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Abstract. The global endeavor to advance sustainable development is confronted with 

formidable hurdles brought by climate change, environmental deterioration and resource 

depletion. Artificial intelligence has evolved into a pivotal transformative tool that 

propels sustainable transition across various core fields. This study synthesizes research 

findings to explore AI applications in corporate green technological innovation, energy 

system transformation, environmental functional material development, sustainable 

supply chain management and renewable energy optimization. It identifies the core 

mechanisms driving AI's sustainability effects, including financial facilitation, optimized 

resource allocation and predictive analytics. Meanwhile, the study reveals the 

differentiated impacts of AI adoption across diverse industries, regions and firm types, as 

well as critical challenges such as inferior data quality, sophisticated algorithm design 

and technological integration dilemmas. Future research directions centered on data 

standardization, explainable AI development and inclusive technology popularization are 

proposed to unlock the full transformative potential of AI for a more sustainable global 

future. 
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1 Introduction 

The practice of seeking sustainable development has gained momentum in the recent past with 

the world facing unimaginable challenges due to global warming and environmental 

degradation coupled with lack of resources to support the growth and sustenance of the human 

society. Circular economy practices and environmental protection, as well as green 

technological innovation have become one of the fundamental ways to find solutions to these 

burning problems without losing the economic efficiency. In the meantime, the accelerated 

field of artificial intelligence technologies has transformed the work of industries, 

environmental management and resource use, and provided strong resources to hasten the 

sustainable transition in the industry in different directions. Corporate green innovation and 

energy system optimization, environmental material development, and supply chain 
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sustainability are only some examples of AI, which have shown exceptional potential in 

effecting efficiencies, decreasing environmental effects and devising innovative solutions. 

Current literature has discussed AI implementation in particular areas of sustainable 

development, but not in a cohesive cross-sectoral representation and mechanisms. First pieces 

of research concentrated on single cases of AI usage without exploring the pathways of 

transmission of technological use to sustainability-related outcomes. As an example, there was 

a research which studied the effect of AI on energy efficiency, but it does not reveal the affect 

of organizational and contextual issues on its performance. Although it has been substantiated 

by other studies that AI has a positive effect on environmental and economic performance, the 

variety of the effects on various industries, regions and types of firms has not been studied 

extensively. Moreover, the concept of integrating AI with the newly developed technologies 

of digital twins and the problem of data quality, which can be interpreted and practically 

implemented is not comprehensively discussed in one framework. 

The paper fills these gaps by offering extensive coverage of the application of AI in 

sustainable development in five major spheres. The paper determines shared mechanisms, 

fundamental issues and inconsistent impacts of implementing AI by synthesizing the results of 

10 high-impact studies. The review will also seek to offer an integrated vision of the role of AI 

in promoting sustainable development, refer to multidomestic synergies and lay out future 

areas of research to make the most out of AI transformative capabilities. Under this holistic 

analysis, the paper aims to provide meaningful feedback to policy makers, practitioners and 

researchers in the industry who have worked to ensure that they exploit digital technologies to 

bring about a more viable future. 

2 Mainstream Technology Overview 

2.1 AI-driven programming green technological innovation of companies 

AI has been discovered to be an important facilitator of corporate green technological 

innovation because it tackles the essential obstacles to sustainable development. Among the 

key processes is reducing financing limits by using better transparency and credit rating 

capacities. The conventional green innovation projects tend to have the problems of not 

raising adequate funds because of information asymmetry between business and investors. 

The use of AI technologies narrows this distance by enhancing the quality of financial 

reporting and offering data-driven information on the viability of the project to firms, thus 

granting firms more access to external capital to make long-lasting investments in the 

environment. This financial aid enables companies to take up high-risk green innovation 

projects that would otherwise be abandoned because of a lack of resources. 

The other underlying line is that of stimulating R&D investment through enhanced resource 

allocation efficiency. AI automatically performs mundane chores and speeds up knowledge 

discovery, allowing R&D employees to concentrate on high-value activities that are concerned 

with green technology development. Machine learning is used on complex data sets to select 

promising areas of research, maximize experiment designs and forecast the performance of 

technologies, which involves much less time and money invested in innovations. As one 

example, AI can be used to analyze data and aid the firms in discovering the most productive 



 

 

green technology mix and prioritize R&D investments in high-potential projects, which boosts 

the net ROI on the manner in which the firms invest in innovation. 

There is also green innovation by AI that alleviates managerial overconfidence and enhances 

rational decision-making. The underestimation of the risks of the traditional investment 

projects or the underestimation of the long-term profits of the green technologies are typical 

characteristics of overconfident managers. Such behavioral biases are overcome by AI-based 

decision support systems that offer real-time-based data, predictive modeling, along with 

evidence-based recommendations. As AI is associated with objective evaluation of the 

opportunities of environmental innovations, it prompts firms to pursue efficient and 

sustainable approaches to long-term environmental and economic objectives. 

The efficiency of AI in stimulating corporate green innovation has a high degree of 

heterogeneity in various situations. The positive impacts of high-tech industries and less-

polluting sectors are stronger because of the high capability of absorption and innovation 

environment. In the economically developed regions, companies are at an advantage of AI 

implementation due to the improved digital infrastructure and policy enabling. Besides, the 

trend of green innovation through AI is more likely to be utilized by private enterprises and 

larger corporations than it is in the case of state-owned enterprises and smaller corporations, 

given the variations in organizational flexibility, endowments and implementation capabilities 

[1]. 

2.2   AI and Digital Twin in Energy Transition 

The combination of AI and digital twin (DT) technologies has revolutionized the management 

of energy systems by allowing the monitoring of energy systems in real-time, predictive 

maintenance, and efficient resource use. Digital twins generate virtual copies of real assets of 

physical energy, and AI algorithms manipulate large volumes of data to deliver actionable 

data on how to improve the performance. The combination is a response to major issues of 

energy transition such as the intermittency of renewable energy sources and their efficient 

contribution to existing grids. 

Predictive maintenance is one of its applications, which plays a crucial role in minimizing 

unplanned downtime and increases the life span of sources of energy. The AI-driven DT 

models use real time data of operational state to anticipate equipment failures before they 

events happen using past operational performance records and environmental data. This type 

of proactive maintenance strategy has been found to reduce unplanned outages by 35 percent 

and increase in energy generation by 8.5 percent in renewable energy systems and provide 

98.3 percent fault detection accuracy. Contrary to the traditional maintenance methods, which 

work according to a fixed schedule, AI-based predictive maintenance plans the periods of 

servicing according to the real state of the assets and reduces the costs but maximizes the 

efficiency of the work [2]. 

Another aspect of AIs and digital twins in optimization of energy production is accurate bias 

and dynamic adaptation. Renewable energy generation is predicted using machine learning 

algorithms based on weather rates, demand changes, and grid status, and so that the resources 

are effectively allocated and balanced loads. To take an example, AI models can replicate 

production of solar and wind energy by weather predictions and assist grid operators in 

changes in managing energy regulation and using variable renewables more efficiently. This is 



 

 

especially useful in relating to intermittency of solar and wind power that has been one of the 

major obstacles to adopting these sources in large scale. 

The reduction in energy costs is also one of the key advantages of AI-DT integration in energy 

systems. The technologies have been found to reduce the cost of energy by 26.2 by the 

optimization of resources use which reduces maintenance costs and increases the operational 

efficiency. The use of AI algorithms determines the opportunities of energy saving in 

transmission and distribution processes, and a digital twin allows modeling various 

operational situations in order to find the most cost-efficient solutions. This financial benefit 

will help the renewable energy to be more competitive against the traditional energy sources 

and promote the shift to the sustainable energy systems [3]. 

2.3   AI in Environmental Construction of Materials in Environmental Functions 

The adoption of AI has revolutionized the concept of designing various types of 

environmental functional materials by enhancing faster material design through optimization 

of material performance and decreasing dependency on the conventional existence-by-error 

method in material development. This changes across various classes of materials which help 

solve diverse issues of the environment by means of data-driven innovation. AI has been 

instrumental in improving reaction optimization, prediction and design of materials in 

catalytic reactions since environmental catalysts have a vital role in controlling pollution and 

converting energy to clean energy. The machine learning methods filter the possible catalysts, 

forecast adsorption patterns and analyze the spectral data, accelerating the identification of 

new materials in CO 2 reduction and elimination of organic pollutants [4]. 

AI-inspired design has increased the performance of environmental adsorption material, which 

is applied in water purification and the removal of heavy metals. Conventional adsorbent 

development can be very labour-intensive and time-consuming, whereas AI models on 

experimental and computation data have found complicated relationships between material 

structures and functional property. The predictive models of adsorption capacity of 

hypothetical adsorbents prior to fabrication, include the support vector machine, the random 

forest and artificial neural network models, allowing the creation of high-efficiency adsorbents 

with tailored pore structure and surface functionalizations. Indicatively, AI optimization has 

seen the development of adsorbents that show a lot more uptake on the target pollutant like 

heavy metals and organic pollutants. 

Advances in AI have also been applied in membrane separation materials that are needed 

during the process of water treatment and gas separation. The nature of complex structure-

process-performance relationships of membrane materials renders the traditional development 

difficult. AI algorithms process high-dimensional sets that are large to determine important 

structure- and operation-related features that dictate separation efficiency. Membrane 

permeability predictions: Predicting membrane permeability, rejection rates and fouling 

behavior allows optimization of membrane design and an improved approach to manufacture 

the membranes and use less energy and produce less pollutants. The theoretical simulations 

and manual data analysis cannot be overcome by this data-driven approach, which means that 

it is faster to develop high-performance membranes that could be used in the environmental 

sphere. 



 

 

AI introduction in environmental remediation materials that are used to clean the 

contaminated soil, water and air have become more effective. The AI technologies predict 

performance of material remediation, optimization of material structures and modeling 

processes of remediation to reveal associated processes. The machine learning approaches are 

used to detect complex linear and nonlinear relationships between the material characteristics, 

the environmental conditions and remediation results, allowing designing custom solutions to 

the particular pollution circumstances. As an example, AI models determine the 

immobilization rate of biochar against heavy metal-contaminated soils, and find the essential 

factors to be beneficial that help to optimize the remediation plans. 

2.4   AI in Sustainable Supply Chains 

The most important pillar of sustainable supply chain management is AI that has maximized 

operations in the supply chain, decreasing wastes and increasing efficiency in resource usage. 

This is because the global supply chain contributes almost 60 percent of the global emission of 

greenhouse gases, and hence, is an important field that requires sustainable development. AI is 

able to solve this problem by offering a variety of applications that operate throughout the 

lifecycle of the supply chain, including sourcing and manufacturing, delivery, and waste 

disposal. 

One of the most significant AI applications on sustainable supply chains is demand forecasting. 

Machine learning algorithms are used to analyze market trends and external factors through 

historical data in order to predict the consumer demand with high accuracy. This helps firms 

to maximize the level of production, less overproduction and wastes are produced. As opposed 

to traditional forecasting techniques, which tend to neglect the evolving patterns of demand 

and thus significantly reduce the name of sustainable inventory management, the AI models 

change in accordance with new market trends and furnish real-time information about demand 

[5]. 

Optimization of logistics is at the other end the fourth significant contribution of AI to the 

sustainability of the supply chain. The algorithms of AI find the most successful paths to 

decrease the level of energy expenditure and organize a transportation schedule and choose the 

most suitable shipping methods in order to reduce the usage of fuel and emissions. This has 

the added benefit of decreasing the environmental footprint of supply chain operations besides 

decreasing transportation costs on firms. Moreover, AI will streamline the work of warehouses 

by designing their layout intelligently, managing better material movement, and storage 

options using less energy, which will further improve the overall sustainability in the supply 

chain. 

AI can facilitate the benefits of the circular economy in supply chains because it helps recover 

resources and reduce the number of wastes. Machine learning models are used to analyze 

product lifecycle to come up with the potential to reuse, recycle and remanufacture products. 

As an illustration, AI-engineered systems can monitor products on their supply chain and 

suggest the most sustainable disposal or reutilization in the end of the life. This circular-based 

strategy will minimize the utilization of virgin resources and decrease the pollution of 

surroundings caused by the waste disposal. 

The adoption of AI in sustainable supply chains has expanded by a large margin over the last 

few years as the growth rate in the publication of articles stands at 23.37 annually in the years 



 

 

between 1997 to 2024. The top contributors to this area of research are China, India and the 

United States that take a strategic interest in the digital transformation as well as sustainability. 

2.5   AI Optimization of Renewable Energy  

AI is essential in streamlining the renewable energy systems by increasing the accuracy of 

predictions, enhancing efficiency of running the systems and making them easier to integrate 

with the existing energy systems. Solar and wind energy sources are inherently intermittent 

and therefore they are very difficult to stabilize on the grid as well as be a source of energy 

reliability. The solution to this problem lies on AI technologies and their developed predictive 

models and real-time dynamic adjustment [6]. 

The most important uses of AI in renewable energy can be solar irradiance and wind speed 

prediction. Machine learning models such as LSTM models, random forests and support 

vector regression are used to analyze past weather conditions, satellite images and sensor data 

to forecast the renewable energy generation with high accuracy. These projections enable the 

operators of the grid to predict changes in the output of the renewable energy and modify the 

conventional energy production in such a way that there is consistent grid operation. The 

precision in these predictions directly influences the proficiency of renewable energy ventures 

through the mitigation of the demand on costly backup energy resources. 

Another thing is that AI will optimize performance in the case of renewable energy systems by 

manipulating and controlling them in an intelligent manner. In the case of photovoltaic device, 

AI algorithm is implemented to tune the panel orientation and tilting degrees dynamically to 

capture the maximum solar power. Machine learning in wind farms is used to optimize the 

placement of turbines, as well as the control parameters of turbines to optimise energy 

generation without increasing transmission mechanical stress. These optimization methods 

enhance the efficiency of the various renewable energy systems as whole which makes them 

competitive to the conventional energy sources. 

Another crucial area of application is the energy storage management. The AI optimizes the 

charging/discharging cycle of the energy storage facilities balancing their supply and demand 

variability and accomplishing the maximum use of the stored renewable energy. The machine 

learning models will estimate the energy demand patterns and the renewable generation levels 

to identify the best moment in which the storage operations can be carried out thereby 

minimizing the energy wasted and maximizing the flexibility of the grid. This has especially 

been useful in incorporating large amounts of renewable energy into the current grids. 

3 Problems and Future Perspectives 

3.1   Current Challenges 

Regardless of the high advancement and prospective results of AI application in sustainable 

development, a number of critical issues undermine a large-scale implementation and 

progressive output of AI application across spheres. Among the underlying barriers is a 

problem associated with data, such as inadequate quality of the data, unavailability of quality 

data sets, and heterogeneity of the data. Numerous situations of sustainable development need 

complicated experimental or performance data which are both costly and time-consuming to 



 

 

gather. Although data may be available, they are usually been compromised by inconsistency, 

values or systematic bias that undermine the performance of AI models. Differences in the 

data collection processes between the firms in the case of green innovation in the corporate 

world cause challenges in coming up with a unified AI model to plan the performance [7, 8]. 

Likewise, in environmental material development, there is not a uniform data format that 

facilitates knowledge transfer and model generalization. 

Another significant challenge is related to the quality of algorithms and interpretability. A 

large number of sophisticated AI systems, in particular deep learning algorithms, can be 

considered black boxes, where the underlying relationship between the input data and the 

output outputs are not known fully. This interpretability weakness alarms safety-critical 

applications like energy systems management, environmental remediation, and such domains 

require transparency to instill trust and responsibility. Also, the engineering capabilities to 

learn and apply complicated AI models are difficult and costly, which expands the expenses of 

application and restricts access to smaller companies and rising areas. 

The challenges related to integration with the current infrastructures also serve as retards to 

the implementation of AI in sustainable development. The legacy systems used by a great 

number of industries cannot be changed to meet the current AI technologies and need 

extensive investments in the digital infrastructure. In energy systems, e.g., the implementation 

of AI-enabled digital twins with the existing grid management systems is in many cases 

intricate and expensive, often in the case of the older power plants and distribution networks. 

Equally, when dealing with supply chain management, the inter-operability of the current 

technologies among various supply chain associates renders it difficult to apply common AI 

technologies. 

As the systems of sustainable development based on AI become more connected, 

cybersecurity and privacy risks become particularly pressing issues. The combination of AI, 

IoT and digital twins technology poses new opportunities that can be misused by malicious 

entities. The energy systems (energy systems and supply chains), the energy networks 

(monitors of environmental conditions) are of special interest because of the paramount 

importance of their functioning to the operation of society. To secure these systems, it is 

necessary to properly implement them in terms of cybersecurity measures and ensure its 

ongoing presence which makes the implementation of AI even more complex and expensive. 

The institutional and contextual obstacles also contribute to restraining the role of AI on 

sustainable development. The heterogeneous environment to AI adoption is through regional 

variations in digital infrastructure, institutional quality and industrial development. Companies 

in the developing world may be short of the technical know-how, administrative backing and 

incentives in the market to utilize AI well using it to achieve sustainable innovations. 

Moreover, there is inadequate development of regulatory frameworks and standards to be used 

in AI application in sustainable growth which creates confusion among firms, making 

investment in AI technologies hard. 

3.2   Future Directions 

To counteract these issues and achieve maximum potential of AI in a sustainable development, 

some key directions of the future research have appeared in different spheres of study. A 

central road leading to it is the creation of data standardization structures and quality shared 



 

 

data sets. It will help to establish uniform information collection and reporting standards that 

will increase the quality of data and interoperability across various organizations and regions. 

Besides, the establishment of common data stores on sustainable development applications 

will help mitigate the scarce data and make AI models more robust. Others can be campaigns 

like open-data hubs on green innovation, energy systems, environmental materials and 

environmental materials can boost developments through collaboration and knowledge share 

[9, 10]. 

The other critical area that needs improvement on future research is the enhancement of 

algorithm interpretability and the creation of explainable AI (XAI) solutions. XAI methods 

will assist stakeholders in comprehending the manner in which AI models have arrived at their 

conclusions to promote confidence and reluctance towards safety-related applications. In the 

case of corporate green innovation and environmental remediation, XAI will allow managers 

and policy makers to make factual decisions on the AI proposal without being held 

accountable. As well, the creation of lightweight AI models demanding less computation 

power will make them more accessible, especially to small and medium-sized businesses and 

resource-limited areas. 

Large-scale adoption requires the improvement of integration opportunities between AI 

systems and current infrastructures. The research should be directed at flexible integration 

frameworks and standardized interfaces in which the AI technologies can interface with the 

old systems with ease in future studies. This will save on the implementation cost and also 

minimize information disruptions to the current operations. In energy systems, such as 

modular AI solutions, gradually enhanced into the current grid management systems, will 

support them without necessarily necessitating full overhaul of infrastructure. 

Another priority will be the reinforcement of cybersecurity and building resilient AI. Future 

studies must concentrate on finding the possible threats of the AI-based sustainable 

development system, as well as creating reactive security measures to address the threat. This 

involves creating AI-based cybersecurity systems that would identify and react to the threat 

within seconds and setting up regulatory standards that guarantee the security of data and 

systems. Also, it will be essential to discuss how to solve the issue of privacy by 

anonymization methods and data governance policies to sustain the trust of the stakeholders. 

To ensure adequate distribution of the benefits of AI in sustainable development inclusive AI 

adoption should be promoted on the basis of targeted policy support and capacity building. 

The policymakers are expected to come up with the strategy of differentiated support that 

would meet the needs of various industries and the areas and types of firms. This can take into 

account such strategies, as: financial incentives to adopt AI in green innovation, public- 

private associations to create AI solutions in relation to the challenge of sustainable 

development, training programs to develop technical skills. Furthermore, by promoting cross-

sectoral cooperation among technology creators, industry professionals, scientists and policy 

makers the process of creating and applying effective AI solutions will see a faster paced 

approach. 



 

 

4 Conclusion 

This review comprehensively examines the applications of artificial intelligence in sustainable 

development across five key domains. The research findings show that AI promotes 

sustainable development through multiple core mechanisms, including financial facilitation, 

optimized resource allocation, rational decision-making guidance, real-time monitoring and 

predictive analytics. These applications have yielded significant benefits such as increased 

green innovation output, reduced energy costs, improved resource efficiency and enhanced 

environmental performance. 

The effectiveness of AI in promoting sustainability exhibits notable heterogeneity across 

different contexts, with variations observed between industries, regions, firm types and 

development levels. High-tech sectors, economically advanced regions and larger private 

enterprises generally leverage AI more effectively for sustainable development, reflecting 

differences in resource endowments, absorptive capacity and institutional support. These 

heterogeneous effects highlight the importance of context-specific strategies for AI adoption 

in sustainable development. 

Despite the significant progress achieved, several critical challenges remain, including data-

related issues, algorithmic complexity, integration difficulties, cybersecurity risks and 

contextual barriers. Addressing these challenges requires collaborative efforts across multiple 

stakeholders, including researchers, industry practitioners, policymakers and civil society. 

Future research should focus on data standardization, XAI development, integration 

framework enhancement, cybersecurity strengthening and inclusive adoption promotion to 

fully realize AI's transformative potential. 

The integration of AI technologies with emerging digital tools such as digital twins and IoT 

will continue to drive innovation in sustainable development. By fostering interdisciplinary 

collaboration and knowledge sharing, the paper can develop more effective AI solutions that 

address complex sustainability challenges while ensuring equitable benefits across regions and 

sectors. As the world strives to achieve global sustainability goals, AI will undoubtedly play 

an increasingly central role in accelerating the transition toward more sustainable, efficient 

and resilient systems. With continued investment in research, policy support and capacity 

building, AI has the potential to revolutionize sustainable development and create a more 

prosperous future for both people and the planet. 
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