanism for
enhancing sustainability practices. When combined with Al technologies, this approach, significantly
improves resource efficiency and reduces environmental impacts, facilitating sustainable business
transformations (Valizadeh et al., 2024).

Al's role in product development involves various stages, from design optimization to predictive
maintenance and end-of-life management. Design optimization uses Al algorithms to analyse vast
amounts of data, informing the design of products with extended lifespans, reduced material usage,
and easier disassembly for recycling (Maarif et al., 2024). Virtual prototyping and simulation, powered
by Al allow business to predict product performance and identify potential environmental concerns
early in the development phase, minimizing the need for physical prototypes and conserving resources
(Nicoletti & Appolloni, 2023). Additionally, predictive maintenance enables the anticipation of
equipment failures and the optimization of maintenance schedules (O. K. Aeddula et al., 2024), while
end-of-life management strategies ensure responsible recycling and waste minimization (Hassaan et
al., 2024).

The integration of Al into product development emphasizes its potential as a powerful catalyst for
sustainable IT practices. By optimizing resource use and minimizing waste, Al enables businesses to
achieve environmental responsibility and gain a competitive edge in a market increasingly focused on
sustainability. The development of energy-efficient Al algorithms and hardware further reduces and
contributes to reducing the overall environmental impact of Al applications (Chauhan et al., 2022).
Energy-efficient Al systems not only consume less power but also contribute to the overall
sustainability of IT operations by lowering the carbon footprint associated with computational
activities (David et al., 2024).

As organizations increasingly recognize the importance of sustainability, the role of Al in fostering
sustainable IT practices becomes ever more critical. By utilizing the capabilities of Al to optimize
product design, enhance maintenance processes, and manage end-of-life scenarios, companies can
achieve significant environmental benefits while maintaining a competitive advantage. This alignment
with sustainability not only meets regulatory and consumer expectations but also positions
organizations as leaders in the transition towards a more sustainable future (Bi et al., 2024).
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This paper aims to explore the key Al technologies and methodologies currently employed in Product
Service Systems (PSS) development to promote sustainability. By providing a comprehensive
overview of state-of-the-art Al applications in product development, the study offers valuable insights
into how businesses can leverage Al to drive sustainability and transform IT practices and policies
(Yordanova, 2024).

This paper is structured as follows: In section two, the research design is presented. Section three
presents the results of the conducted literature review. Finally, section four concludes the paper and
discusses the implications of our research findings for role of Al in product development and its impact
on sustainable IT practices and policies.

2. Research Design

To investigate the pivotal role of Al in advancing sustainable product development within PSS, a
systematic literature review was conducted. This research aims to identify and analyse key Al
technologies and methodologies currently employed to promote sustainability in this domain.

2.1. Research question:

What are the key Al technologies and methodologies currently being employed in product service
systems development to promote sustainability?

2.2. Research Strategy

The research adopts a qualitative approach, utilizing a systematic literature review to investigate the
intersection of Al, PSS, and sustainability. This methodology facilitated a comprehensive examination
of existing literature, enabling the identification of emerging trends, technologies, and methodologies
shaping sustainable product development.

2.3. Search Strategy

A comprehensive search strategy was employed to ensure the inclusion of relevant literature. The
following search string was utilized:

("artificial intelligence" OR "AI" OR "Machine Learning" OR "ML" OR "Neural Networks" OR "NN"
OR "Deep Learning" OR "DL" OR "Computer Vision" OR "Natural Language Processing" OR "NLP"
OR "Cognitive Computing" OR "Intelligent Systems" OR "Robotics" OR "Expert Systems")

AND

("Product Service Systems" OR "PSS" OR "Product Development" OR "Serviti?ation" OR
"Conceptual Product" OR "Product Lifecycle Management" OR "Industrial PSS" OR "Product
Design" OR "Product Innovation" OR "Product Engineering" OR "Integrated Product Service
Offerings")

AND

("Sustainability” OR "Sustainable" OR "Circular Economy" OR "Green Technology" OR "Eco-
Friendly" OR "Resource Efficiency" OR "Waste Minimization" OR "Environmental Impact" OR
"Sustainable Development" OR "Green IT" OR "Eco-Innovation" OR "Environmental Responsibility")
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This search was executed using the Scopus database, yielding an initial pool of 781 articles. The
keywords were chosen to cover a broad spectrum of Al technologies, PSS domains, and sustainability
aspect.

2.4. Selection Criteria

To refine the selection of articles for in-depth analysis, a set of inclusion and exclusion criteria were
applied:

e Inclusion Criteria:
o Articles addressing the use of Al application in product development.
o Studies focusing on sustainable practices or principles within PSS.
o Peer-reviewed research articles, reviews, and case studies.
e Exclusion Criteria:
o Articles not directly related to Al applications in product development.
o Studies that do not emphasize sustainability or circular economy aspects.
o Non-peer-reviewed publications, conference abstracts, and grey literature.

This screening process resulted in a narrowed selection of 67 articles, which were then subjected to
detailed review and analysis.

2.5. Data Extraction and Analysis

The selected articles were analysed to extract data relevant to the study's focus areas:

e Types of Al technologies and methodologies used in PSS development (e.g., Machine
Learning, Neural Networks, Computer Vision).

o Specific Al applications across various stages of the product lifecycle, such as design
optimization, virtual prototyping, predictive maintenance, and end-of-life management.

e The impact of Al on promoting sustainability, including resource efficiency, waste
minimization, and circular economy practices.

The extracted data were synthesized to identify common themes and trends, as well as knowledge gaps
in the current research landscape. This synthesis provided insights into the potential of Al to drive
sustainable product development.

2.6. Research Framework

The research followed a structured framework encompassing the following steps:

1. Literature Review: A comprehensive literature review was conducted using the specified
search string to identify relevant studies.

2. Screening and Selection: Inclusion and exclusion criteria were applied to filter the initial
dataset and select pertinent studies.

3. Data Extraction: Relevant data were systematically extracted from the selected articles.

4. Thematic Analysis: Extracted data were analysed to identify recurring themes, technological
methodologies, and their implications.
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5. Synthesis and Interpretation: Findings were synthesized to draw conclusions about Al's role
in promoting sustainability within PSS.

2.7. Reliability and Validity

To ensure the reliability and validity of the findings, several measures were implemented:

e The search and selection process was thoroughly documented, ensuring transparency and
replicability.

e Multiple researchers were involved in the selection and data extraction processes to minimize
bias and ensure comprehensive coverage.

e Cross-validation of findings was conducted using industry reports and expert opinions to
confirm the practical relevance of the identified trends and applications.

This research design provides a robust framework for exploring the potential of Al in advancing
sustainable product service systems. By systematically identifying and analysing relevant literature,
this study contributes to a deeper understanding of how businesses can leverage Al technologies to
enhance resource efficiency, minimize waste, and support sustainable IT practices.

3. Results

The study investigated the key AI technologies and methodologies employed in product service
systems development to promote sustainability. The findings revealed a diverse range of Al techniques
applied across different stages of the product lifecycle, with significant implications for both
environmental impact and business operations.

Table 1: AI Techniques, Stages of Development, Sustainability and Business Impact

Al Technique Stﬁ%i;ﬂ;ﬁi‘ia Sustainability Impact Impac&,‘;‘;giliilsl;ess (T
Enhanced data-driven
decision-making, optimized
resource utilization

Extended product lifespans, | (Valizadeh et al.,
Machine Design Optimization reduced material usage, 2024)(Naeem et al.,
Learning simplified disassembly for | 2024)(Kwok et al.,
recycling. 2021)(Hassaan et al.,
2024)(Alloghani,
2024)(Relich, 2023)(Tsang &
Lee, 2022).
Improved customer
Natural Enhanced unders?andin.g of sa'tisfaction and alignment .
Language . o consumer sust.amablllty with market demandg (Maarlf
Processing Design Optimization preferepces, 1nf0med et al., 2024)(El Dehaibi et al.,
(NLP) sustainable design 2022)(Benabdellah et al.,
decisions. 2021)(El Dehaibi et al.,
2022)(Bertoni et al., 2020).
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Reduced reliance on Faster product development
. physical prototypes, cycles, reduced costs (Bi et
Virtual S
Prototyping and Early Development mlnlmlzeq resource al., 2024)(Hassaan etal.,
Simulation consumption, early 2024)(David et al.,
detection of environmental | 2024)(Bertoni et al.,
issues. 2020)(Alloghani, 2024).
Increased operational
Anticipated equipment efficiency, reduced
Predictive . failures, optimized maintenance costs (Sa.lssanelli
Maintenance Maintenance maintenance schedules, et al., 2022)(Noureddine et
reduced downtime and al., 2020)(Wang et al.,
waste. 2020)(Ren et al., 2022)(0O. K.
Aeddula et al., 2024).
Improved compliance with
regulations, enhanced
Aprentnd | | g, |27 oo repusiity
of-Life significant reduction in
Management Management electronic waste 2023)(Su et al,,
) 2019)(Mahmood et al.,
2015)(Kulova, 2024)(Zheng
et al., 2020).
Cost savings on energy,
improved sustainability
Energy- reporting (Naeem et al.,
. Throughout Lower power consumption, | 2024)(Sassanelli et al.,
Efficient Al . )
Algorithms Development reduced carbon footprint. | 2022)(Relich et al.,
2022)(Nayak &
Chandwadkar, 2021)(Xiqgiao
etal., 2019).
Enhanced product quality and
reliability, data-driven
Deep Learning- Improved product lifecycle | insights for continuous
Based Usage and assessment, reduced improvement (Walk et al.,
Computer Maintenance emissions, optimized 2023)(David et al., 2024)(Ren
Vision product usage. et al., 2022)(Nath et al.,
2024)(Lehr et al., 2020)(O.
Aeddula et al., 2024).
Strategic advantage through
informed decision-making,
alignment with sustainability
goals (Chauhan et al.,
Data-Driven Enhanced resource 2022)(Sjodin et al,,
.. . . . 2023)(Hassaan et al.,
Decision Various Stages efficiency, informed .
. L .. 2024)(Bhowmick &
Making sustainability policies.
Seetharaman,
2024b)(Bhowmick &
Seetharaman, 2024a)(Bertoni
et al., 2018)(Iyer et al.,
2024)(Song & Moon, 2018).
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Streamlined operations,
reduced labour costs (Patra et
al., 2024)(Gramberg et al.,
2024)(Alloghani, 2024)(Ertz
& Gasteau, 2023)(Noureddine
et al., 2020)(Walk et al.,
2023)(Sjodin et al.,
2023)(Hassan et al.,
2012)(Lehr et al., 2020).

Autonomous . Increased manufacturing
Manufacturing and . .
Systems and efficiency, minimized
. Assembly
Robotics waste.

Enhanced product
development aligned with
customer expectations,
increased market
Identification of key competitiveness (Maarif et
Consumer Feedback sustainability aspects al., 2024)(Hassaan et al.,
and Design valued by consumers, 2024)(Alloghani, 2024)(Fathi
Adjustments improved product & Holland,
sustainability features. 2009)(Jewapatarakul &
Ueasangkomsate,
2022)(Agrawal et al.,
2022)(El Dehaibi et al.,
2022).

Sentiment
Analysis and
Key Terms
Extraction

The results demonstrate that Al is increasingly being utilized as a strategic tool to enhance
sustainability within PSS. Machine learning, natural language processing, and virtual prototyping
emerged as leading contributors to this transformation. These technologies have demonstrated their
efficacy in optimizing product design, reducing material consumption, and minimizing environmental
impact. For instance, machine learning algorithms have been instrumental in extending product
lifespans, simplifying disassembly for recycling, and enhancing data-driven decision-making
(Valizadeh et al., 2024). Natural language processing has empowered businesses to understand
consumer sustainability preferences, leading to more informed and environmentally conscious design
choices (Maarif et al., 2024).

Beyond the product design phase, Al has also proven beneficial in optimizing product lifecycle
management. Predictive maintenance, powered by Al, has significantly reduced equipment failures and
optimized maintenance schedules, contributing to resource efficiency and cost savings. Concurrently,
Al-driven end-of-life management has streamlined recycling processes and enhanced compliance with
environmental regulations (Nicoletti & Appolloni, 2023).

The broader impact of Al on sustainability is evident in its contribution to resource efficiency, waste
reduction, and informed decision-making. By optimizing product lifecycles, minimizing environmental
impacts, and aligning business operations with sustainability goals, Al is proving to be a catalyst for a
more sustainable future. However, the successful integration of Al requires careful consideration of
factors such as data quality, algorithm development, and organizational readiness.
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The integration of AI in these processes not only supports environmental responsibility but also
provides businesses with a competitive edge in the market focused on sustainability.

Al in Product Development and Sustainability

Al-Enhanced Lifecycle Assessment (LCA): Incorporating Al to perform real-time lifecycle
assessments can help organizations dynamically evaluate and improve the environmental
impact of their products during the development phase. This approach ensures continuous
monitoring and adjustment of processes to align with sustainability goals (Naeem et al.,
2024)(Freitas et al., 2023).

Al in Supply Chain Optimization: Utilizing Al to enhance supply chain operations can
significantly reduce environmental impact. Al-driven supply chain management can predict
demand more accurately, optimize inventory levels, and streamline logistics, thereby reducing
waste and emissions. This also involves optimizing transportation routes to minimize fuel
consumption and carbon footprint (Jarrahi, 2018).

Al for Sustainable Material Innovation: Al algorithms can analyze vast datasets to identify
and develop new sustainable materials. By predicting material properties and performance, Al
can accelerate the discovery of eco-friendly alternatives that meet industry standards and
reduce reliance on non-renewable resources (Kakatkar et al., 2019).

Al-Driven Circular Economy Models: Implementing Al to support circular economy
practices can facilitate the creation of closed-loop systems where products and materials are
reused, refurbished, and recycled. Al can optimize the return, disassembly, and reintegration of
products into the production cycle, minimizing waste and resource consumption (Freitas et al.,
2023).

Al-Powered Consumer Behavior Analysis: Leveraging Al to analyze consumer behavior and
preferences can drive the design and development of more sustainable products. Understanding
consumer demand for eco-friendly products enables businesses to align their offerings with
market trends, enhancing both sustainability and competitiveness (Naeem et al., 2024).

Al for Energy Management in IT Infrastructure: Developing Al systems that monitor and
manage energy consumption in data centres and IT infrastructure can significantly reduce the
carbon footprint of IT operations. Al can optimize energy usage by predicting peak times and
adjusting power distribution accordingly (Jarrahi, 2018).

Ethical AI Implementation: Ensuring the ethical deployment of Al in product development is
crucial for sustainability. This includes transparent Al decision-making processes,
accountability for Al-driven outcomes, and the promotion of fair labor practices in Al
development and deployment (Kakatkar et al., 2019).

Perspectives from Business and Market Point of View

1. Market Competitiveness
o Brand Differentiation: Companies adopting Al for sustainability can differentiate

themselves in the market, attracting environmentally conscious consumers and
enhancing brand loyalty. A strong sustainability profile can lead to a premium brand
position and justify higher pricing strategies (Four Steps to Sustainable Business Model
Innovation, 2021).
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o Regulatory Compliance: Staying ahead of regulatory requirements by integrating
sustainable practices can prevent potential fines and enhance market positioning as a
compliant and forward-thinking company (Six Steps to a Sustainability Transformation,
2021).

2. Operational Efficiency

o Cost Savings: Implementing Al-driven sustainable practices can lead to significant cost
savings. Optimizing resource usage and reducing waste directly translate into lower
operational costs and improved profitability (Six Steps to a Sustainability
Transformation, 2021).

o Innovation Incentives: Sustainable Al practices often lead to innovation in products and
services, opening new market opportunities and increasing the potential for business
growth (Four Steps to Sustainable Business Model Innovation, 2021).

Suggested Sustainable Business Policies

1.

Sustainability Strategy Anchored in Purpose: Develop a sustainability strategy that
aligns with the company's core purpose and long-term value creation goals. This strategy
should be driven from the top levels of the organization, ensuring commitment and
integration across all business units (Six Steps to a Sustainability Transformation, 2021).
Capture Business Value: Systematically capture the value created by sustainability efforts,
including enhanced brand equity, operational cost savings, and new market opportunities.
This involves building a robust business case for sustainability initiatives and ensuring all
business areas are aligned to realize these benefits (Six Steps to a Sustainability
Transformation, 2021).

Stakeholder Engagement: Actively engage with stakeholders, including customers,
employees, investors, and regulators, to build support for sustainability initiatives.
Transparent communication about sustainability goals and achievements can build trust and
encourage broader community support (Four Steps to Sustainable Business Model
Innovation, 2021).

Innovation and Investment: Invest in new technologies and innovative business models
that prioritize sustainability. This includes funding for R&D in Al-driven sustainable
solutions and partnerships with other organizations to advance shared sustainability goals
(Six Steps to a Sustainability Transformation, 2021).

These policies and perspectives can help businesses not only comply with environmental regulations
but also gain a competitive edge in a market that increasingly values sustainability. By integrating Al

with sustainable practices, companies can ensure long-term success and contribute positively to global
sustainability efforts.

4. Discussions and Conclusions

The integration of Al into PSS presents a significant opportunity to enhance sustainability practices.
This study has demonstrated the multifaceted role of Al in driving environmental responsibility while
simultaneously improving business performance.
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By analysing Al applications across various product lifecycle stages, the study found that technologies
such as machine learning, natural language processing, and virtual prototyping are instrumental in
optimizing product design, reducing resource consumption, and minimizing environmental impacts.
For instance, machine learning algorithms can predict battery recycling potential, while NLP can
extract consumer sustainability preferences to inform product service system development.

Moreover, Al-driven predictive maintenance, end-of-life management, and energy-efficient algorithms
contribute to resource efficiency, waste reduction, and carbon footprint reduction. These technologies
extend product lifespans, optimize maintenance schedules, and improve recycling processes,
ultimately enhancing business operations and environmental performance.

Data-driven decision-making, enabled by Al, is key for informed sustainability strategies. By
analysing vast datasets, organizations can identify opportunities for resource optimization, waste
reduction, and process improvements. Additionally, the integration of autonomous systems and
robotics in manufacturing and assembly can streamline operations and reduce waste, contributing to a
more sustainable production process.

4.1. Conclusions

The findings of this study highlight the transformative potential of Al in promoting sustainability
within PSS. By integrating Al technologies across the product lifecycle, organizations can significantly
enhance resource efficiency, reduce waste, and mitigate environmental impacts.

The application of Al in areas such as design optimization, predictive maintenance, and end-of-life
management has proven effective in enhancing resource efficiency, reducing waste, and improving
overall business performance. However, the successful deployment of Al for sustainability requires
careful consideration of several critical factors, including data quality, algorithm development, and
organizational readiness. These elements are essential to fully realize the benefits of Al and ensure its
sustainable application.

From a business and market perspective, adopting Al-driven sustainability practices offers numerous
advantages. Companies that leverage Al for sustainable practices can differentiate themselves by
appealing to environmentally conscious consumers, thus enhancing brand loyalty. This differentiation
is increasingly important as both regulatory frameworks and market expectations continue to prioritize
sustainability. Additionally, sustainable AI practices often result in cost savings through optimized
resource utilization and waste reduction, leading to increased profitability and fostering innovation
(Naeem et al., 2024).

To effectively implement Al-driven sustainability initiatives, businesses should develop a
comprehensive sustainability strategy that is deeply embedded in their corporate purpose. This strategy
should systematically capture business value, actively engage stakeholders, and prioritize investment
in innovation and technology. These policies and practices ensure that sustainability efforts are
integrated across all business units and are aligned with long-term value creation goals (Naeem et al.,
2024).

10
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Future research should focus on exploring the long-term impacts of Al on sustainability, developing
innovative Al applications for specific industries, and addressing the ethical implications of Al
technology. By investing in Al and adopting sustainable practices, businesses can contribute to a more
sustainable future.

4.2, Limitations

This study offers valuable insights into the potential of Al in driving sustainable product development,
yet it is subject to certain limitations. The exclusive reliance on the Scopus database for literature
review might have excluded relevant research from other sources. Additionally, the rapid evolution of
Al technologies could have impacted the comprehensiveness of the analysis.

Furthermore, while the study highlights the potential benefits of Al-driven sustainability, it
acknowledges the complexities of implementation. Factors such as organizational readiness, data
accessibility, and ethical considerations may influence the successful adoption of Al-based solutions. A
deeper exploration of these challenges requires further investigation.
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