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Abstract 
Artificial Intelligence (AI) has the potential to advance sustainability goals by 
optimizing processes, predicting outcomes, and analyzing large-scale data. AI can aid 
in climate modeling and resource-efficient urban planning, supporting the United 
Nations Sustainable Development Goals (SDGs). However, AI systems often require 
significant energy, rely on resource-heavy hardware, and pose social and ethical risks 
such as bias, surveillance, and inequality. This paper examines AI's dual role in 
sustainability through literature reviews and case studies, outlining both solutions and 
challenges. It emphasizes the balance between operational efficiency and ethical 
responsibility, and provides recommendations for researchers, policymakers, and 
industry leaders to align AI with sustainable and equitable development. 
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1. Introduction 

AI is significantly changing various aspects of modern society, serving as a driver for innovation across industries. Concurrently, 

the world is dealing with a growing sustainability crisis characterized by climate change, biodiversity loss, resource scarcity, 

and increasing socio-economic inequality. The intersection of AI and sustainability poses a complex situation: AI has potential 

to address important environmental and social challenges, but it also brings new risks that could hinder long-term sustainability 

objectives. 

On one hand, AI technologies are employed to improve climate modeling, optimize renewable energy systems, minimize waste 

through circular economy practices, and support decision-making in sustainable agriculture, urban planning, and biodiversity 

conservation. These applications demonstrate AI’s capability to support the United Nations Sustainable Development Goals 

(SDGs), especially in areas requiring scale, speed, and predictive power. 

On the other hand, developing and deploying AI systems have significant environmental and ethical implications. The energy 

consumption involved in training extensive machine learning models, the carbon footprint of data centers, and the lifecycle 

impact of hardware production contribute to environmental degradation. Additionally, issues such as algorithmic bias, 

surveillance, labor displacement, and unequal access to AI tools raise important questions about social justice, transparency, and 

governance within AI ecosystems. 

This dual nature—where AI acts as both an aid to sustainability and a potential threat—requires careful scrutiny. This paper 

examines this "dual-edged sword" concept through a thorough review of existing literature, highlighting both the opportunities 

AI offers for sustainable development and the challenges it presents. By integrating perspectives from environmental science, 

computer science, and ethics, the paper seeks to guide responsible innovation approaches that enhance AI's advantages while 

reducing its unintended drawbacks. 

 

2. Conceptual Framework 

This section lays the conceptual foundation for understanding the intricate relationship between AI and sustainability. It defines 
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key terms, explains the central metaphor of the "dual-edged 

sword," and introduces theoretical lenses that guide the 

analyticaly Perspective of this study.  

 

2.1 Definition of Key Terms 

• Artificial Intelligence (AI): AI refers to the simulation 

of human intelligence processes by machines, 

particularly computer systems, capable of performing 

tasks such as learning, reasoning, perception, and 

decision-making. AI encompasses subfields such as 

machine learning (ML), natural language processing 

(NLP), computer vision, and robotics. 

• Sustainability: In this paper, sustainability is defined in 

line with the Brundtland Commission's understanding—

meeting the needs of the present without compromising 

the ability of future generations to meet their own needs. 

It is examined across three interconnected pillars: 

environmental sustainability (e.g., climate action, 

resource conservation), social sustainability (e.g., equity, 

labor rights), and economic sustainability (e.g., inclusive 

growth, innovation). 

• Environmental Impact: This refers to the effect of AI 

systems on natural ecosystems, including carbon 

emissions from computational workloads, resource 

extraction for hardware production, electronic waste (e-

waste), and water usage in cooling data centers. 

• Ethical AI: Ethical AI refers to the development and 

deployment of AI systems in a manner that upholds 

human rights, ensures transparency, prevents bias, 

minimizes harm, and aligns with broader societal values. 

It includes principles such as fairness, accountability, 

and environmental responsibility. 

 

2.2 The “Dual-Edged Sword” Metaphor in Tech 

Discourse 

The metaphor of a "dual-edged sword" is frequently used in 

technology discourse to capture the simultaneous promise 

and peril of emerging technologies. In the context of AI and 

sustainability, it represents the paradox wherein AI can act as 

a powerful enabler of sustainability goals—enhancing 

efficiency, predicting climate trends, and managing 

resources—while also exacerbating sustainability threats due 

to its own environmental footprint, potential for social harm, 

and ethical shortcomings. This framing provides a balanced 

lens through which the complex and sometimes contradictory 

role of AI can be examined. 

 

2.3 Theoretical Lenses 

To critically assess AI’s sustainability impact, this study 

draws upon three complementary theoretical frameworks: 

• Sociotechnical Systems Theory: This framework views 

AI not as a standalone technology but as part of a larger 

socio-technical ecosystem comprising human actors, 

institutions, infrastructures, and regulatory systems. It 

emphasizes the interplay between social and technical 

components and the need for holistic design and 

governance. 

• Responsible Innovation: Responsible innovation refers 

to the ongoing process of aligning research and 

technological advancement with societal values, needs, 

and expectations. It involves inclusive stakeholder 

engagement, anticipation of unintended consequences, 

and the capacity to respond adaptively to new ethical and 

sustainability concerns. 

• Environmental Ethics: Grounded in ecological and 

moral philosophy, environmental ethics challenges the 

anthropocentric bias in technology development. It 

promotes the idea that AI systems should not only serve 

human utility but also respect and preserve the ecological 

systems on which all life depends. This lens supports the 

development of “Green AI” practices focused on 

minimizing environmental harm. Together, these 

frameworks enable a nuanced exploration of how AI 

systems can be designed, governed, and deployed to 

support—not undermine—sustainability objectives. 

 

3. Methodology  

This study adopts a narrative literature review approach to 

examine the dual role of Artificial Intelligence (AI) in 

promoting and potentially compromising sustainability. Due 

to the interdisciplinary and evolving nature of the subject, a 

narrative review is most suitable as it permits a flexible 

synthesis of diverse sources, theoretical perspectives, and 

empirical insights without the stringent constraints of 

systematic reviews. 

 

3.1 Type of Review: Justification for Narrative Approach 

While systematic reviews are effective for addressing 

narrowly defined research questions, the dynamic and 

multidimensional intersection of AI and sustainability 

encompasses technical, environmental, social, and ethical 

domains. A narrative review facilitates a broader thematic 

exploration, accommodating conceptual and emerging 

discourse as well as varied methodological contributions. 

This approach is apt for capturing the complexities and 

inherent tensions in the "dual-edged sword" metaphor, 

thereby highlighting patterns, contradictions, and gaps in 

current knowledge. 

 

3.2 Databases Searched 

A comprehensive search was conducted across several 

scholarly databases to ensure coverage of relevant literature 

from both technical and social science domains. The 

following databases were utilized: 

• Scopus 

• Web of Science 

• IEEE Xplore 

• SpringerLink 

• ScienceDirect 

• Google Scholar (to include grey literature, policy 

reports, and preprints) 

 

3.3 Search Strategy and Inclusion/Exclusion Criteria 

The literature search focused on publications from 2010 to 

2025, capturing both foundational and recent advancements 

in the field. The following keywords and Boolean 

combinations were employed: 

“Artificial Intelligence” AND “Sustainability” 

“AI and Climate Change” OR “Green AI” 

“AI Carbon Footprint” OR “Environmental Impact of AI” 

“Ethical AI” AND “Social Sustainability” 

“AI for Sustainable Development” OR “AI and SDGs” 

 

Inclusion criteria 

Peer-reviewed journal articles, conference proceedings, 

institutional and policy reports 
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Studies addressing environmental or social aspects of AI 

Publications in English from 2010–2025 

 

Exclusion criteria 

Non-scholarly articles (e.g., blogs, news reports) 

Studies focusing solely on technical model performance 

without reference to sustainability implications 

Duplicate or inaccessible sources. 

 

3.4 Analytical Approach: Thematic Synthesis 

The collected literature was analyzed using thematic 

synthesis, an interpretive method that involves identifying, 

organizing, and synthesizing themes across qualitative and 

conceptual studies.  

 

The process included 

Initial coding of recurring topics (e.g., energy consumption, 

ethical governance, resource optimization) 

Theme development under two overarching categories: 

AI as a sustainability enabler 

AI as a sustainability threat 

Cross-sectoral mapping to identify trends across domains 

such as energy, agriculture, urban development, and digital 

ethics 

This iterative process facilitated the construction of a 

structured yet flexible analytical framework to explore the 

dual impact of AI on sustainability. 

 

3.5 Timeframe of Studies 

The review covers literature published between 2010 and 

2025. This 15-year window was selected to encompass early 

AI applications in environmental science and the more recent 

emergence of debates on the environmental cost and ethical 

concerns of AI models—particularly with the rise of deep 

learning and generative AI in the last five years. 

 

4. Literature Review: The Dual Edge of AI for 

Sustainability 

AI is increasingly positioned as a critical enabler in 

addressing global sustainability challenges, from climate 

change mitigation to resource optimization. However, its 

deployment also introduces significant environmental, 

ethical, and social concerns. 

 

 
 

Fig 1: Climate Forecasting and Disaster Response 
 

4.1 The Positive Edge: AI as an Enabler of Sustainability 

AI’s potential to support sustainable development spans 

multiple sectors. In energy and transportation, AI systems 

enable predictive maintenance, optimize energy grids, and 

reduce emissions through smart mobility solutions (Ducret 

Maxime et al., 2022) [3]. In healthcare, AI has enhanced 

diagnostics, resource allocation, and pandemic modeling, 

contributing to more resilient health systems (R. Nishant et 

al., 2020) [7]. Precision agriculture, a modern approach in 

agriculture, utilizes artificial intelligence (AI) and the 

Internet of Things (IoT) technologies such as drones and 

sensors to monitor crop health, soil conditions, and weather 

in real-time. This enables farmers to make informed decisions 

by applying water, fertilizer, or pesticides precisely where 

needed. Consequently, it leads to increased yields, reduced 

environmental impact, and more sustainable farming 

practices. 

These applications illustrate AI’s ability to address complex 

environmental and social problems with a level of scale, 

speed, and efficiency that traditional approaches cannot 

match (Jingchen Zhao & Beatriz Gómez Fariñas, 2022) [8]. AI 

contributes to the United Nations Sustainable Development 

Goals (SDGs) by supporting climate action, sustainable 

cities, clean energy, and improved public services. 
 

 
 

Fig 2: Precision Agriculture 
 

Moreover, scholars advocate for holistic implementation 

frameworks that account for technical, organizational, and 

societal levels. Nishant et al. (2020) [7] and Natarajan et al. 

(2022) [5] emphasize the importance of multilevel 

perspectives and design thinking to ensure that AI initiatives 

align with sustainability goals rather than purely economic or 

efficiency-driven objectives. These frameworks aim to bridge 

the gap between AI's technological capabilities and the 

systemic changes needed for long-term impact. 

 

4.2 The Negative Edge: Environmental and Ethical 

Challenges 

Despite its promise, AI also presents substantial 

environmental and ethical drawbacks. The training and 

operation of large-scale AI models require enormous 

computational power, leading to high energy consumption 

and a growing carbon footprint (Khawla Alhasan & Chen, 

2024). Additionally, the production of AI hardware 

contributes to e-waste and the depletion of rare earth 

minerals—undermining environmental. 
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Fig 3: Environmental Cost of Hardware 
 

Ethically, the rapid integration of AI into critical systems has 

amplified concerns related to bias, surveillance, transparency, 

and inequality. Studies caution that without equitable access 

and inclusive governance, AI can exacerbate existing socio-

economic divides and reinforce power asymmetries (Ducret 

Maxime et al., 2022; Rachit Dhiman et al., 2024) [2, 3]. 

Furthermore, the lack of transparency and accountability in 

AI decision-making processes—particularly in opaque deep 

learning models—raises questions about trust and democratic 

oversight. Scholars such as Nicodeme (2021) and Khakurel 

et al. (2018) [4, 6] call for the development of "greener AI" 

technologies and ethical design principles to mitigate these 

unintended consequences and ensure long-term societal 

benefit. 

 

4.3 Summary of Emerging Themes 

The literature converges on the understanding that while AI 

can be a powerful tool for sustainable development, its 

benefits are not guaranteed. Realizing its potential requires 

intentional design, context-aware deployment, and robust 

regulatory frameworks that address both environmental 

impact and ethical governance. The challenge lies not in 

whether AI can support sustainability, but in how it is 

directed, managed, and evaluated within broader societal 

systems. 

 

5. Case Studies 

To further illuminate the dual nature of AI in the context of 

sustainability, this section presents select case studies that 

demonstrate both its potential to enhance environmental and 

social outcomes and the ethical challenges it can present. 

These examples showcase the practical implications of AI 

deployments across various sectors and regions. 

 

5.1 Google DeepMind and Energy Optimization 

In a notable instance of AI positively impacting 

environmental sustainability, Google DeepMind developed 

an AI system that achieved a remarkable 40% reduction in 

energy consumption within data centers by optimizing  

cooling operations. This feat was accomplished through deep 

reinforcement learning, which enabled the system to adjust 

airflow and temperature in real-time in response to 

environmental conditions and server load. This initiative 

exemplifies how AI can significantly lower the carbon 

footprint of large-scale digital infrastructure while enhancing 

operational efficiency without compromising performance. It 

established a precedent for AI-driven energy management 

solutions worldwide. 

 

5.2 AI in Carbon Tracking Platforms (Microsoft, 

Salesforce) 

Companies like Microsoft and Salesforce have introduced 

AI-powered carbon tracking and sustainability intelligence 

platforms that assist businesses in measuring, reducing, and 

reporting their carbon emissions. Microsoft’s Cloud for 

Sustainability and Salesforce’s Net Zero Cloud utilize AI and 

machine learning to integrate data from various sources, 

provide predictive analytics, and support sustainability 

reporting frameworks. These platforms empower 

organizations to set science-based targets, adhere to ESG 

regulations, and implement decarbonization strategies. 

However, they also raise concerns about data sovereignty, the 

transparency of algorithms, and the carbon footprint 

associated with running large-scale cloud systems. 

 

5.3 Amazon Rekognition and Surveillance Controversies 

Amazon’s Rekognition, a facial recognition system, has been 

criticized for its negative societal impact. It enables mass 

surveillance and reinforces racial and gender biases. 

Deployed by law enforcement and other agencies, the system 

has faced backlash for misidentifying people of color, 

particularly in cases of racial profiling. Despite Amazon 

announcing a moratorium on police use of Rekognition in 

2020, this case underscores the potential consequences of 

unregulated AI. It can undermine civil liberties, exacerbate 

inequality, and erode public trust, which are essential 

components of social sustainability. 

 

5.4 Global South and AI-Driven Resource Exploitation 

The Global South often encounters unintended consequences 

of AI adoption, particularly in the context of resource 

extraction for AI hardware. Regions in Africa, Asia, and 

Latin America are pivotal suppliers of cobalt, lithium, and 

rare earth elements used in the production of GPUs, batteries, 

and computing infrastructure. The surge in demand for these 

materials, driven by AI and digital technologies, has been 

linked to labor exploitation, environmental degradation, and 

community displacement. Moreover, AI systems trained on 

datasets that exclude perspectives from the Global South can 

perpetuate digital colonialism, where technological solutions 

are exported without considering their contextual relevance 

or obtaining consent. 
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Table 1: Comparison of Case Studies. 
 

Case Study Positive Impact Negative Impact 
Sustainability 

Domain 
Key Issues Raised 

Google DeepMind – Data 

Center Energy 

Optimization 

Reduced energy usage by ~40% in 

cooling operations 

High initial investment and 

complexity in implementation 
Environmental 

Energy efficiency, AI in 

infrastructure 

Microsoft & Salesforce – 

AI-Driven Carbon 

Tracking 

Enables organizations to track and 

reduce emissions; supports ESG 

reporting 

Dependence on large-scale cloud 

infrastructure may offset some 

gains 

Environmental & 

Economic 

Data privacy, transparency, 

infrastructure footprint 

Amazon Rekognition – 

Facial Recognition 
AI innovation in image processing 

Racial bias, privacy invasion, 

ethical violations 
Social 

Algorithmic bias, civil 

rights, regulatory gaps 

Global South – Resource 

Extraction for AI Hardware 

Supply of essential materials for AI 

growth 

Exploitation of labor, 

environmental harm, digital 

colonialism 

Environmental & 

Social 

Resource justice, unequal AI 

impact, sustainability ethics 

 
These case studies support the central thesis of this paper: AI 
has the potential to revolutionize sustainability, but its 
responsible design, deployment, and governance are crucial 
to prevent it from exacerbating existing environmental and 
social issues. A nuanced, context-sensitive approach is vital 
to ensure that AI contributes to, rather than hinders, global 
sustainability objectives. 
 
6. Discussion 
6.1 Synthesizing Dual Impacts 
The review of literature and case studies highlights the 
dualistic nature of AI in the sustainability context. On one 
hand, AI provides remarkable capabilities for optimizing 
systems, minimizing waste, and managing environmental 
complexities. On the other, it introduces new ethical, social, 
and ecological challenges that could potentially undermine its 
beneficial contributions. 
A significant tension exists in the trade-off between 
efficiency and ethics. AI systems can achieve substantial 
operational efficiencies, as exemplified by smart grids and 
supply chains. However, these advantages often come at the 
cost of algorithmic transparency, user autonomy, and data 
privacy—values crucial to sustainable social systems. For 
instance, the efficiency improvements from facial recognition 
technologies are counterbalanced by civil liberties concerns, 
especially regarding surveillance applications. 
Furthermore, the energy consumption vs. system 
optimization paradox is evident in large-scale AI 
implementations. Training advanced models requires 
enormous computational resources, leading to increased 
carbon emissions. Nevertheless, these same models are 
frequently used to enhance energy forecasting, optimize grid 
performance, or reduce transportation emissions—
emphasizing the importance of life-cycle assessment and net 
benefit analysis. 
A sector-wise comparison further illustrates this dichotomy. 
In agriculture, AI enables climate-resilient farming and 
biodiversity protection with minimal social resistance. 
Conversely, AI applications in surveillance or social scoring 
systems present ethical dilemmas that significantly outweigh 
their operational efficiencies. These sector-specific 
differences underscore the necessity for context-aware 
deployment that prioritizes social and environmental 
safeguards over universal scalability. 
 
6.2 Emerging Trends and Debates 
Several emerging debates are shaping the discourse on AI and 
sustainability. One such debate contrasts “Green AI” vs. 
“Red AI.” Terms introduced by Schwartz et al. (2020), where 
Green AI emphasizes resource-efficient models with lower 
energy and hardware demands, whereas Red AI prioritizes 
performance despite environmental costs. The field is 

witnessing increasing advocacy for Green AI approaches, 
particularly within academia and the open-source 
community, as a countermeasure to the carbon-intensive 
practices of commercial model training. 
Federated learning and edge computing are receiving 
attention as potential mitigation strategies. Federated 
learning decentralizes model training, thus reducing the need 
for centralized data storage and lowering energy demands. 
Edge computing processes data closer to the source—such as 
sensors or local devices—thereby decreasing latency and 
bandwidth use while enhancing data sovereignty. Both 
paradigms offer scalable alternatives to traditional cloud-
based AI architectures. 
Finally, the role of policy and governance is becoming 
increasingly critical. Initiatives like the OECD AI Principles 
and the EU AI Act are establishing regulatory frameworks 
that promote trustworthy AI, ethical oversight, and 
sustainability criteria. These policies aim to address systemic 
risks and ensure that AI technologies align with democratic 
values, human rights, and planetary boundaries. However, 
disparities in enforcement, cross-border AI trade, and global 
digital divides present challenges to uniform implementation. 
 
7. Recommendations 
Given the dual impact of AI on sustainability, it is important 
that stakeholders across research, policy, and industry 
domains take coordinated action to manage risks while 
maximizing benefits. The following recommendations 
provide targeted strategies for sustainable AI integration. 
 
7.1 For Researchers 
Researchers play a crucial role in shaping the sustainability 
trajectory of AI systems. To advance responsible 
development: 
1. Prioritize energy-efficient algorithms: Future research 

should focus on optimizing model architectures to 
reduce computational demands. Techniques such as 
model pruning, quantization, and distillation can 
significantly reduce energy consumption without 
compromising performance. 

2. Promote transparent and reproducible reporting: 
Studies should include clear documentation of the 
environmental cost of model training, including energy 
usage, carbon footprint, and hardware dependencies. 
Standardized sustainability metrics would help 
researchers and practitioners assess trade-offs 
effectively. 

3. Develop socio-environmental benchmarks: Beyond 
accuracy and efficiency, researchers should co-create 
new evaluation benchmarks that incorporate 
environmental impact, ethical fairness, and social 
inclusiveness as core performance metrics for AI 
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systems. 
 
7.2 For Policymakers 
Governments and regulatory bodies should provide 
frameworks that align technological advancement with 
sustainable development goals: 

• Mandate environmental impact disclosures: Require 
AI developers and cloud providers to publicly report 
energy use, emissions, and supply chain impacts, similar 
to ESG disclosures in the financial sector. This will 
improve transparency and accountability across the 
ecosystem. 

• Incentivize sustainable AI development: Introduce 
grants, tax benefits, or procurement preferences for 
organizations that develop or deploy AI technologies 
aligned with sustainability principles. Regulatory 
sandboxes can also support innovation while managing 
associated risks. 

• Harmonize global AI governance: International 
cooperation is essential to ensure consistent ethical and 
environmental standards. Instruments like the OECD AI 
Principles and the EU AI Act can serve as models for 
globally coordinated policies. 

 
7.3 For Industry 
As major drivers of AI deployment, corporations and 
technology providers have both the responsibility and 
capacity to operationalize sustainable AI practices: 

• Adopt responsible innovation frameworks: 
Companies should embed ethical foresight and 
sustainability assessments into their product design and 
R&D workflows. Cross-functional teams involving 
ethicists, engineers, and sustainability experts can help 
align business goals with societal values. 

• Invest in renewable infrastructure: Shift AI workloads 
to data centers powered by renewable energy. Strategic 
partnerships with green cloud providers, carbon offset 
programs, and investments in energy-efficient hardware 
can help reduce the carbon footprint of large-scale AI 
operations. 

• Foster inclusive and fair AI: Ensure that AI 

technologies benefit diverse communities and avoid 

reinforcing existing inequalities. This includes localizing 

solutions, diversifying datasets, and engaging 

stakeholders from the Global South. 

 

8. Conclusion 

This paper explores the complex relationship between AI and 

sustainability, highlighting its dual role in promoting and 

hindering sustainable development. AI enhances climate 

resilience, resource efficiency, and public service, while also 

posing environmental and social challenges due to energy 

consumption, ethical deficiencies, and potential inequality. 

Responsible AI development requires ethical governance, 

environmental stewardship, and inclusive design. 

Incorporating AI into sustainability frameworks must be 

grounded in transparency, accountability, and global equity 

to ensure its positive impact and prevent unsustainable 

futures. 
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