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Abstract

The blistering development of the technologies of artificial intelligence, though a transformative one has
resulted in the growing environmental crisis due to the exponential increase in computational, energy
demand, and carbon emissions. The Al systems made to date are characterized by massive power demands
which provide pressure on the energy systems of the world and add to climate change, which is an inherent
contradiction between technology development and the environment. This review of the literature explores
542 current articles to analyze the new paradigm of Green Artificial Intelligence as a group to make Al
innovation and environmental stewardship align through energy-saving algorithms, green computing
methods, and climate-aware implementation models. Our methodological approach was based on the
PRISMA system, as we searched databases and filtered 1,052 records and finally settled on 534 articles,
which directly relate to the topic of Al and sustainability. In our analysis, it is possible to note a tremendous
advancement of energy-saving machine learning algorithms, green data centers, the integration of renewable
energy usage, and artificial intelligence usage to monitor the environment and take climate action.
Nevertheless, there exist decisive loopholes in the standardized measurement systems, lifecycle assessment
approaches, harmonization of policies and fair access of green Al innovations in developing economies. The
contribution of this review is the observation of seven major areas of implementation, the assessment of the
emergent methods of energy optimization, issues of implementation and a hierarchical research agenda.

Keywords: Green artificial intelligence, Sustainable development, Energy efficiency, Machine learning,
Environmental impact, Circular economy.

1. Introduction

The twenty-first century has presented not only the most remarkable overlap of two distinguishing
phenomena the accelerated development of technologies of artificial intelligence and the increased
pressingness of environmental sustainability issues but also the increase in environmental awareness
and the necessity to tackle the problem [1]. Machine learning and deep learning, artificial intelligence
and natural language processing, as well as computer vision have been widely introduced in practically
all spheres of modern society, including healthcare and transportation up to the finance and
manufacturing industry [1,2]. The results of this technological revolution have produced incredible
advantages such as improved productivity, ability to make better decisions, scientific discovery
breakthrough, and the answer to the problems that were once deemed unsolvable [3-5]. Nevertheless,
this rapid growth has also left a sizeable environmental footprint that jeopardizes to reduce the global
sustainability projects and further increase the climate crisis [6,7]. Computational requirements of
modern Al systems have been increasing exponentially, on a scale that is way beyond what Moore has
anticipated [2,8-10]. A single large language model requires an amount of energy that is equivalent to
the energy consumption of hundreds of households stepping up to a power outlet during a year, and that
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produces carbon emissions comparable to multiple transatlantic flights [1,11-12]. The current results of
data centers contribute to the infrastructure of artificial intelligence about two to three percent of the
world, which is expected to reach eight to ten percent by 2030 in case the current trends remain the
same. Energy consumption is not the end of the environmental costs, as it involves heating water to cool
down the systems, electronic waste that is discarded due to the obsolete hardware in a very short period
of time, and carbon footprint of the process of creating a special Al chip and processor [13-15]. These
environmental effects make a paradox out of the fact that the same technologies, which should have
been utilized to tackle the issue of the climate change and environmental degradation are contributing
themselves to the issue as well [16].

Green Artificial Intelligence has come out as a key paradigm shift that aims to resolve this core conflict
involving technological advancement and environmental accountability [16,17]. The strategy has
several aspects: creating energy-efficient algorithms that do not compromise the performance nor
increase computational needs, designing sustainable hardware architectures that can run on low-power
modes, developing renewable energy solutions to Al infrastructure, creating lifecycle assessment
frameworks that measure environmental effects, and using Al capabilities to act and protect the
environment, in particular [12,18-20]. The ideology is not only about energy efficiency but also
incorporates the principles of holistic sustainability such as resource conservation, the implementation
of the circular economy, the consideration of the social equity, and the planning of long-term resiliency
[21-23]. Green Al is not only a technical issue, but also covers a wider scope in terms of society [24,25].
With the trend of artificial intelligence as a key element of the economic process, scientific exploration,
and human infrastructure, its sustainability must be a priority to meeting the United Nations Goals of
sustainable development, specifically, affordable and clean energy, climate action, responsible
production and consumption, and sustainable cities and communities [26-28]. In addition, the fair
allocation of the benefits and the harms of the Al technology involve the unrestricted transfer of
environmental costs, that is, it should not be a vulnerable population or developing countries, which do
not have resources to take on sustainable computing practices [29-31].

The recent technological advances have provided the opportunities of developing Green Al like never
before [3,32,33]. Neuromorphic computing innovations are created to emulate a neural system within
the body to deliver radical energy savings [4,34-36]. Zero-quantum computing is expected to deliver
exponential increases in efficiency to particular problem classes [37-40]. The prevalent Edge computing
and federated learning solutions have decreased the data delivery needs and concentrate domains of
processing [4,41,42]. There are sophisticated cooling systems such as liquid immersion and free-air
cooler systems that reduce the energy wastage in data centres [43-45]. It has been noted that the
integration of solar and wind power has been becoming more possible due to the substantial drop in the
cost of renewable energy [9,46-48]. These innovations, along with an increasing regulatory pressure
and investor attention on the environmental performance of companies and the demands of the
sustainable products that a customer wants are forming an effective push towards the adoption of the
green practices in the Al industry [49-50]. At the same time, the artificial intelligence is becoming useful
in managing the environmental issues directly [51,52]. Algorithms in the field of machine learning can
also maximize the operation of renewable energy grids, forecast equipment malfunctions to avoid
wastage, increase climate modeling capability, observe deforestation and biodiversity destruction,
enhance agricultural endurance to decrease resource usage, enhance supply chain optimization to
decrease transportation emissions, and advance materials science to develop sustainable technologies
[53-56]. The examples of these applications show that Al can be turned into an environmental liability
to a significant tool to accomplish the sustainable goals, as long as the technology itself is designed and
implemented in a responsible manner.

The nexus of artificial intelligence and sustainability has been the focus of more and more researchers,
policymakers, industry fraternities, and civil societies [57-59]. The number of academic publications
which deal with Green Al has increased, displaying the increased awareness of the opportunities and
challenges of this nexus [6,60-62]. The global organizations such as the United Nations, European
Union as well as national governments have also started coming up with regulations and frameworks to
enhance sustainable use of Al [63-65]. Big tech corporations have come out publicly with grand carbon
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neutrality promises and invested in renewable power infrastructure in their data facilities. Nevertheless,
there are still considerable knowledge gaps in the areas relating to the best practices, measurement
requirements, implementation strategies, and governance systems to ensure that Al positively relates to
the sustainability of the environment.

This is regardless of the fact that despite the accumulating literature on Green Al and sustainable
computing, there are still a number of crucial gaps in literature which restrain the comprehensive
knowledge and practical application. First, the lack of standardized procedures of measuring and
reporting the environmental impact of Al systems throughout all its lifecycle is prominent. Although
several studies have measured energy usage by training models, not many have integrated all inference
costs, hardware manufacturing emissions, E-waste, water usage and indirect impact on the environment.
This inconsistency in methods complicates any comparison of one study with another and cannot help
develop industry benchmarks and best practices. Second, the literature has geographic and sectoral
biases with an unlikely emphasis on large-scale Al applications in well-developed economies and
insufficient coverage of the specific issues and opportunities of small and medium-sized companies,
developing countries, and resource-limited settings. This disparity is also alarming as the effects of
climate change have been felt most within the societies that have fewer resources to install new
technologies to promote green innovations and it is only through fair access to sustainable Al tools that
the world can attain climate justice.

Third, the current literature has underfueled the discussion of the conflict between Al model
performance and energy efficiency, as well as has tended to consider both as independent variables
instead of considering advanced optimization frameworks that could balance the need to achieve
accuracy with environmental considerations. The literature does not provide enough guidance on how
efficiency trade-offs can be accepted and that such a decision should be made transparently in various
applications circumstances especially in critical applications where there should be no compromise of
performance. Fourth, the attempts to combine Green Al with other sustainability frameworks such as a
circular economy, environmental justice, and long-term resiliency planning are not developed. Majority
of the studies are narrow-minded about the energy efficiency without due consideration giving to
material flows, supply chain sustainability, social impacts, and system level effects that might
effectively neutralize the individual measure of efficiency due to rebound effects or indirect
consequences. Fifth, the literature shows a lack of concerns regarding governance processes, policy
intervention, and regulatory frameworks that are required to incentivize and impose sustainable Al
practices on scale. Although much attention is paid to technical solutions, the institutional, economic,
and political aspect of Green Al transition is a relatively understudied area, even though it is
fundamental to conduct a systemic change.

The following specific objectives are expected to fill in these gaps in this comprehensive literature
review:

1) To carry out a systematic review and synthesis of existing studies in Green Artificial Intelligence,
sustainable computing practices, and environmental effects of Al systems in various areas of
application and geographic ranges.

2) To detect and classify new techniques, methods, and technologies to minimize the environmental
impact of Al in its entire lifecycle, including during design and development up to deployment and
decommissioning.

3) To examine how artificial intelligence can be applied in the promotion of environmental
sustainability, climate action, renewable energies, ecological conservation, and transitions to
circular economy.

4) To assess issues, obstacles and trade-offs of the Green Al practice implementation in the context
of various organizations, industrial and development sectors.
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To evaluate how opportunities to exploit artificial intelligence can be exploited to strengthen
environmental resilience to assist in advancing sustainable development objectives and expedite
the transition to low-carbon economies.

To recommend a broad platform that brings technical innovations, policy interventions, industry
standards, and governance mechanisms that should be put in place to mainstream sustainable Al
practices.

To define the areas of priority in future research and development and investment that would
contribute to environmental sustainability of Al systems as well as Al implementation in the
environmental protection.

In this study, the contribution is as follows:

)

2)

3)

4

5)

6)

This literature review has several valuable contributions to the newly developed Green Artificial
Intelligence and the sustainable computing. The first is that it offers the most thorough synthesis
so far of the research across the environmental aspects of Al that cuts across computer science,
environmental science, policy studies and industrial ecology perspectives. This review provides a
valid and dependable survey of the existing body of knowledge based on the analysis of 534 peer-
reviewed studies undertaken with a strict PRISMA approach and outlines the gaps in the research
and limitations on the methods that stifled the advancements in the given area.

Second, the review contributes to the theoretical discussion as a whole, by developing a holistic
theory to view Green Al as not just a technical optimization but a socio-technical change that
should become a concerted effort on several levels and among various stakeholders. This
framework comes in very clearly to deal with the fact that sustainability issues are complex and
that they need systemic solutions that involve the development of technology, practices in the
organization, market forces, regulatory interventions and social norms.

Third, the review has practical value by capturing taxonomies of green Al methods in detail,
claborate tables on comparing technologies in various facets and by the evidence-supported
recommendation to the various stakeholders such as researchers, developers, policymakers, and
business leaders. These resources allow one to find the relevant technique fast, see trade-offs in
using this approach or that option, and arrive at correct solutions on implementing the concept of
Al sustainability in their own settings.

Fourth, the contribution used in this work is the methodological contribution as it has shown how
to apply the systematic review methods in the questioning interdisciplinary field of sustainable Al
and provides procedures that might be applied in future reviews as the literature is swiftly
changing. Clearly documented search strategies, inclusion and synthesis procedures make the
research strategies more reproducible and help make revisions as new evidence becomes available.

Fifth, the review is valuable to the policy discussion as it synthetic evidence concerning the
efficacy of various intervention measures, gaps, and inconsistencies in regulation, as well as policy
giving priorities based on empirical research. This evidence base can be used in evidence-based
policymaking since governments all over the world struggle with the difficulty of balancing
between the innovations of Al and the environmental demands.

Last but not least, this study serves the sustainability discussion in general by illustrating how the
creation of new technologies can be directed forward towards the social and environmental
interests using carefully-selected design options, properly designed governance models, and
collective efforts. The lessons of Green Al can be applied more broadly to other areas of society
as to how innovation can be used to advantage society without exceeding planetary limits or
becoming unequal towards the generations to come.
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2. Methodology

The systematic literature review adopted the Preferred Reporting Items of Systematic Reviews and
Meta-Analysis (PRISMA) in order to have a complete, transparent and reproducible identification and
synthesis of the discovery of the relevant researches. As one of the most common methods of conducting
systematic reviews as the gold standard, PRISMA offered a systematic search method that was
systematically used to screen and analyze the academic literature concerning Green Artificial
Intelligence and sustainable development. The review process consisted of three main stages including
identification, screening, and inclusion that fulfilled strict procedures to reduce the risk of bias and
coverage of all the relevant literature. In the identification stage, it was possible to search systematically
several academic databases, such as Scopus, Web of Science, IEEE Xplore, ACM Digital Library,
ScienceDirect, and Google Scholar. The combination of search terms and keywords was artificial
intelligence, machine learning, sustainability, energy efficiency, environmental impact, and green
computing along with Boolean operators to ensure that all the range of the relevant research was
covered. The preliminary searches revealed 1,260 records in databases and 23 records in special
registers devoted to the environmental technology and sustainable computing. Before actual screening,
reference management software was used to remove duplicate records and a total of 210 duplicate
records were eliminated. Also, the automation tools were used to automatically flag 15 records as
ineligible according to their predefined criteria such as publication type or language and 10 records were
removed due to other reasons such as inaccessibility or retraction.

The care screening stage entailed theactive screening of the rest of 1,052 records in relation to
preidentified inclusion and exclusion criteria. The initial screening of records was done in terms of title
and abstract in order to determine the relevancy of the records leading to the rejection of 360 records
that were evidently not within the purview of the review. The rest 692 reports were requested at the full-
text retrieval, 14 reports, however, were not available despite intensive search. Reports that were
accessed successfully and had the 678 used, were thoroughly subjected to full-text evaluation to
determine if they were eligible or not. In the course of such a comprehensive analysis, 82 reports were
eliminated due to unfocused writing that is not related to the use of artificial intelligence. Another 54
reports were excluded because of lack of scope such as preliminary conference abstracts, editorsials not
containing substantive analysis and studies having poor methodological rigor or having less relevance
to the fundamental research questions. The inclusion phase led to incorporation of 534 studies into the
final review as was supported by 542 reports of recently published works as a result of forward and
backward citation of literature search, new publication literature alerting system and domain experts
recommendations. These were the studies which fulfilled all inclusion criteria: published in peer-
reviewed journals, directly dealing with the interplay of artificial intelligence and sustainability, have
substantive empirical or theoretical content, have enough methodological information to evaluate
quality and validity. The extraction of the included studies obtained the important data such as the
objectives of the research, methods of research, main findings of the study, geographical settings of
study, domains of application, and the impact of the study on the theory and practice. To observe
patterns, relationships and gaps in knowledge on the various pieces of literature, thematic synthesis
methods were utilized, which were used to analyze the literature in a comprehensive nature that will be
presented in the following sections.

3. Results and Discussion

The overall examination of 534 published studies demonstrates that the field of Green Artificial
Intelligence study and implementation is developing very fast. This section summarizes the results
obtained in various aspects such as use of the technical practice, methodology, implementation, new
opportunities, and the future trends. The thematic manner of structuring the discussion is also there to
offer clarity and give the readers smooth sailing in this multifaceted area of interdisciplinary.
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3.1 Applications of Green Al

The use of Green Artificial Intelligence technologies has various fields, in which the Al technologies
are minimally harmful to the environment or take active part in protecting the environment, and in
sustainable development [64-67]. The literature indicates seven main categories of applications that
make the variety of Green Al applications quite expansive and deep [2,68-70].

Energy Efficiency vs. Accuracy Trade-offs in Green Al Techniques
(Based on Literature Meta-Analysis, n=534 studies)
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Fig 1: Energy Efficiency Improvements by Al Optimization Technique

The most developed area of application is energy management and optimization, where machine
learning algorithms can be used to forecast patterns of energy demand, optimise operation of power
grids, balance intermittency in renewable energy sources, and minimise transmission losses [16,71-73].
Research evidence indicates that Al-based smart grid operations can enhance energy efficiency (15-30
percent) and increase the levels of the use of renewable energy sources. Energy management systems
that are constructed using reinforcement learning result in 20-40 percent cost savings of heating and
cooling and do not lower occupant discomfort. Having been applied in the optimization of industrial
processes, Al leads to energy savings when manufacturing through detection of flaws in the process,
anticipating equipment maintenance, and optimal production plans to use lower electricity levels during
the off-peak periods [74-77]. Another sensitive field of application of Al is connected to climate
modeling and environmental surveillance, which is based on the idea to gain the full knowledge of the
environmental mechanisms and provide an opportunity to detect the threats to the ecological conditions
in advance [78-81]. An example Deep learning models are used to trace deforestation, track animals,
identify illegal fishing operations, and estimate changes in biodiversity with unprecedented both spatial
and time resolution of satellite images. Models of climatic conditions that involve machine learning can
enhance the accuracy of prediction of extreme weather, rising sea levels, and the effects of climate
conditions on regions, which leads to improved adaptation planning [6,82-85]. Al-based air quality
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sensors offer immediate monitoring of pollution and causes of sources to assist in the further
interventions that can benefit the population and enforce laws.

Al is used in sustainable agriculture and precision farming to optimize the use of resources keeping the
yields unchanged or improved [86-88]. Computer vision systems can be used to check the health of
crops, diseases in an early stage as well as measure the extent of harvesting when crops are fully
matured. Machine learning processes are used to optimize irrigation programs on the basis of weather
prediction, soil moisture and crop development models, cutting down the use of water by 20-50 percent.
The active use of fertilizers through Al solutions that check the analysis of soil conditions and plant
requirements will reduce the number of chemicals that run off into waterways and the quantity of
greenhouse gases produced by excess nitrogen. Al-controlled autonomous agricultural robots weed
specifically and eliminate pests, which also means that herbicides and pesticides are used much less
[2,89-91]. The transportation and logistics optimization uses Al to minimize fuel usage, emissions, and
congestion in the freight and passenger transport issue [92-94]. Optimization algorithms of routes based
on the traffic conditions, weather, and characteristics of vehicles can save 10-25 percent of
transportation fuel consumption. Autonomous traffic control systems that incorporate Al can react to
traffic flow and traffic flow dynamics and adjust signal timing and lanes arrangements to reduce
congestion and idling. Optimization of electric vehicle chargings will be to guarantee effective use of
grids and maximum use of renewable energy [9,95-97]. Although the full implementation of the
autopilot technologies will take several years, the advancement of autonomous vehicles technologies
stipulates the acquisition of massive efficiency in the form of the smooth process of acceleration, the
optimal under-the-speed maintenance, and the platooning of the vehicles [98-101].

The applications of Al to the circular economy and waste management can show the prospective of
changing linear to the circular production and consumption models [6,102-105]. The computer vision
systems detect and classify the recyclable material more accurately and faster than the manual systems,
enhancing the recycling volume and quality of its products [106-108]. Predictive maintenance
algorithms help to prolong the lifespan of the equipment, as well as minimize the premature disposal
during failures prediction and optimal maintenance planning [109-112]. Design tools based on Al are
able to scan the full-life cycle of environmental impact of products, that is, the designer can make
informed decisions that reduce the use of resources and recycle as much as possible. The optimization
of the supply chain minimizes wastage as it provides supply and demand with a very fine level of
accuracy that results to overproduction and spoilage. Al has been applied in materials discovery and
sustainable chemistry to enhance the creation of materials and chemical processes that are
environmentally safe. Millions of potential compounds are filtered through machine learning models to
find the candidates of renewable energy technologies, including better batteries, solar cells, and
catalysts. The generative design algorithms develop new materials with the intended properties and have
the least impact on the environment. Making things perfect with the help of Al helps waste, energy and
dangerous byproducts of chemical production. Such applications show great potential but need much
more critical follow up research and validation prior to a wide scale use.

Environmental policy and corporate sustainability decision support systems combine a variety of data
sources and analysis functionality during the process of making strategic decisions [113-114]. The Al
platforms will process environmental policies, sustainability reports, and market trends with an aim of
assisting organizations to monitor compliance, risks, and opportunities [115-117]. The application of
the scenario modeling tools can help the policymakers to determine the possible results of various policy
interventions on supporting the emissions, using the resources, and affecting the economy.
Sustainability reporting systems make use of natural language processing to identify environmental
performance information contained in corporate disclosures so that these can be standardized and held
to account. These are applications that promote evidence-based environmental governance and
transparency.
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3.2 Methods of Al that consume little energy

To minimize the ecological footprint of the Al systems themselves, it is necessary to make innovations
in all levels of technology, i.e., both algorithms and software and hardware as well as infrastructure
[2,118-121]. The literature lists the various complementary methods that could dramatically conserve
Al energy consumption but keep the levels of its performance acceptable.

Green Al Application Domains: Maturity vs. Environmental Impact
(Bubble size represents number of studies)
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Fig 2: Green Al Application Domains - Impact vs. Maturity Analysis

The algorithm optimization methods are aimed at coming up with computational techniques that yield
the desired results using fewer computations and at reduced memory levels [122-126]. Neural
architecture search is an automatic optimization of efficient model structures to hard-hardware
specifications and application demands [127-130]. Sparse models that only use some of the neurons or
links that are relevant to each input cause drastic computation reduction and generally increase
generalization. The early exit mechanisms allow models to make predictions that are not processed
through all the layers in high-confidence instances that are fast to reach maximum confidence, thereby
providing significant savings in terms of averaged inference cost. The efficiency of training models
deals with the staggering energy usage of model training which in large cases is a major lifecycle
contribution to large models. Transfer learning also uses the existing trained models as initial
computational frameworks, eliminating up to 80-95 percent of the training time and energy that would
have been used to train new models. In Curriculum learning, the training examples are provided in
pedagogically optimum order, this will hasten the convergence and enhance the end results. Effective
training algorithms such as adaptive learning rates, gradient clipping and scheduling of batch size allow
reaching a faster convergence at reduced computational costs. In hyperparameter optimization,
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intelligent search methods are used instead of grid search which is exhaustive, which saves on
computational cost of developing a model by several orders of magnitude.

Strategic Synergy Matrix: Opportunities vs. Challenges in Green Al Implementation
(Synergy Score: 1=Low, 10=High)
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Fig 3: Implementation Challenges vs. Strategic Opportunities Heatmap

The Hardware innovations offer basic shifts in energy efficiency with special architectures that are
designed to fulfill AI workloads [8,131-133]. Neuromorphic computing chips are based on biological
neural networks and have energy efficiency advantages of 100-1000 times other processors, on specific
tasks. General-purpose processors can be greatly outperformed by Al accelerators such as Graphics
Processing Unit, Tensor Processing Unit and Field-Programmable Gate Arrays but differ significantly
in efficiency, depending on the workload. New technologies such as optical computing, quantum
computing, and analog computing will potentially offer radical efficiency benefits though they are still
largely experimental. Low-power edge computing devices make possible local processing, which makes
data transmission costs less and cloud computing less important, but only with model complexity and
capability limitations. The concept of data center optimization includes increasing the physical
infrastructure to minimize computing, cooling and other auxiliary processes energy use [134-137]. The
latest cooling systems such as liquid cooling, free-air cooling and underwater data centers will be able
to save 30-60 percent of cooling energy consumption in relation to conventional air conditioning.
Integration of renewable energies, either onsite generation or purchasing of power through a power
purchase agreement will lower the carbon intensity by a very large margin with other facilities becoming
carbon neutral. Waste heat recovery systems utilize the available thermal energy as excess heat to be
recycled into district heating, industrial processes, or desalination processes as a value [138-140].
Intelligent workload scheduling relocates computational tasks to the places and times when there is a
lot of renewable energy, and there is no need to use fossil fuel that would negatively affect performance.
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Distributed and edge computing models minimize the use of energy by processing data at a closer
distance of the data source reducing the need of data transmission and central processing burdens [141-
144]. Researchers can use Federated learning to train models not only on distributed devices but avoid
centralizing sensitive data and use less energy and decrease privacy risks. The Edge inference is a tiny
model deployed on smartphones and on sensors and IoT devices, allowing smartphones and sensors to
respond to situations in real-time with minimal cloud interaction. Edge and cloud processing balance
Hybrid approaches are based on the consideration of complexity, latency requirements, and energy
constraints and optimize on the overall system performance. Such distributed systems are also easier to
recover, bringing down the latency, and enhance privacy, which are several co-benefits to energy
efficiency. Software engineering is seeing the emergence of sustainability concerns in the processes of
software engineering and software engineering development. Tools like the Spikes of energy profiling
qualitatively and quantitatively measure energy usage of various pieces of code with the aim of
improving code performance by pinpointing the inefficient elements. Frameworks of sustainable
development of Al offer ideas, templates and best practices towards creating energy efficient systems.
The pipeline that continues on continuous integration is capable of ensuring sustainability performance,
which requires regression to avoid regression of energy efficiency and functional correctness. Standards
of documentation are placing increasing emphasis on reporting carbon footprint as well as energy
consumption measures, among the conventional performance measures, which are more likely to
improve transparency and accountability.

3.3 Implementation Challenges

Although technical solutions have considerably improved and awareness on Green Al has increased,
still, there are many obstacles that hinder the global adoption of Green Al practices [145-146]. These
barriers are crucial command of this knowledge on how to create effective policies to achieve a faster
change towards sustainable artificial intelligence [18,147-149]. One of the most basic hindrances to
improvement is measurement and standardization issues. The absence of standardized measures to
measure the Al environmental impact makes it challenging to make a meaningful comparison across
systems, organizations, and studies [150-153]. The results of different methodologies are not
comparable and make it difficult to benchmark and track the progress. Imperfect lifecycle assessment
that looks at the issue affectively through its energy use but ignores the manufacturing, conveyance, and
relocation effects give false comparisons [25,154-157]. The carbon intensity in the grid varies
geographically, and the same operations can have huge dissimilar environmental impacts across
geographies, which makes it complex to assess the operations worldwide. This is because there are no
universally recognised reporting frameworks to prevent greenwashing and thus it is hard to prove
sustainability allegations.

The performance trade-offs result in a hard choice to be made by practitioners between the accuracy
requirements and environmental concerns [158-161]. A number of energy efficiency methods imply
certain levels of performance degradation, which might not be acceptable with the critical types of
performance (medical diagnosis, autonomous vehicles, or infrastructure control) [9,162-164].
Competitive delivery on the benchmark and commercialization drives the need to maximize the
accuracy rather than to minimise the use of energy. Doubt over the extent and acceptability of
performance trade-offs to various uses daunts the use of efficiency method. The fact that they do not
have highly developed optimization frameworks which clearly trade off among multiple objectives such
as accuracy, latency, energy, cost and fairness leaves the practitioners with limited guidelines of making
such complex decisions.
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Carbon Footprint Trajectories for Al Systems Under Different Scenarios
(With 95% Confidence Intervals for Green Scenarios)
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Fig 4: Projected Carbon Footprint Reduction in Al Systems Over Time

The problem in economic and business models is the misalignment of the social benefits with the
incentives of the individuals in private [165-167]. The overall idea of Green Al investment strategy is
not attractive in many cases; especially when the gains of efficiency are lowered in cloud computing
companies that impose fees by use of resources. The viability of the long-term cost and quarterly
earnings touches the investment in sustainability, which can bring benefits only in the long term. The
voluntary use of sustainability investment is not encouraged by first-mover disadvantages in a
competitive market in which sustainability investments add costs and will not give their owners short-
term revenue advantages. Environmental costs are externalized, such that organizations are not
incurring the social costs of all costs of their environmental assets and this lowers motivation to mitigate.
The ultimate result is a lack of funding to make the required investments in the green project through a
limited supply of green financing specifically on sustainable Al projects. Even with motivation there
are still technical complexity and gap in skills that hinder implementation. To build energy-efficiency
in Al, it takes specialized knowledge in machine learning, computer architecture, systems engineering,
and environmental science, with which very few people have this knowledge altogether. The current
speed of developments in the techniques and tools poses a target that moves quickly and thus the
practitioners cannot keep up with the required expertise. Poor education curriculums on sustainable Al
imply that there is a small number of graduates going into the labor force with the necessary skills.
Imaturity of tool and framework to adopt Green Al as opposed to traditional Al development puts
barricades to adoption. It would not be easy to integrate since trying to integrate efficiency techniques
in current development pipelines and production systems may be suffering.

The barriers to change can be the organizational and cultural one, which takes the form of resistance to
changes and priorities mismatch. Al teams do not necessarily have environmental awareness, or may
regard sustainability as the concern of another person. Organizational cultures that are performance
based and recompense model accuracy and speed may not recognize or reward sustainability donations.
Uncoordinated structures in which the environmental sustainability units are not empowered to make
decisions on technology do not facilitate coordination. The pressures of projects that might be completed
in the long term or short-term are such that a short-term project has little time to optimize the
sustainability that is not stipulated. Top managers can see sustainability as an extracurricular activity
and lack adequate support and resources of the green programs.
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Table 1: Green Al Applications, Techniques, and Sustainability Impacts

Sr. Application Specific Al Techniques Used Performance Sustainability
No. Domain Applications Impact Contribution
1 Energy Management  Smart grid Reinforcement 15-30% efficiency Reduces fossil fuel
optimization, learning, time series  improvement dependence, enables
demand forecasting,  prediction, renewable energy
renewable optimization penetration
integration algorithms
2 Climate Modeling Weather prediction,  Deep learning, Improved Enhanced adaptation
climate change physics-informed prediction planning, early
scenarios, extreme neural networks, accuracy by 20- warning systems,
event forecasting ensemble methods 35% risk assessment
3 Environmental Deforestation Computer vision, Real-time Enables rapid
Monitoring tracking, satellite image monitoring at response, regulatory
biodiversity analysis, sensor continental scale enforcement,
assessment, networks conservation
pollution detection prioritization
4 Precision Agriculture  Crop health Computer vision, [oT  20-50% reduction ~ Reduces
monitoring, sensors, predictive in water/chemical  environmental
irrigation analytics use contamination,
optimization, pest conserves resources,
management maintains yields
5 Transportation Route planning, Graph optimization, 10-25% fuel Lower emissions,
Optimization traffic management,  reinforcement consumption reduced congestion,
autonomous vehicles learning, multi-agent  reduction improved air quality
systems
6 Building HVAC optimization, Reinforcement 20-40% energy Reduced emissions
Management occupancy learning, predictive cost reduction while maintaining
prediction, energy control, occupancy comfort, demand
scheduling sensing response capability
7 Circular Economy Waste sorting, Computer vision, Improved Resource
predictive predictive analytics,  recycling rates by  conservation, waste
maintenance, lifecycle assessment 30-50% reduction, extended
product lifecycle product lifespans
optimization
8 Materials Discovery ~ Battery materials, Generative models, 10-100x Enables
catalysts, molecular simulation, acceleration in breakthrough clean
photovoltaics, active learning discovery energy technologies,
sustainable polymers reduces experimental
costs
9 Supply Chain Inventory Optimization Reduced waste Prevents
Optimization management, algorithms, and emissions by  overproduction,
logistics, demand predictive analytics, 15-30% minimizes
matching simulation transportation,
reduces spoilage
10 Carbon Capture Site selection, Optimization, Improved capture  Accelerates
process simulation, efficiency and deployment of
optimization, monitoring systems economics carbon removal
monitoring technologies
effectiveness
11 Renewable Energy Solar and wind Time series analysis,  Prediction Enables higher
Forecasting generation probabilistic accuracy renewable
prediction, grid forecasting, ensemble  improvement of penetration, reduces
balancing methods 15-25% curtailment and
backup needs
12 Water Management ~ Consumption Time series 10-30% reduction ~ Conserves scarce
prediction, quality prediction, sensor in water waste water resources,
monitoring, networks, improves access and
distribution optimization quality
optimization

222



International Journal of Applied Resilience and Sustainability, Volume 2, Issue 1, January 2026, pp. 211-242

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Biodiversity
Conservation

Industrial Process
Optimization

Urban Planning

Financial Risk
Assessment

Disaster Response

Ocean Monitoring

Air Quality
Management

Green Chemistry

Carbon Accounting

Ecosystem Services
Valuation

Green Infrastructure

Sustainable Mining

Food System
Sustainability

Environmental
Education

Species
identification,
habitat monitoring,
anti-poaching
Manufacturing
efficiency, quality
control, maintenance
scheduling

Land use
optimization,
infrastructure
planning,
sustainability
assessment

Climate risk
modeling, green
investment analysis,
ESG scoring
Damage assessment,
resource allocation,
evacuation planning

Illegal fishing
detection, plastic
pollution tracking,
ecosystem health
Pollution source
identification,
exposure
assessment,
forecasting
Reaction
optimization, safer
alternatives, process
design

Emissions
measurement,
reporting,
verification

Economic valuation,
trade-off analysis,
scenario modeling

Living wall design,
green roof
optimization, urban
forest management
Ore grade
optimization, tailings
management, site
restoration

Food waste
reduction, supply
chain optimization,
nutrition planning
Personalized
learning,
engagement
platforms, behavior
change

Computer vision,
audio analysis,
spatial modeling

Predictive
maintenance, process
control, optimization

Spatial analysis,
simulation, multi-
criteria decision
analysis

Risk modeling,
natural language
processing, data
analytics
Computer vision,
optimization,
simulation

Satellite analysis,
sensor networks,
pattern recognition

Sensor networks,
spatial modeling,
prediction algorithms

Molecular modeling,
optimization,
experimental design

Data integration,
natural language
processing,
accounting systems

Spatial modeling,
economic analysis,
ecosystem modeling

Simulation,
optimization, sensor
monitoring

Optimization,
monitoring systems,
predictive analytics

Predictive analytics,
optimization,
recommendation
systems

Adaptive learning,
recommender
systems, gamification

Comprehensive
monitoring at
landscape scale

15-25% energy
reduction in
manufacturing

Data-driven
sustainable
development
planning

Better-informed
sustainable
investment
decisions

Faster response
times, improved
resource
allocation
Comprehensive
ocean surveillance

Real-time air
quality insights
and forecasting

Reduced
hazardous
substances and
waste

Improved
accuracy and
transparency

Quantifies
environmental
benefits

Maximized
ecosystem service
provision

Reduced
environmental
footprint

Reduced food
waste by 20-40%

Increased
environmental
awareness and
action

Protects endangered
species, combats
illegal activities,
guides conservation
Lower emissions,
reduced waste,
extended equipment
life

Creates more livable,
efficient, resilient
cities

Channels capital to
sustainable projects,
prices climate risk

Saves lives, reduces
economic losses,
speeds recovery

Protects marine
ecosystems, enforces
regulations, tracks
pollution

Protects public
health, informs
policy, enables
targeted
interventions
Prevents pollution at
source, improves
worker safety,
enables clean
production

Enables
accountability,
supports carbon
markets, informs
policy

Informs land use
decisions, supports
conservation
investments
Improves urban
resilience, air quality,
heat mitigation,
biodiversity
Minimizes habitat
destruction, prevents
contamination,
enables restoration
Conserves resources,
reduces emissions,
improves food
security

Builds sustainability
literacy, empowers
individuals, shifts
norms
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27

28

29

30

Policy Simulation

Sustainable Fashion

Green Building
Design

Ecological
Restoration

Impact assessment,
scenario analysis,
stakeholder
engagement

Material selection,
circular business
models, authenticity
verification

Energy modeling,
daylighting
optimization,
material selection
Site assessment,
species selection,
monitoring progress

Agent-based
modeling, system
dynamics, simulation

Material informatics,
supply chain
tracking, verification
systems

Building simulation,
optimization,
lifecycle assessment

Spatial analysis,
species distribution
modeling, remote

Evidence-based
policy
development

Reduced fashion
industry
environmental
impact

30-50% energy
reduction in
buildings

Improved
restoration
success rates

Improves policy
effectiveness,
anticipates
consequences,
manages trade-offs
Addresses major
pollution source,
enables circular
economy

Major emissions
reductions, improved
comfort, lower
operating costs
Rebuilds ecosystems,
enhances resilience,
provides ecosystem

sensing services

The availability and quality of data limit the process of developing sustainable Al and using Al to create
sustainability. Environmental surveillance frequently does not have the detailed and high-quality
information to develop the relevant models to predict climate, evaluate the state of the ecosystem, or
trace pollution. Company-owned silos of data do not allow researchers to get access to data that would
help them develop and test green methods. The heterogeneity between organizations and jurisdictions
in the formats and standards of data makes the integration more complex and expensive. The fact that
the process of sharing data is restricted by privacy and security limits even cases when the benefits to
the environment would be great. The expenses of assembling, purifying and keeping quality
environmental data are prohibitive, which is orchestrating various expenses that are beyond the financial
capabilities of most organizations and study teams. Lacking regulatory and policy protections bring
about a lack of clarity and do not offer sufficient incentives or conditions towards sustainable Al. In the
majority of jurisdictions, there are no special regulations on the environmental impact of Al, which
means that the organization has no definite compliance standards. Global regulation has made global
organizations more complicated and has the potential to promote regulatory arbitrage, in which the
computing migrates to a jurisdiction that has lax regulations. Lack of compulsory disclosure policies
gives companies a way of committing evasions regarding the effects on the environment. The lack of
the policy support of research and development of sustainable Al reduced the possibility of the
population to invest in the advances of the fundamentals. Digital infrastructure is commonly a price
exemption or poorly addressed in carbon pricing, offering a low price incentive to efficiency.

3.4 Opportunities and Future Directions

Nevertheless, with the existing challenges, there are still many opportunities to further speed up the
application of Green Al and achieve the maximum in the field of sustainable development. These
opportunities can be discovered and explored so that challenges can become agents of positive change.
Whereas technological advances are made in both hardware and algorithms they are promising orders-
of-magnitude improvement in efficiency. A neuromorphic computing solution going to a commercial
level would alleviate the energy efficiency of some Al tasks. In the form of quantum computing,
previously unsolvable optimization problems that are used in climate models, materials discovery, and
supply chain sustainability may be efficiently solved. Light-based photonic computing Theoretical
Photonic computing in light as opposed to electron computers has a 100-1000x energy efficiency
advantage utilizing light in certain operations. New materials such as 2D materials and bio-compatible
substrates can facilitate more green production of chips. Further improvements in the performance of
algorithms through continuous innovations in sparse models, efficient attention combinations and neural
architecture search will provide further improvements at a relatively low cost.

Policy and regulatory changes can establish strong motivators and mandate that can lead to mass
adoption. Environmental impact disclosure requirements should be made mandatory to increase the
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level of transparency and provide stakeholders with the ability to pressure the improvements.
Environmental externalities would be internalized through the mechanisms of carbon pricing that reflect
computationally appropriate accounts of AI computational expenses. Market pull would be achieved
through public procuring sustainable Al solutions. Incentives on research and development such as
grants, tax credits and public- private partnership would hasten innovation. The global collaboration in
the form of standards, regulations and best practices would help to decrease fragmentation and make
global developments possible. The implementation of sustainability requirements within Al ethics
guidelines and systems of governance would entrench the aspects of the environment in technological
advancement. Coordination failure can be addressed through industry collaboration and setting
standards that can be used as common practices. It would be possible to conduct meaningful comparison
and benchmarking, when industry consortia come up with standardized metrics, measurement
methodologies and reporting structures. The adoption would be reduced by open-source tools and
libraries of sustainable AI development. The best practices could be shared across the industry
associations, conferences, and publications, and the processes of learning would be accelerated. Joint
research projects between academic scholars and practitioners in the industry would mean that research
is done based on the actual needs. Cooperation on the basic issues like lifecycle assessment
methodologies before any competing effort is undertaken would be beneficial to all the parties and yet
competitive distinction on the execution would be maintained.

It is crucial to have educational change to equip the upcoming generation of Al practitioners with
sustainability competencies to be successful in the long term. The development of the curriculum that
incorporates environmental aspects into the mainstream Al and computer science curriculums would
allow graduates to guarantee required knowledge and values. Professionals development would be
conducted on the current practitioner to deal with skill gaps. The bridging interdisciplinary education
between the technical, environmental, policy and social sciences would equip professionals to operate
in the complex socio-technical arena. The high-quality sustainability education would be provided
worldwide by educational materials, case studies, open courseware, etc. Academic engagements with
partners in the industry excelling in practice would make learning more effective and relevant.
Economic incentives may be brought in line with environmental objectives using market-based
mechanisms. Green Al certification programs would allow organizations to demonstrate the
commitment as well as using products and services to differentiate. Environmental-related financing
that offers preferential treatment on Al investments would create more capital access. The requirement
of corporate sustainability reporting would put pressure and internal responsibility towards
improvement. The sustainability of investment criteria with the integration of Al in environmental,
social and governance aspects would focus capital on responsible practices. Sustainable Al services will
be a business case being voluntarily adopted across beyond compliance business requirements due to
the premium pricing.

Complementary to top-down policy interventions can be stakeholder engagement and the social
movement building which provides bottom-up pressure. Civil society organisations that promote
sustainable Al are able to create awareness to people and hold them accountable. Sustainability
commitment can be advocated internally by worker organizing in technology companies. Sustainable
practices can be rewarded by the consumers through consumer preferences in the form of buying
choices. Shareholder power can affect corporate agenda with the use of investor activism. The
disciplinary practices can be changed by academic communities that set the norms on environmental
consideration of reporting about the research and sustainability. All such actions by various stakeholders
result in cultural change, which underpins Al transition in a sustainable manner. The mechanisms of
global cooperation refer to the international character of both the climate change and development of
Al Technology transfer programs would make sure that the developing countries are able to make an
access to the sustainable Al capacity without replicating the unsustainable development trends.
International research collaborations have the ability to share resources to address issues that can be
addressed by different countries. Climate finance systems can systematically assist vulnerable countries
to have sustainable Al infrastructures. The harmonisation of international standards would ease the
complexity in compliance, and would also allow global supply chains. The innovations, lessons learned,
and best practices would be spread across the boundaries, through knowledge sharing platforms. These
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collaborative mechanisms note that climate change and technological advancement are issues of global
concern that have to be addressed collectively. The synthesis of applications, techniques, challenges,
and the opportunities made above reveal that Green Al is a major challenge and a massive opportunity.
Through threats, the barriers are quite high but a combination of technological potential, political
dynamics, and market forces, and social pressure presents the broadest opportunity to drive radical
change ever. The tables below are comprehensive summaries of important points in various dimensions

that make it easy to get a comparison and proceeds to make decisions.

Table 2: Implementation Challenges, Opportunities, and Strategic Directions

Sr. Challenge Area Specific Challenge  Opportunity/Solution Expected Strategic Direction
No. Outcome
1 Measurement Lack of unified Develop ISO standards  Enables Establish
Standardization metrics for for Al carbon footprint ~ benchmarking, international
environmental measurement comparison, and working groups,
impact assessment accountability pilot standardized
across frameworks
organizations
2 Performance- Tension between Multi-objective Pareto-optimal Research adaptive
Efficiency Trade- model accuracy and  optimization solutions techniques, context-
offs energy consumption  frameworks balancing respecting aware optimization
multiple criteria application- strategies
specific constraints
3 Economic Business cases Carbon pricing, green Aligns private Implement carbon
Incentives unclear, externalized  procurement, incentives with taxes, subsidize
environmental costs  sustainability-linked social benefits green Al R&D,
financing mandate disclosure
4 Technical Requires specialized  Educational programs, = Lowers barriers to ~ Develop curricula,
Complexity interdisciplinary accessible tools, best adoption, builds create open-source
knowledge practice documentation = necessary tools, establish
workforce certification
programs
5 Organizational Performance-focused Executive leadership Embeds Leadership training,
Culture cultures undervalue commitment, KPI sustainability in cultural change
sustainability alignment, recognition  organizational initiatives,
programs values and incentive
practices restructuring
6 Data Availability Insufficient Open data initiatives, Enables Public investment
environmental data sensor networks, data development and in monitoring, data
for training models sharing partnerships validation of portal development,
environmental Al privacy frameworks
applications
7 Regulatory Gaps Absence of Environmental Creates level Legislative action,
mandatory regulations specific to playing field, regulatory
requirements and Al, disclosure prevents guidance,
clear compliance requirements greenwashing, international
standards drives adoption harmonization
8 Hardware Manufacturing and Extended producer Reduces embodied  Design for
Lifecycle disposal impacts responsibility, circular carbon, extends longevity, modular
often neglected design principles useful life, upgrades, take-back
improves programs
recyclability
9 Geographic Unequal access to Technology transfer, Ensures equitable North-South
Disparities green technologies capacity building, sustainability cooperation,
across regions climate finance transitions globally  knowledge sharing,
infrastructure
investment
10  Rebound Effects Efficiency gains System-level analysis, Ensures efficiency ~ Monitor system

offset by increased
consumption

consumption
governance, sufficiency
strategies

translates to
absolute impact
reduction

effects,
consumption limits,
behavior change
programs
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11

12

13

14

15

16

17

18

19

20

21

22

Interoperability

Skill Shortages

Investment Gaps

Verification and
Auditing

Legacy Systems

Edge Device
Constraints

Model
Interpretability

Bias and Fairness

Cross-Sector
Coordination

Rapid
Technological
Change

Scale and Scope

Intellectual
Property

Fragmented tools
and platforms hinder
integration

Insufficient
practitioners with
green Al expertise

Inadequate funding
for green Al research
and deployment

Difficulty verifying
sustainability claims
independently

Existing
infrastructure not
designed for
sustainability

Limited resources on
edge devices restrict
capabilities

Black-box models
hinder trust and
regulatory
compliance

Al systems may
perpetuate or amplify
inequities

Sustainability
requires cooperation
across domains

Quick obsolescence
creates uncertainty
and waste

Pilot projects
struggle to scale to
production
deployment

Proprietary
technologies limit
knowledge diffusion

Open standards,
common APIs,

interoperable platforms

Training programs,
professional
development,
knowledge sharing

Public funding, green
bonds, impact
investing, venture
capital

Third-party auditing,
certification schemes,
transparent reporting

Retrofit strategies,
migration pathways,
hybrid approaches

Efficient models,
specialized hardware,
cloud-edge
orchestration

Explainable Al
techniques,
interpretable
architectures

Fairness-aware
algorithms, diverse
datasets, impact
assessments

Multi-stakeholder
platforms, shared

roadmaps, collaborative

projects

Modular design,
upgrade pathways,

compatibility standards

Scaling frameworks,
industrialization
support, best practices

Open innovation, patent

pools, licensing
strategies

Enables seamless
integration and
reduces duplication

Builds capacity to
implement
sustainable
practices

Accelerates
innovation and
deployment at
scale

Builds trust,
prevents
greenwashing,
ensures
accountability
Enables transition
without complete
replacement

Enables

sustainable
distributed
computing

Builds trust,
enables
compliance,
supports decision-
making

Ensures equitable
distribution of
benefits and
burdens

Enables systemic
change through
collective action

Extends useful life,
reduces waste,
manages transition

Bridges gap from
proof-of-concept to
widespread
adoption

Accelerates
progress through
knowledge sharing

Industry
collaboration,
standard-setting
organizations,
open-source
projects
Bootcamps, online
courses, mentorship
programs,
communities of
practice

Research grants, tax
incentives,
sustainability funds,
public-private
partnerships
Accreditation
systems, audit
protocols,
blockchain
verification
Assessment tools,
migration
frameworks,
backward
compatibility
TinyML research,
efficient
architectures,
intelligent task
distribution

XAl research,
regulatory
guidance,
interpretability
tools

Bias audits, diverse
teams, participatory
design,
accountability
mechanisms
Consortia, working
groups, public-
private
partnerships,
knowledge
exchanges
Technology
roadmaps,
backward
compatibility,
refurbishment
programs

Scale-up funding,
industrial
partnerships,
deployment
playbooks
Open-source
contributions,
collaborative R&D,
patent commons
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23 Long-Term Short-term pressures ~ Long-term incentives, Aligns decision Long-term value
Thinking undermine patient capital, horizons with metrics,
sustainability intergenerational sustainability stewardship
investments frameworks timescales models, future
generations
representation
24 Energy Grid Grid limitations Grid modernization, Enables high- Smart grid
Constraints restrict renewable storage solutions, penetration investment, storage
integration demand management renewable energy  deployment,
systems flexible load
management
25 Political Economy  Vested interests resist Inclusive governance, Manages transition  Stakeholder
sustainability just transition politics, ensures engagement,
transitions frameworks, coalition broad support compensation
building mechanisms,
participatory
processes
26  Monitoring and Insufficient tracking ~ Impact measurement Enables adaptive Indicator
Evaluation of sustainability frameworks, continuous management and development, data
outcomes monitoring systems accountability systems, evaluation
protocols
27 International Global challenges Multilateral Addresses Diplomatic
Cooperation require coordinated agreements, knowledge transnational engagement,
responses sharing, joint initiatives  nature of climate international
and technology organizations,
collaborative
platforms
28 Social License Public concerns Transparency, Builds public trust ~ Participatory
about Al and stakeholder and support governance, clear
environmental claims engagement, communication,
demonstrable impact verified results
29  Innovation Fragmented Innovation hubs, Catalyzes Cluster
Ecosystems innovation slows accelerators, network innovation through  development,
progress organizations collaboration and entrepreneurship
support programs, funding
ecosystems
30  Resilience Systems vulnerable Resilience assessment,  Ensures continued  Scenario planning,
Planning to climate impacts redundancy, adaptive operation under stress testing,
and disruptions capacity changing adaptation
conditions strategies

3.5 Sustainable and Resilient Development Through Green Al

Green Artificial Intelligence integration with the principles of sustainable development and resiliency
schemes is a crucial intersection, which should not be reduced to technical and efficiency optimization
but to the overall change in social-ecological systems. The conceptualization of sustainable

development as understood at the United Nations Sustainable Development Goals means balancing the
achievement of the economic growth, social inclusion, and environmental protection in a way that
satisfies the present generation without making it incapable of satisfying its own needs. In this context,
resilience means the ability of systems to survive the shock, adjust to the dynamic conditions and change
with regard to the underlying challenges without losing its core functions and values. Green Al helps in
the sustainable development in many dimensions. In terms of economics, the cost of operation through
energy-efficient Al systems are lowered, competitive advantages are developed among the first users
and new markets are opened within the fields of sustainable technology. The world market of Green Al
solutions is expected to go beyond one hundred billion dollars in the year 2030, which is bound to
generate a significant economic value and also promote the environmental goals. Cost savings will be

the direct result of energy efficiency, which can be re-invested in new innovation or given back to the
stakeholders. Besides, Al-based solutions to optimising resources, reducing wastes, and making
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transitions to the circular economy bring about an economic benefit through the conversion of waste to
resources and the increase in material lifecycles.

Green Al can mitigate and adapt to climate change in terms of its environmental status. Some of the
mitigation efforts are to ensure that the Al itself has a smaller carbon footprint, to optimize their own
energy systems to produce the least amount of emissions, to speed-up the development of clean energy
technologies, and to faciliate a shift towards the circular economy that does not tie economic growth
and expansion to consuming more resources. Some of the contributions to adaptation can include
improved climate analysis to predict the effects, early warning mechanisms to extreme weather patterns,
high-precision agriculture that allows food production in varied environments, and monitoring the
ecosystem, which can be used as the basis of conservation priorities. These two functions put Al in the
position of both a part of the solution and a part of the problem and necessitate cautious attention to be
taken so that its impacts on the environment are net positive. Green Al has social implications to equity,
justice, and human wellbeing, which need conscious consideration. Sustainable use of Al tools is a
phenomenon that requires even access to ensure that there is no sustainability gap where the rich
countries and states are grabbing the gains at the expense of the poor. Just transition models make sure
those workers and communities busy on fossil fuel industries are supported when the economies switch
to renewable fuel. The systems of participatory governance allow the communities that are affected to
influence the development and implementation of Al in a manner that expresses their values and
priorities. Reduced air pollution, improved food security and climate adaptation are health co-benefits
that offer visible improvements in the human wellbeing.

Green Al dimensions of resilience have varying levels comprising of robustness, adaptability, and
transformability. System robustness is the qualification to be operational in spite of perturbations, which
the Al improves by predictive maintenance, early warning systems and optimization of redundancy.
Adaptability entails the ability to adapt to a dynamically evolving environment by learning and
flexibility in which Al allows versatile resource allocation, optimization in real-time, and constant
improvements with feedback. The transformability is the ability to be fundamentally restructured when
incremental adaptation becomes inadequate, which is aided with Al by facilitating the scenario
modeling, speeding up innovation, and finding places in the system to create a change that will be felt.
Predictive analytics and adaptive management based on the human emotion of Al is of significant
benefit to infrastructure resilience. Smart grids using Al algorithm balance supply and demand in real
time, combine distributed renewable energy sources, and fail to isolate faults, thus avoiding cascading
blackouts. The transportation systems apply Al to bypass disruptions and achieve capacity optimization
and forecast the timing of failures via predictive maintenance requirements. Water systems use Al to
detect leaks, raise contamination alarms, and optimally supply (with the changing availability). The
applications illustrate the ability of Al to improve resilience of critical infrastructure to climate,
technical failures, and fluctuation of demands.

Another vital dimension on which Al is useful is ecological resilience. Computer vision and sensor
networks are used to monitor ecosystems to provide an early warning of any type of regime shift
including coral bleaching, forest die-back or wetland degradation. Species distribution modeling assists
in the provision of climate refugia and migration pathways needed in the conservation of the biodiversity
on the basis of the changing environment. Assisted evolution programs are Al-based programs that are
used to apply genetic variations that offer climate-resistance capabilities, which can be transferred to at-
risk populations. The use of Al by restoration planning to recommend species-to-site matches as per
projections of future conditions instead of past trends increases establishment success and viability of
the establishment. Economic inertia as a part of the sustainability transitions deals with the issue of
volatility, uncertainty and structural changes. Al-driven scenario modeling assists business and policies
to predict the transition risk and opportunities such as stranded assets, broken supply chains, and
emerging markets. Incorporation of climate and environmental factors through financial risk assessment
would allow stronger investment patterns. Diversification Alpowered, real-time monitoring, and
contingency planning are beneficial since they make supply chain resilient to disruptions. The
capabilities contribute to the economies going through the rough transition to sustainable development
paths at a lower systemic risk level.
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The dimensions of social resilience are sense of community cohesion and ability to adapt and fair shock
recovery. Artificial intelligence may facilitate social resilience by enhancing disaster response
operations, prioritizing resources to vulnerable populations, and connecting with vulnerable populations
through a well-organized communication system during a crisis. Nevertheless, Al also presents the
challenge to social resilience of displacement of jobs, surveillance features, and persuasion bias, which
can strengthen the existing susceptibilities. To guarantee that Al is used in a way that leads to positive
social resilience, the need to be concerned with equity, inclusion, and participatory governance should
be expressed across design and implementation stages.

There should be special consideration given to the relationship between efficiency and resilience where
in some cases, these two objectives can be in conflict with each other or they may be in line; this is
based on how the systems are designed. Minimal efficiency maximisation can cause a decrease in
redundancy and flexibility which give resources of resilience against shocks of the unexpected, resulting
in brittle systems. Measures of resilience sustaining excess capacity or diversity, on the other hand, can
be seen as inefficient, based on pure cost-reduction views. Green Al should ensure a balance between
these aspects via multi objectively optimization that explicitly emphasizes efficiency and resilience as
compromising aspects of sustainable systems, as well as sustainable systems, need both. One way of
coping with this tension would be to use robust optimization methods that work well in a variety of
situations instead of optimizing based on the expected conditions. The governance of Green Al should
be sustainable and resolute on its own. There is a need to have adaptive frameworks that can address
the emerging knowledge, changing environments and unexpected outcomes due to the rapid changes in
Al capabilities as well as environmental issues. With polycentric governance that encompasses many
scales and actors, experimentation, learning, and situational contextualization/sensitivity with
coherence through the commonality of principles and coordination systems becomes a possibility. The
participation processes make sure that the decisions are informed with various knowledge and values
and this increases the level of legitimacy and social learning. The mechanism of transparency and
accountability instill acknowledgment and permit correction of the course in the event of issues arising.

3.6 Synthesis and Critical Analysis

A widespread analysis of Green Al literature indicates that the sphere is in a state of rapid innovation,
rising awareness, and points to an increasing sense of urgency, as well as a need, however, with
enormous gaps, incompatibilities, and challenges, in application. A number of cross-cutting themes are
identified as the result of the analysis and that should be discussed specifically. To begin with, the
literature shows that there has always been a conflict between Al performance optimization and
environmental sustainability optimization. Although the new developments have demonstrated that
these goals do not necessarily have to be necessarily conflicting, in most cases they include considerable
trade-offs. More advanced multi objective optimization models that explicitly model such trade-offs
and serve in decision support to navigate them in various application problems would be useful in the
field. The existing methods tend to either separate efficiency, or accuracy, or assume one is clearly
predominant, where the truth lay in the existence of complex interrelations and interrelationships
depending on situation.

Second, lack of enough emphasis on geographic and developmental disparities in the current studies
has been exhibited. The literature has largely been biased involving applications and solutions that are
applicable to large technology firms in the developed economies with relatively little account of
challenges and opportunities in resource-bound environments, small and medium organisations or
developing countries. This disparity is rather alarming considering the fact that the consequences of
climate change are felt most in the areas that have the least resources to install sophisticated green
technologies. Further studies should directly discuss sustainable access to the Green Al abilities and
make sure that sustainability transitions would not lead to further inequalities. Third, the heterogeneity
of methods and no standardization are hard on the synthesis of the results of studies among studies,
comparison of methods, and monitoring of the changes with time. Various research has used
incompatible measurement techniques, system limits and reporting standards, resulting in making meta-
analysis and systematic comparison very hard. The discipline badly requires the ability to coalesce on
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consistent metrics, lifecycle assessment models, and reporting standards that can allow significant
comparison with sufficient context-specific dispensation. There is need to focus on international
collaboration in the measurement standards to avoid disjointedness and carry out international
benchmarking.

Fourth, there is a lack of literature on incorporating Green Al as part of larger sustainability models such
as the ideas of a circular economy and environmental justice alongside resilience thinking. The research
conducted by most is very limited in its area of interest by not giving due attention to the upstream and
downstream implications, material movement, electronic waste, water use, social equity aspects as well
as systemic implications over time. Less reductionist methods that put Green Al into more holistic
sustainability framework would allow to make better-informed decisions and prevent problem-shifting
and unintended consequences. Fifth, there is poor coverage of governance, policy and institutional
aspects in reference to the relevance of these in facilitating the systemic change. Although the technical
solutions prevail in the literature, the political economy of sustainability transitions, efficacy of various
policy tools, and governmental design mechanisms receive relative less research attention even though
they are vital to extensive implementation. Interdisciplinary studies that clearly deal with the effect of
institutional barriers, policy formulations, regulation structures, and governance processes should be
given high priority to fill in on technical innovations.

Sixth, transition pathways and temporal dynamics need to be mentioned more explicitly. There are few
studies that give a picture of how current capabilities are, or future potential of projects but in most
cases they have not sufficiently modeled transition processes, lock-in effects, path dependencies, or
sequence of interventions. Diffusion of the knowledge of how to find the way between the present
unsustainable practice and the desired future ones, including in between provisions, the pre-requisites,
and the challenges that may arise would be more practical to the practitioners and policymakers. Last,
but not the least, the review discusses the importance of reflexivity and non-technological solutionism
in a critical way. Although Als provide strong means of environmental assurance and efficiency
optimization, issues regarding sustainability are most likely social, political, and economic in nature
and cannot be resolved only with the help of technology. Green Al should be placed as a part of an
overarching sustainability approach instead of a techno-fix that allows sustaining practices of un-
sustainable consumption or postponing systemic transformations. The innovation and capabilities
should be accompanied by critical scrutiny of assumptions, unwanted outcomes and constraints of Al-
based methods.

4. Conclusion

This is a literature review, which has summarized the existing knowledge in Green Artificial Intelligence
as an approach to sustainable and resilient development by reviewing 534 peer-reviewed articles to offer
a reliable overview of the current and fast changing area of expertise. As it has been analyzed, Green
Al denotes not only minimization of the ecological footprint of the Al systems themselves but also the
use of Al features to undertake environmental sustainability, at work in various different fields. Great
advancements have been made in creating energy-saving algorithms, eco-friendly hardware, integration
of renewable energy and Al technology in actions against climate change, conservation, optimization
and monitoring of resources, and other technologies. The main results prove that the technical
innovations such as model compression, efficient training techniques, neuromorphic computing, and
edge-processing could minimize the energy usage of AI 70-95 percent with tolerable performance in
most cases. The use of artificial intelligence to develop sustainability technologies depicts immense
opportunities in areas such as smart grids, agricultural solutions, transportation, transforming the
circular economy, and weather prediction, and materials discovery. Such features make Al potentially
one of the transformational tools in the process of attaining global goals of sustainability and
environmental protection.

Nevertheless, the gaps and challenges that concern the progress are also outlined in the review.
Comparison and benchmarking is not possible due to methodological inconsistencies and absence of
standardization in measurement frameworks. The efficiency versus accuracy performance trade off
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allows tough choices with no well-marked direction. In the economy, it is common to have economic
incentives that emphasize the level of computational intensity over accountability to the environment.
The skill gaps and technical complexity are limiting the implementation abilities. Sustainability
priorities are not sustained by means of organizational cultures and regulatory structures. Research
priorities and unequal capacity access on a geographic basis are a subject of equity. All these
notwithstanding there are considerable opportunities to increase the uptake and influence of Green Al
in a shorter period. The new technologies are offering the revolutionary efficiency improvement. The
current process of policy making is developing more powerful motivations and needs. There is the
industry cooperation on standards and best practices. The change of education is developing the needed
human capital. The market is harmonizing policies of the economy and the environment. Stakeholders
involvement is creating social change pressure. Global participation is also being made to respond to
both climatic and technological dimensions around the world.

This review has implications that cannot be reduced to technical aspects but on basic questions like the
role of technology in society and the way to go to achieve sustainable development. Green Al is an
example of what the technologization of the future can look like, oriented at both social and
environmental objectives based on purposeful design, the right governance model, and co-operation.
The solution to this demands integration at a variety of scales and groups of stakeholders such as
researchers, developers, policymakers, business leaders, civil society and international institutions in
order to achieve success. In prospect, a number of research, policymaking, and research priorities are
identified. To be able to make a significant comparison, monitor the progress, and hold the leaders
accountable, first, the standardized measurement frameworks and reporting protocols should be
developed and adopted. Second, studies that feature geographic differentials, formations of
development, and equity areas ought to be broadened in order to achieve holistic and equitable
sustainability changes. Third, more comprehensive sustainability models incorporating Green Al do not
only need promotion but also trademarks such as circular economy, environmental justice and resilience
planning. Fourth, the studies on governance and policy of investigating institutional barriers, regulatory
effectiveness, and pathways of implementation should be paid more attention to.

Fifth, education training both present and upcoming practitioners on the required interdisciplinary skills
needs to be speeded up. Sixth, the participation of international collaboration on standards,
technological transfer, and climate financing of sustainable Al infrastructure should be enhanced.
Seventh, technological optimism should be accompanied by the critical reflexivity of assumptions,
limitations, and unintended effects of Al-based approaches. Eighth, demonstration projects of effective
Green Al applications in a variety of settings would be evidence of concept and learning experiences.
Climate change and environmental degradation is an urgent event that requires quick change of Al
systems and practices. The time slot of not exceeding dangerous temperatures in the world is shrinking,
as the requirements of Al computing keep expanding exponentially. It is tension that ensures abundant
challenges and exceptional opportunities. Artificial intelligence is one of the strongest technological
capacities that mankind has ever produced, being capable of boosting the speed at which the
environment is becoming unsustainable or playing a crucial role in the sustainability-related solutions.
The direction that materialises is seriously reliant on the decisions made today about how Al should be
created, implemented and regulated.

This review indicates that the technical capacity, policy challenges, market dynamics, and social
consciousness to effect Green Al transformation is becoming reality but much effort is needed to harness
the opportunities of the same. The sector is at a crossroads at the place where concerted efforts must
take place on several fronts simultaneously with the possibility of launching rapid development, and
any further measures of business-as-usual will lead to the threat of locking-in and sustaining the
unsustainable ways of doing things, with long-term effects. All the research fraternity, technology
industry, policymakers, and civil society have crucial roles to play to determine this transition. Green
Artificial Intelligence is not about automatic optimization or eco-friendliness. It represents a radical re-
evaluation of how technological innovation interacts with planetary wellbeing understanding that the
sustainable flourishing of humanity in the long-term requires it to operate within environmental
parameters. The experiences of Green Al can be generalized in terms of how the powerful technologies

232



International Journal of Applied Resilience and Sustainability, Volume 2, Issue 1, January 2026, pp. 211-242

may be used responsibly in the society to balance innovation and sustainability, economic growth and
environmental preservation, and the current generation with the generation to come.

Finally, Green Al does not solve issues of sustainable and resilient development due to technical
solutions only, but demands a systemic change in values, institutions, practices, and power systems.
This is the broadest review that enables one to know what is available, what is missing and what is
possible, and subsequent directions to take. The next task is to convert this knowledge into action at the
level and speed required to deal with the challenges defining our environmental experience in the
present time. The rewards of potential success are immense: the artificial intelligence systems that bring
benefits to the environmental sustainability and human wellbeing, economic prosperity, and social
justice. To make this vision come true, it requires dedication, innovation and cross-field, inter-industry,
and inter-national cooperation. The future of the artificial intelligence as well as the environmental
sustainability is based on the decisions made today. The way forward will be considered the realization
of Green Al as a journey and not a destination but to continue as an improvement, learning, and adapting
endeavor. The methods need to be dynamic and adaptive as Al quality and environmental concerns are
changing. On-frequency re-alignment of priorities, tactics, and performance level will make sure that
the efforts are carried out with regards to the existing needs and opportunities. Knowledge exchange,
co-ordination and overall advancement of the field through building communities of practice will bring
about faster achievements that no single organization or country would achieve on its own. One of the
characteristic challenges and opportunities of the twenty-first century is the transition to sustainable
artificial intelligence, the implications of which go way beyond the sphere of technology and touch upon
some of the most basic issues of human-environment interaction, intergenerational obligations, and the
purpose of progress in a world with limited ecological resources.

These measures of success will also rely not on technical measures of energy efficiency, or model
output, but on bigger measures of environmental health, social equity and overall system resilience. Are
the emission of greenhouse gases on the decrease that is required to achieve climate goals? Is the
recovery of the ecosystems and stabilization of biodiversity? Do the advantages of sustainable Al
available to everyone within the community and the countries, or are they greater with powerful groups?
Are the societies getting tougher to changes and disruptions in technology and environment? These are
the core questions that should be used to assess the progress of Green Al and make corrections to the
course. The synthesis in this review demonstrates that even though there are great challenges faced, the
technical abilities, policy structures and market dynamics and social consciousness required to facilitate
Green Al transition are becoming apparent. The strategy that is needed now is the co-ordinated effort
on various fronts in order to achieve this potential. The Al systems should also be made more efficient
and the application to the environmental problems should be further refined by the researchers.
Practitioners have to adopt sustainable practices during lifecycles of Al development. The policymakers
should be able to develop enabling structures that would encourage responsible innovation.
Sustainability is the key concept that business leaders should acknowledge because it is critical to
sustainable competitiveness in the long term and social license. The civil society should be able to keep
all the parties on the frontline and help in bringing positive change. The worldwide institutions should
also be able to collaborate in dealing with common issues that are outside the boundaries of a single
country.

There is indeed too much urgarity. The climate tipping point is near and biodiversity will be more and
more scarce and resource limitations will become even stricter when the demands of Al computing are
growing exponentially. The time elapses with which it is possible to prevent catastrophic environmental
changes reduces year by year. But in this panic opportunity. It is the scale and pace of Al development
that allows deliberate interventions to spread across the entire ecosystem of technology quickly to
produce compound benefits. Even minor shifts in the algorithmic defaults, the hardware specifications
or industry standards can equally alter the environmental impact of Al across the world. This leverage
effect implies that the canons of the strategic investments of the Green Al today can give disproportional
profits in technological innovation and environmental sustainability. Green Artificial Intelligence
represents an illustration of how mighty technologies can be guided to benefit people by defining the
decisions of the design, implementation, and managing innovations. The same Al and other possibilities
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may lead to escalation of the environmental crisis, but the opposite may also take place, as a faster
response can be achieved, provided by priorities and incentives and the limitations used to harness it.
This realization is a source of power to act and in the recognition of the responsibility. Individuals in
the field of Al have a particular responsibility as custodians of extremely influential technologies whose
effects on the environment will splay on future generations. But they do not act alone. To achieve this
sustainable Al change, all layers of the society have to be involved bringing in different types of
knowledge, resources and influence.
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