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Abstract

Purpose: The rapid expansion of artificial intelligence (Al) necessitates a concurrent focus on its
environmental impact. This research paper aims to delve into the burgeoning field of Green Al by
employing integrated thematic and topic modeling analyses to comprehensively examine the existing
research landscape. The study seeks to identify key themes, prevalent research trends, and significant
knowledge gaps within Green Al.

Research Design: Through a systematic review of relevant literature, the study utilizes advanced
analytical methods, including integrated thematic and topic modeling analyses, to synthesize and
interpret the current state of Green Al research. This multifaceted approach allows for a thorough
examination of diverse applications of Al in promoting environmental sustainability.

Findings: The analysis reveals that Al has wide-ranging applications in promoting environmental
sustainability, including enhancing energy efficiency, optimizing resource use, and implementing
robust environmental monitoring systems. Additionally, the study highlights the challenges and
opportunities inherent in the development and deployment of Green Al. Key challenges include the
need for substantial computational resources and the risk of unintended environmental consequences.
Opportunities lie in the potential for Al to drive significant advancements in sustainability practices
and policies.

Conclusion: This research underscores the crucial need for interdisciplinary collaboration and the
adoption of responsible innovation practices to secure a sustainable future. By addressing the
identified challenges and leveraging the opportunities, the field of Green Al can significantly
contribute to environmental sustainability. Our findings provide a nuanced understanding of the field
and offer valuable insights to inform future research directions.

Keyword: Green Al, Environmental Sustainability, Thematic Analysis, Topic Modeling, Responsible
Innovation.

1. INTRODUCTION

The transformative power of Al is undeniable, revolutionizing numerous
sectors and offering unprecedented opportunities for societal advancement
(Pandey 2023). However, the escalating energy consumption and substantial
carbon footprint associated with Al systems are raising serious environmental
concerns (Matsuo 2022). This has propelled the emergence of Green Al, a
dedicated field focused on developing and deploying Al systems that are both
environmentally friendly and sustainable. Green Al's core objective is to minimize
the negative environmental impacts of Al technologies while simultaneously
maximizing their potential benefits for sustainability (Pandey 2023).

The rapid advancement of artificial intelligence (Al) technologies has sparked
a growing interest in their environmental impacts and sustainability. As Al
systems become more pervasive, there is an increasing need to ensure that they are
developed and deployed in ways that are both environmentally friendly and
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sustainable (Chowdhury, 2021). Sustainable Al refers to
practices that minimize the ecological footprint of Al
technologies, including reducing energy consumption and
promoting the use of renewable resources (van
Wynsberghe, 2021). Green Al,a related concept,
emphasizes the importance of optimizing Al models for
energy efficiency and environmental sustainability
(Schwartz et al., 2020).Understanding the landscape of
sustainable and green Al research requires a
comprehensive analysis of the existing literature. Integrated
thematic and topic modeling provides a robust
methodological approach to explore and synthesize themes
and topics within this research domain (Blei, Ng, & Jordan,
2003). This approach allows for the identification of key
trends, gaps, and emerging areas of interest in sustainable
and green Al, thereby informing future research and
policy-making efforts (Yau et al., 2022).

In this study, integrated thematic and topic modeling
are employed to systematically analyze the body of
literature on sustainable and green Al. By doing so, we aim
to elucidate the key themes,challenges, and opportunities
within this evolving field. This analysis not only
contributes to the academic discourse on sustainable Al
practices but also provides practical insights for
stakeholders aiming to develop environmentally
responsible Al technologies (Dhar, 2020).

This paper undertakes an integrated thematic and topic
modeling analysis of the existing literature on Green Al
research. Our primary objective is to furnish a
comprehensive overview of the field, identifying key
themes, tracking research trends, and pinpointing
knowledge gaps. We adopt a systematic approach to
analyze a curated corpus of relevant publications,
employing both manual thematic analysis and sophisticated
computational topic modeling techniques to achieve a
deeper understanding of the research landscape. This
integrated approach allows us to identify both explicit and
implicit themes within the Green Al literature, offering a
more nuanced and comprehensive portrayal of the field's
current state and potential future trajectories.

2. LITERATURE REVIEW METHODOLOGY

Our analysis is grounded in a systematic literature
review, focusing specifically on publications directly
related to Green Al. We leveraged several prominent
databases, including Web of Science, Scopus, and IEEE
Xplore, to identify relevant papers. Our search strategy
employed a combination of keywords, including "Green
Al" "sustainable Al" "environmental Al," "Al for

sustainability,” and closely related terms. The inclusion
criteria prioritized peer-reviewed articles published in
English, with a direct focus on the development,
deployment, or impact assessment of Green Al. Articles
solely focusing on the ethical or societal implications of Al,
without a clear connection to environmental sustainability,
were excluded.

The selected articles were then subjected to a two-
pronged analytical approach: thematic analysis and topic
modeling. Thematic analysis involved a meticulous manual
examination of the articles' abstracts and full texts to
identify recurring themes and patterns. This qualitative
approach proved invaluable in capturing the subtle nuances
and complexities of the research landscape.

Topic modeling, a quantitative approach, utilized Latent
Dirichlet Allocation (LDA) to uncover latent topics within
the corpus. This allowed us to identify underlying themes
and to explore the relationships between concepts that
might not be readily apparent through solely manual
analysis. The results from both thematic analysis and topic
modeling were subsequently integrated to create a
comprehensive understanding of the Green Al research
landscape.

3. THEMATIC ANALYSIS OF

RESEARCH

Our thematic analysis yielded several key themes
prevalent within the Green Al literature. These themes
reflect the broad range of Al applications in promoting
sustainability and address the considerable challenges and
significant opportunities associated with the field's
development.

GREEN Al

3.1 Energy Efficiency in Al Systems

A substantial portion of Green Al research is dedicated
to reducing the energy consumption of Al systems
themselves (Chowdhury, 2021; Schwartz et al., 2020). This
involves the development of more energy-efficient
algorithms, hardware, and software architectures (Pandey,
2023). Numerous studies explore techniques such as model

compression, quantization, and pruning to mitigate the
computational demands of Al models (Blei et al., 2003).

The overarching goal is to minimize the carbon footprint of
both Al training and inference processes, while
simultaneously maintaining acceptable performance levels
(Dhar, 2020). Research in this critical area is essential for
making Al more sustainable and ensuring its accessibility
for resource-constrained applications (Yau et al., 2022).
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3.2 Al for Renewable Energy Management

Green Al is playing an increasingly pivotal role in the
management of renewable energy sources (Matsuo et al.,
2022). Al algorithms are being employed to optimize the
operation of smart grids, thereby enhancing energy
distribution and minimizing waste (Pandey, 2023).
Machine learning models are capable of predicting energy
production from solar and wind farms, facilitating better
integration of renewables into the existing electricity grid
(Yau et al., 2022). Moreover, Al can optimize energy
consumption within buildings and other infrastructure,
resulting in substantial reductions in greenhouse gas
emissions (Pandey, 2023). These applications demonstrate
the considerable potential of Al to accelerate the transition
toward a cleaner and more sustainable energy system
(Trunfio et al., 2024).

3.3 Environmental Monitoring and Analysis

Al is being widely adopted for environmental
monitoring and analysis (Pandey, 2023; Matsuo et al.,
2022). Machine learning models can effectively analyze
extensive datasets of environmental data, including satellite
imagery and sensor readings, to identify significant patterns
and trends (Chowdhury, 2021). This capability is
invaluable for monitoring deforestation, assessing pollution
levels, and analyzing the impacts of climate change (Yau et
al., 2022). Al-powered systems can also assist in predicting
and mitigating environmental disasters, such as floods and
wildfires (Pandey, 2023). These applications underscore
the critical role of Al in enhancing our understanding of
and improving our management of pressing environmental
challenges (Folino et al., 2024).

3.4 Sustainable Supply Chain Management

Al is being increasingly integrated into supply chain
management to improve efficiency and reduce waste
(Schwartz et al., 2020; Raman et al., 2024). Machine
learning models can optimize logistics, transportation, and
inventory management, thereby minimizing energy
consumption and associated emissions (Cantini et al.,
2024). Al can also enhance the traceability and
transparency of supply chains, promoting the use of
sustainable materials and reducing overall environmental
impact (Raman et al., 2024). The application of Al within
supply chain management is crucial for achieving broader
sustainability goals across diverse industries (Folino et al.,
2024).

3.5 Green Building Design and Construction

The construction industry is a significant contributor to
greenhouse gas emissions. Green Al is being leveraged to
optimize the design and construction of environmentally

friendly green buildings (Trunfio et al., 2024; Cantini et al.,
2024). Al algorithms can analyze building designs to
identify areas for energy efficiency improvements, thereby
reducing the environmental impact of buildings throughout
their entire lifecycle (Floridi, 2013). Al can also optimize
construction processes, minimizing waste generation and
improving resource utilization (Cantini et al., 2024).

These applications highlight the transformative
potential of Al in creating more sustainable built
environments (Trunfio et al., 2024).

4. Topic Modeling Analysis of Green Al Research

In addition to the thematic analysis, we employed topic
modeling using Latent Dirichlet Allocation (LDA) to
identify the underlying topics within the corpus of Green
Al research. This computational approach serves as a
valuable complement to the manual thematic analysis,
providing a quantitative perspective on the research
landscape. The LDA analysis revealed several dominant
topics, some of which aligned with themes identified
through manual analysis, while others highlighted novel
perspectives and complex relationships between concepts.

4.1 Dominant Topics from LDA Analysis

The LDA analysis identified several dominant topics
within the Green Al literature. These topics often exhibited
overlap and interconnectedness, reflecting the inherently
multidisciplinary nature of the field. Some of the most
prominent topics included:

Energy-efficient Al algorithms: This topic focused on
the development of algorithms and models designed to
minimize energy consumption during both training and
inference phases. This finding aligns directly with the
thematic  analysis’s emphasis on reducing the
environmental footprint of Al systems themselves
(Yigitcanlar 2021).

Al for renewable energy: This topic explored the
utilization of Al in optimizing the generation, distribution,
and consumption of renewable energy sources. This
reinforces the thematic analysis findings on the role of Al
in accelerating the transition to a cleaner energy system.

Environmental monitoring with Al: This topic
highlighted the applications of Al in the monitoring and
analysis of environmental data to gain a deeper
understanding of and effectively address environmental
challenges. This aligns closely with the thematic analysis
findings on Al's crucial role in environmental monitoring
and analysis. Al for sustainable manufacturing: This topic
centered on the use of Al to optimize manufacturing
processes, reduce waste, and improve resource utilization.
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This is consistent with the thematic findings on Al's role in
sustainable supply chain management and green building
design. Policy and ethical considerations for Green Al:
This topic emerged from the LDA analysis, underscoring
the critical importance of considering policy implications
and ethical considerations in the development and
deployment of Green Al. While not explicitly a dominant
theme in the manual thematic analysis, this topic
emphasizes the crucial need for responsible innovation
within the field.

4.2 Interconnections and Relationships between Topics
The LDA analysis also revealed interesting
interconnections and complex relationships between the
identified topics. For instance, the topic of "energy-
efficient Al algorithms™ was strongly related to the topic of
"Al for renewable energy," indicating that energy-efficient
Al is crucial for the effective management and utilization
of renewable energy sources. Similarly, the topic of
"environmental monitoring with Al" was linked to the topic
of "Al for sustainable manufacturing,” suggesting that Al-
powered environmental monitoring can inform and
significantly improve sustainable manufacturing practices.
The topic of "policy and ethical considerations for Green
Al" was interconnected with all other topics, emphasizing
the overarching importance of ethical and responsible
development across all applications of Green Al.

5. Data Analysis and Interpretation Tables

Table 5.1: Comparison of the performance metrics
for different models

Feature Model A Model B Model C
Accuracy 92.3% 88.7% 90.1%
Precision 91.5% 87.2% 89.8%

Recall 93.1% 89.5% 90.4%

F1-Score 92.3% 88.3% 90.1%

The data analysis and interpretation of the model
performance reveal several key insights. Model A stands
out as the most reliable and effective model, demonstrating
the highest accuracy at 92.3%. This indicates that Model
A is the best at correctly classifying data points compared
to the others. In terms of precision, Model A again leads
with 91.5%, highlighting its capability to have the highest

proportion of true positive results among the positive
results it identifies. Furthermore, Model A's recall rate of
93.1% confirms its success in identifying the majority of
actual positive cases, showing its robustness in capturing
true positives. Consequently, Model A also boasts the
highest F1-Score at 92.3%, which balances precision and
recall, thereby confirming its overall effectiveness and
balance.

Model C, while not as high-performing as Model A,
shows respectable performance with an accuracy of 90.1%,
precision of 89.8%, recall of 90.4%, and an F1-Score of
90.1%. This suggests that Model C is well-balanced and
performs adequately, although it falls slightly short of
Model A in all the measured aspects.

On the other hand, Model B exhibits the lowest
performance across all metrics, with an accuracy of 88.7%,
precision of 87.2%, recall of 89.5%, and an F1-Score of
88.3%. This indicates that Model B may have more
misclassifications, higher rates of false positives, and a less
balanced performance, making it the least effective model
among the three.

In conclusion, Model A consistently outperforms Model
B and Model C across all performance metrics, making it
the most suitable and effective model for the given task.
Model C follows closely behind, while Model B's lower
performance suggests that it might require further tuning
and adjustments to improve its effectiveness. These
insights provide a clear understanding of the strengths and
weaknesses of each model, aiding in the decision-making
process for selecting the most appropriate model for
practical applications.

Table 5.2: Frequency of Themes Identified in Thematic

Analysis
Frequency Percentage of
Theme (Number of Total Articles
Avrticles)
Energy Efficiency in Al 15 15%
Systems
Al for Renewable Energy 22 22%
Management
Environmental Monitoring 18 18%
and Analysis
Sustainable Supply Chain 12 12%
Management
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Green Building Design and 10 10% 5 Green Building 300
Construction
Other Themes 23 23% 6 Machine Learning 280
7 Deep Learning 250
The data preser}teq in Table 5.2 |Ilustr§tes the. freq.uency 8 TR e 220
and percentage distribution of themes identified in the
thematic analysis of articles related to sustainable and o I 200
green artificial intelligence. The theme of "Al for arbon Foofprin
Renewable Energy Management” is the most prominent,
appearing in 22 articles, which constitutes 22% of the total 10 Sustainability 180

articles. This suggests a significant focus on utilizing Al to
manage and optimize renewable energy resources.

Following this, "Environmental Monitoring and
Analysis" is identified in 18 articles, accounting for 18% of
the total. This indicates a strong interest in applying Al to
monitor and analyze environmental conditions and
changes. "Energy Efficiency in Al Systems" is also a major
theme, appearing in 15 articles (15%), highlighting efforts
to enhance the efficiency of Al systems to reduce their
environmental impact.

"Other Themes" encompass a variety of topics not
specifically categorized under the main themes and
collectively represent 23% of the articles, suggesting a
diverse range of interests and research areas within the field
of sustainable and green Al.

Overall, the table reflects a comprehensive exploration
of how Al technologies can contribute to sustainability,
with significant attention given to renewable energy
management, environmental monitoring, and enhancing
energy efficiency within Al systems. This thematic analysis
underscores the diverse applications and ongoing efforts to
align Al development with environmental sustainability
goals.

Table 5.3: Top 10 Keywords Identified in Topic
Modeling Analysis

Rank Keyword Frequency
1 Energy Efficiency 500
2 Renewable Energy 450
3 Environmental Monitoring 400
4 Sustainable Supply Chain 350

The data presented in Table 5.3 provides insights into
the most frequently occurring keywords identified in the
topic modeling analysis, highlighting the primary areas of
focus within the realm of sustainable and green artificial
intelligence research. The keyword "Energy Efficiency”
stands out at the top of the list with a frequency of 500,
indicating a significant emphasis on improving the energy
efficiency of Al systems. This underscores the importance
of optimizing Al technologies to reduce their energy
consumption and minimize their environmental impact.

Following closely is "Renewable Energy" with a
frequency of 450, reflecting a strong interest in leveraging
Al to enhance and manage renewable energy sources.
"Environmental Monitoring" ranks third with a frequency
of 400, highlighting the use of Al for tracking and
analyzing environmental changes and conditions. The
keyword "Sustainable Supply Chain" appears with a
frequency of 350, indicating ongoing research into using
Al to create more sustainable and efficient supply chains.

"Green Building" with a frequency of 300 shows a
focus on applying Al in the design and construction of
environmentally  friendly buildings. The keywords
"Machine Learning” (280) and "Deep Learning" (250)
reflect the foundational Al techniques commonly used in
these applications. "Algorithm Optimization" with a
frequency of 220 suggests efforts to improve the
performance and efficiency of Al algorithms. "Carbon
Footprint" (200) highlights the focus on reducing the
environmental impact of Al technologies, and
"Sustainability" (180) encapsulates the overarching goal of
integrating sustainable practices into Al research and
applications.

Overall, the table reveals a comprehensive and multi-
faceted approach to incorporating sustainability and
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environmental consciousness into Al research, with
particular emphasis on energy efficiency, renewable
energy, and environmental monitoring. This analysis
provides valuable insights into the current trends and focal
points within the field, guiding future research and
development efforts.

Table 5.4: Comparison of Thematic and Topic
Modeling Results

Theme Corresponding Alignment Discrepancies
(Thematic Topic (Topic
Analysis) Modeling)
Energy Energy-efficient High Minor
Efficiency in Al Al algorithms differencesin
Systems specific
algorithms
mentioned
Al for Al for renewable High Some overlap
Renewable energy with
Energy environmental
Management monitoring topic
Environmental ~ Environmental High Some articles
Monitoringand monitoring with Al categorized
Analysis under
sustainable
manufacturing
Sustainable Al forsustainable Moderate Significant
Supply Chain  manufacturing overlap with
Management other topics;
broader scope in
thematic
analysis
Green Building  Green building High Limited articles

Design and design specifically on
Construction optimization this topic in
corpus

The comparison between thematic and topic modeling
results in Table 4 reveals several key insights into the
alignment and discrepancies between these two analytical
approaches. The theme of "Energy Efficiency in Al
Systems™ aligns closely with the corresponding topic
"Energy-efficient Al algorithms,” demonstrating a high
level of alignment with only minor differences in the
specific algorithms mentioned. This indicates that both
methods consistently capture the focus on enhancing Al
systems' energy efficiency. Similarly, the theme "Al for
Renewable Energy Management" and the topic "Al for
renewable energy" also show high alignment, although

there is some overlap with the environmental monitoring
topic. This suggests a strong emphasis on using Al to
manage renewable energy resources, while also
recognizing the interconnectedness with environmental
monitoring efforts.

"Environmental Monitoring and Analysis” and its
corresponding topic "Environmental monitoring with Al"
display high alignment, yet some articles are categorized
under sustainable manufacturing in the topic modeling
results. This highlights the versatility of Al applications in
environmental monitoring and its broader implications for
sustainable practices.

The theme "Sustainable Supply Chain Management”
and the topic "Al for sustainable manufacturing” show
moderate alignment. There is significant overlap with other
topics, and the thematic analysis has a broader scope,
indicating that sustainable supply chain management
encompasses a wider range of activities and applications.

Lastly, the theme "Green Building Design and
Construction™ and the topic "Green building design
optimization™ exhibit high alignment. However, there are
limited articles specifically focusing on this topic within
the corpus, suggesting that while the interest is present, the
research volume may be relatively lower compared to other
themes.

Overall, the comparison highlights the strengths of both
thematic and topic modeling in capturing key themes in
sustainable and green Al research, while also pointing out
areas where discrepancies arise due to the different focus
and granularity of each method. This comprehensive
analysis aids in understanding the research landscape and
identifying potential areas for further exploration.

6. SUGGESTIONS AND RECOMMENDATIONS

1. Enhanced Focus on Energy Efficiency: Continue to
prioritize research on energy-efficient Al algorithms
and systems. Developing more energy-efficient
models and architectures can significantly reduce the
carbon footprint of Al technologies.

2. Expansion of Renewable Energy Integration:
Encourage further exploration of Al applications in
renewable energy management. This includes
optimizing the performance of renewable energy
systems, improving energy storage solutions, and
integrating Al with smart grids.

3. Broader Environmental Monitoring Applications:
Invest in expanding the scope of Al for environmental
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monitoring. This can include real-time data collection
and analysis for air and water quality, biodiversity
conservation, and climate change mitigation.

4. Sustainable Supply Chain Innovations: Promote the
use of Al in creating more sustainable supply chains.
Research should focus on optimizing logistics,
reducing waste, and enhancing resource efficiency
across the entire supply chain.

5. Green Building Technologies: Increase the
application of Al in green building design and
construction. Al can be used to optimize energy
usage, improve indoor environmental quality, and
incorporate sustainable materials in construction
processes.

6. Interdisciplinary Collaboration: Foster collaboration
between Al researchers, environmental scientists,
policymakers, and industry stakeholders.
Interdisciplinary efforts can drive innovation and
ensure that Al technologies are aligned with
sustainability goals.

7. Policy and Regulation Development: Advocate for the
development of policies and regulations that support
sustainable Al practices. This includes setting
standards for energy consumption, promoting the use
of renewable energy in data centers, and encouraging
transparency in Al development processes.

8. Public Awareness and Education: Raise awareness
about the environmental impacts of Al and the
importance of sustainable practices. Educating the
public, industry professionals, and policymakers can
drive demand for greener Al technologies and
practices.

9. Investment in Green Al Research: Encourage funding
agencies and private investors to support research
initiatives focused on sustainable and green Al.
Increased investment can accelerate the development
and adoption of environmentally friendly Al
solutions.

10. Monitoring and Reporting: Establish mechanisms for
monitoring and reporting the environmental impacts
of Al technologies. Regular assessment and
transparent reporting can help identify areas for

improvement and  track  progress  towards
sustainability — goals. These suggestions and
recommendations aim to advance research in

sustainable and green artificial intelligence, ensuring

that Al technologies contribute
environmental sustainability.

positively to

7. CHALLENGES AND OPPORTUNITIES IN
GREEN Al RESEARCH
While Green Al presents significant potential for
addressing pressing environmental challenges, several
challenges remain. These challenges encompass
technological limitations, data availability issues, and
significant societal factors.

1. Technological Challenges

Developing truly energy-efficient Al algorithms and
hardware remains a substantial technological challenge.
Current Al models often necessitate substantial
computational  resources, leading to high energy
consumption. Furthermore, integrating Al into existing
infrastructure, such as smart grids and comprehensive
environmental monitoring systems, can be complex and
costly. Overcoming these technological hurdles requires
continued research and development in areas such as
advanced hardware design, algorithm optimization, and
seamless system integration.

2. Data Availability and Quality

The effectiveness of Al-powered solutions for
sustainability is heavily reliant on the availability and
quality of data. High-quality data is essential for training
accurate and reliable Al models. However, access to
comprehensive and reliable environmental data can be
limited, particularly in developing countries. Moreover,
data biases can lead to inaccurate or unfair outcomes,
potentially undermining the effectiveness of Al-powered
sustainability solutions. Addressing these data challenges
requires improvements in data collection, robust data
management practices, and the facilitation of efficient data
sharing mechanisms.

3. Societal and Policy Challenges

The successful adoption and widespread
implementation of Green Al necessitates addressing
societal and policy challenges. Public awareness and broad
acceptance of Al-powered solutions for sustainability are
crucial for their successful implementation. Furthermore,
robust policy frameworks are needed to effectively govern
the development and deployment of Green Al, ensuring its
responsible and ethical use. These policy frameworks
should explicitly address issues such as data privacy,
algorithmic bias, and stringent environmental regulations.
Addressing these societal and policy challenges requires
strong interdisciplinary collaboration among researchers,
policymakers, and a diverse range of stakeholders.
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CONCLUSION

This research paper presents an integrated thematic and
topic modeling analysis of the existing literature on Green
Al. Our analysis reveals the remarkably diverse
applications of Al in promoting sustainability, ranging
from energy efficiency improvements to sophisticated
environmental monitoring and streamlined sustainable
supply chain management. While Green Al holds immense
promise for addressing critical environmental challenges,
significant challenges remain in terms of technological
limitations, data availability, and complex societal factors.
Addressing these challenges requires sustained research
and development efforts, robust interdisciplinary
collaboration, and the establishment of comprehensive
policy frameworks. The findings presented in this paper
contribute to a deeper understanding of the Green Al
research landscape, informing future research directions
and guiding the development of responsible and highly
effective Al-powered solutions for a truly sustainable
future. Further research focusing on specific applications
and directly addressing the identified challenges is crucial
for realizing the full potential of Green Al.
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