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Abstract

This paper will be a systematic review of the Integration of Artificial Intelligence and the Internet of
Things (loT) in sustainable systems, towards the prospects for them Addressing environmental challenges.
The review focuses on Al examples here include recognition Al, explainable Al, among others. The
patterns are important for safety, security, and efficiency in Urban landscapes. It describes the functions of
with this program, interoperability and openness are achieved. FIWARE is a scalable and sustainable
smart city ecosystem. It also extends the nature of those Al-governed loT Systems support citizen-centric
service delivery, and therefore, permit Evidenced Urban Planning and Management. Case study: It sets
the increasing importance of Al transparencies and interpretability of environmental sustainability —
especially with the arrival of such advanced technologies, like Heterogeneous Mixture Learning, which
improve accountability and decision-making manufacturing processes in most industries.

Keywords: Al recognition, artificial intelligence, environmental sustainability, explainable AL, FIWARE,
Internet of Things, smart cities, sustainability systems

INTRODUCTION

Artificial Intelligence and the Internet of Things have decisively and transforming revolutionized the
playing fields of many industries and sectors across the globe. The interface between them has created
new paradigms in the mode of management of urban areas and resource and environmental protection
efficiencies. There exists an emerging belief that Al and IoT will be used in smart cities toward the new
efficiencies, solving global sustainability challenges, and matching services delivery with citizen-centric
needs. Al technologies have gotten tremendous advancement with the recognition widely accepted Al
known today for upgrading the safety and security as well as processions in numerous sectors. For
instance, facial recognition systems enhance the ease with which travel processes are executed; Al-
driven optimization models are applied in retail, manufacturing, and even in energy management. The
ability of the Al techniques, such as Heterogeneous Mixture Learning, to be interpretable and
transparent becomes essential in achieving trust in
Al-driven  systems, especially when these
techniques are used in environmental and urban
governance. In this perspective, sustainable IoT
systems mainly rely on interoperability and data
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exchange among various domains. For example, the
FIWARE platform is a considerably important
enabler for using data across various domain areas,
and hence it will make smart solutions in cities
scalable and sustainable. The FIWARE platform
promotes openness and standardization, thus
facilitating efficient interoperability among diverse
IoT systems, and it supports evidence-based
planning of cities and sustainable development in
the long term. This paper provides a broad outline
on applications of Al in sustainable IoT systems

JournalsPub 2026. All Rights Reserved

27


mailto:omkulkarni412@gmail.com

Artificial Intelligence Applications for Sustainable IoT Systems: A Systematic Review Kulkarni et al.

particularly focusing on environmental sustainability. It talks about how Al-enabled IoT solutions
enhance smart city initiatives, the role of open-source platforms in promoting innovation, and the
imperative role of Al transparency in making accountable decision-making. Thereafter, it will talk about
how the next generation of sustainable urban ecosystems can be driven by Al and IoT.

EASE OF USE
Introducing Al and IoT

Introducing Al and IoT to sustainable systems has brought in a new range of usability — from urban
planning and environmental management up to public services. More broadly, however, the goal is to
make complex processes seem intuitive, efficient, and accessible for a wide variety of users — city
officials, businesses, and other citizens. This, again, leaves to the seamless operation of Al tools, like
recognition technologies, tasks that would take nearly hours and much work. Improving safety by
facial recognition and biometric systems in urban environments makes the experience much less
hassle-ridden for airport passengers. These Al-driven systems, therefore, accomplish this by doing the
heavy lifting of smart algorithms unnoticed to the user.

On the other hand, loT offers a possibility with which devices belonging to all heterogeneous
sectors can communicate with each other and simply do their thing. Open-source platforms, such as
FIWARE, through standardized interfaces and APIs, grant one simple integration ability regarding
new loT solutions within rather complex infrastructure. This, apart from making it possible to launch
new services, makes it possible for quick scaling and operational costs.

Integrity of Specifications

The specifications become crucial to Al and loT-based technologies in sustainable systems. Within the
fold of maintaining these technologies within the required standards and functional specifications, then
long-term reliability, security as well as scalability also come into the picture for providing such assurance.
Industrial and environmental standards become of utmost significance in the execution of an Al-lIoT
system in any form. All the interoperability of data, detailed system architecture, and the communication
protocols need to be followed so that each system communicates properly. These would also include
FIWARE or similar platforms offering standard open APIs and federated data models, which are important
for the integrity of specifications regarding reliable and safe transfer across different systems.
Environmental sustainability specifications would also ensure that functioning Al systems work in a way
such that wastage of energy does not occur, and the degradation of the environment happens
simultaneously. For instance, in the power management system, its optimization through Al must adhere to
all energy efficiency standards applicable to govern its resource usage. Similarly, IoT sensors installed to
monitor the environment must be designed accurately and durably so that their data is valid for decision-
making. Besides this, even maintaining an Al system must ensure that its decision-making process is
transparent and accountable. Explainable Al, therefore, caters to the regulatory standards on transparency,
particularly in critical areas like smart city governance, where decisions made by Al impact public
resources and services. That is to say, for specifications of specifications, they must remain intact with the
Al and IoT application for sustainable and reliable solutions that abide. Industry standards, openness in Al
decision-making processes, and correct usage of open platforms, such as FIWARE, are critical enablers for
high-quality, consistent results in Al-driven IoT.

APPLICATIONS
Applications in Education

Thus, in education, Al and IoT drive innovative learning experiences and administrative efficiency.
The home health monitoring and remote personalized learning describe a concept of sustainable
educational systems within smart cities. These gadgets include laptops, tablets, and smartphones used
for adequate interactive communications amongst students, instructors, and administrators in support of
distant learning [1]. Al systems analyze student performance data and adapt instruction, accordingly,
using the machine learning algorithm to identify areas of strong and weak student skill sets, thereby
optimizing the learning process [1, 2, 3]. Natural language processing is also possible in personalizing
feedback for written work, further bringing about much greater educational results [1, 4].
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Infrastructure and Management

Besides their educational applications, Al and IoT have a crucial role in managing and keeping education
infrastructure efficient. Internet of Things sensors can be utilized in measuring the energy consumed in school
Buildings. Administrators will then pinpoint and act towards bettering that particular aspect of energy
efficiency [1, 5]. This forms the core of developing data-driven and model-driven decision support systems
which helps enhance sustainability, efficiency, and resilience in the urban environment [5, 6, 3].

Leveraging IoT for Smart Energy Management

Sustainable loT Systems: loT Integration has played a very significant role in improvements within
optimizations of practice toward sustainability in energy consumption and environmental impact. IoT ensures
smart energy systems monitor and predict demands for energy with a higher efficiency of an overall system,
bringing in huge cost savings for individuals and organizations [7, §].

Principles of Smart Energy: Smart energy integrates multiple IoT devices that may be used in
monitoring and controlling the usage of sources of energy. It enables efficient transmission and
utilization of different kinds of energy depending on their costs and availability, hence, smarter utilization
of energy [7]. The World Economic Forum indicates that the use of IoT technologies will save up to 1.3
trillion MWh of electricity by 2030, thus attaining the aspirations of sustainable energy [7-10].

Future Directions

Environmental Intelligence and Early Detection: Al in environmental intelligence systems opens a
great window on the possibility of predicting, detecting and mitigating environmental behavior
transitions. Knowledge about earlier changes in land use and water use, agricultural practices and
even pest management can heighten the earlier notification of major or minor transitions which can
have massive rippling effects [11]. These systems will, therefore, become much more effective if
theoretical models are used to duly quantify uncertainty, thus allowing prepared responses toward
the potential challenges arising from quick development and climate changes.

Leveraging Al for Smart Sustainable Cities: Future studies should focus on creating smart
sustainable cities that will integrate Al, IoT, and Big Data. Smart sustainable cities, such as
Stockholm and Copenhagen, have done a lot to optimize where an emerging consensus is being
found for regulatory policies and polycentric governance systems that ensure Al technologies will
meet the ethical standards, mainly algorithmic fairness and transparency, especially since urban
areas are facing democratic and privacy challenges [12].

Equation (1). Linear Regression Equation

If your research involves prediction models (such as energy consumption prediction or demand
forecasting in IoT systems), a linear regression model can be used to express the relationship between
input features (IoT sensor data) and output (predicted energy consumption).

y:

BO + BIx1 + P2x2+--+fnxn + €

y: Dependent variable (e.g., energy consumption).

x1, x2, xn: Independent variables (e.g., sensor data, time of day, weather conditions).
B0: Intercept.

B1, B2,..., Pn: Coefficients representing the weight of each feature.

€: Error term.

Equation (2). Logistic Regression Equation
For classification tasks, like detecting faults or anomalies in [oT systems, logistic regression can be used:

P(Y=1|x=1

1
+ e — (B1x1++Bnxn)’

P(y = 1Ix): Probability that the event occurs (e.g., detecting a fault).
X1, X2,...,Xn: Independent variables (features).
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e B0: Intercept.
BL,.....,pn: Coefficients for the features.
e ¢: Euler’s number (natural logarithm base).

Mathematical Foundations
Overview of Mathematical Principles in A1

However, at its base, it is based on the integral development of mathematical concepts. The central
theories provided by the Erlangen Programme of Felix Klein have been pivotal in proving the utility
of geometry and group theory to concepts related to invariants and symmetries which form the very
constituents of most of the constructs behind the application of mathematics to Al [13, 14]. It led to the
discovery of new fields — algebraic topology and category theory — whose role is essential in laying
the mathematical underpinnings of the Al frameworks.

Cryptography and Data Security
The mathematical theories highlight the crucial need for Cryptographic Hash Functions and Quantum.

Cryptography to protect digital communications. These are of course based on very complex
mathematical principles; thus, mathematics has a very significant role to play in an era of secure
information in the digital world [8].

SOFTWARE INTEGRATION

Flux.ai

o Collaborative Electronics Design Platform: Flux.ai describes a cloud environment where teams
can design, simulate, and collaborate on electronic circuits and hardware in real time, like Google
Docs but for electronics.

o Simulation and Prototyping: The circuit designs of users can be simulated right in place even before the
computer transmits information into physical prototyping. This prevents chances of errors during
prototyping. It integrates very well with other tools, such as PCB manufacturing software, making it very
easy to move from design to production. It is also a good teaching tool as it informs, teaching both the
student and the instructor, tutorials and resources on electronics and engineering (Figures 1 and 2).

N K

i
L e

Figure 1. Circuit simulation is done by using Flux.ai.
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Interconnections Between Individuals, Technology, Government, and the Environment
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Figure 2. Flow chart.

‘ Positive
Environmental Sustainability

The following diagram represents the robust mutual interactions between Technology, Individuals,
Government, and Environment in the light of a socio-ecological framework. Continuous feedback is
fed into these elements with respect to influencing each other and vice versa. The Environment
provides necessary goods to Technology as well as is negatively and positively affected by
technology. Technology evolves to the wants and needs of Mankind and legislative government laws
whilst simultaneously impacting the environment and individual well-being. Human wants or needs to
create new technologies, which in turn become necessary to enforce policies and standards that
Governments, in their own turn, revise or update through legislation. It involves people in the creation
of new needs and political pressures for technological change whose behavior shapes the environment
and brings up an increased need for legislative adjustment and technological advancement. The actions
of governments include setting legislations and standards that control technological growth and its
influence on society, as a reaction of political demands from the citizens. From the diagram, we also
remember the concept about the Planetary Boundaries; we understand what the ecological limits for
technology and policy are not to degrade the environment.

This diagram generally emphasizes the imperative need for sustainable technological development
that should pay at least as much attention to progress as to conserving the environment. Negative
impacts show how unsustainable practices will provide risk; positive results reflect the possible gains
from a more compatible technology with environmental and societal needs. This holistic system
underlines the necessity of bringing all these triads together — integration of technology with policy
and policy with people — in pursuit of sustainable development.

e Qverview of Al Integration: Integration of trained Al models with the existing software systems
makes up an important step of development. Here, the trained Al model is part of the app and
functionally becomes attached to the application. It is such that Al functionalities need to
integrate with the existing features of the app and augment the overall function.

o  API-Driven Integrations: APl-driven integrations have had the role of helping Al models
communicate with present systems. With the use of APIs, organizations can create a standardized
way of data exchange between applications. This makes integration easier, but most importantly,
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provides a uniform and reliable interface for data exchange [15, 16, 17]. For example, integrating
features, such as ChatGPT, into a program usually requires some kind of API access from the
providers like OpenAl, which also encompasses all considerations related to billing.

Continuous Learning and Adaptability: For Al models to remain valid and accurate with time,
there must be continuous learning mechanisms that allow the system to adapt based on new data.
This is mainly observed in situations where data is processed real time and may require similar
decisions to be made off the same understanding such as in healthcare and transportation [18].
Future Trends: The trend to embed Al in software systems is expected to be further elaborated
with developments in cloud-based frameworks and edge computing. These technologies ensure
scalable machine learning applications by allowing the aggregation of distributed resources,
thus optimizing performance and latency alike in Al-driven solutions [10]. In these contexts,
organizations can focus on these emerging trends and strengthen their software systems to
unlock new possibilities and efficiencies across different domains.

Applications

Al and ML applications change the face of a wide range of industries as they minimize unnecessary
processes, reduce costs, and enhance experience. Their integration in software architecture has
centered itself on the relationship between those different applications and those with end-users,
drawing further attention to the data they produce and consume rather than their internal structures
they maintain [19].

Al Design Patterns: In building generative Al applications, the following notable design patterns
have come up: prompt engineering, retrieval augmented generation (RAG), and fine-tuning
pipelines. BMC HelixGPT is a quintessential example where the approaches integrate fine
versatility required for modern applications [19]

Automation and Productivity: Al and ML enable tremendous automation of key processes
within applications, significantly reducing manual efforts and boosting productivity. For
instance, organizations will employ predictive intelligence to enhance user experience and
standardize operational workflows; thus, cutting on the maintenance cost of an application as
well as its performance [4]. With this change comes new development of software, in the sense
that organizations are embracing innovative ways of building intelligent applications that can
decide on their own [4].

Economic Considerations: The integration of Al in software engineering has economic
considerations too. Software engineering economics is a measure of the costs and value
associated with the processes and products involved in software. It has assessments of risk and
compliance issues with real-world applications of ML. These risks relate to technical as well as
management aspects, especially in legal compliance and privacy issues [20, 21].

Machine Learning Use Cases: The applications of machine learning range from customer
acquisition solutions in digital marketing platforms to enhancing shopping experiences in e-
commerce through recommendation, among others. Business also relies on ML to optimize
operations in its different domains through optimizing logistics, manufacturing, and supply
chain management. The applications allowed enterprises to analyze data and bring forth
optimum solutions, predict the behavior of customers, and strengthen decision-making and
resource allocation capabilities [22].

Predictive Maintenance: Some other interesting applications of ML are predictive maintenance,
predicting equipment failure before it occurs, which reduces the unplanned downtimes to a large
extent. Application in these sectors is quite valuable for manufacturing, airlines, and transportation
as it is a prime source of cost-effectiveness along with operational efficiency [23].

Challenges and Limitations

Model Interpretability: Model interpretability brings another challenge, especially in NLP. The
more complex Al models are getting, the more the reasons behind them reaching their conclusion
become necessary for garnering trust for the models and for regulatory compliance as well [24, 4].
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Explainable Al focuses on developing models that can give insight into their decision-making
processes, thus enhancing transparency and facilitating model improvement [24, 25]
Technological Factors: Technological factors are considered one of the most significant drivers of
the implementation of Al models in project planning within the framework of the TOE. To be more
specific, the challenges are mainly related to the availability and quality of data, model adaptability,
and the given resources. Good quality data is important since data greatly affects the performance of
Al models. The effectiveness of the Al model depends on its predictions. Thus, when poor-quality
data is used, it causes the Al to produce sub-standard predictions that affect every aspect of the
project management process such as resource, cost, and schedule planning [26, 15].

Data Availability and Quality: These two factors are crucial as when the Al model is incorporated,
missing data, outliers, inaccuracies, and inconsistencies distort the perception of data distribution
by the model [26, 25]. Clean, consistent, and available data pose the most challenging demands,
and it is quite a challenging job for organizations to fill those gaps by investing in robust data
management procedures [25, 27]. The requirement for heavy computational resources and huge
datasets for appropriate training make it difficult to integrate Al further [28, 15].

Ethical and Societal Considerations: The second major issue of concern is that ethical principles
regarding Al are not aligned with industrial practice. Issues in social good and environmental
fitness, diversity, nondiscrimination, and fairness represent a long list that is relatively ignored [6,
27]. Apparently, approaches, like ECCOLA, seem aimed at bridging the gap; however, most
companies do not incorporate ethics during Al development, and this exposed society and the
environment to harm [6, 27].

Skilled Workforce: The effective and successful implementation of Al systems depends on a
skilled workforce, which could understand, build, and manage these technologies. According to
the World Economic Forum, some 85 million new roles may arise by 2025 owing to the
improvement in Al and automation [15]. Organizations need to invest in employee training and
upskilling to wholly exploit the benefits of Al, thereby ensure effective integration of human
expertise and Al-generated insights [29, 24].

Artificial Intelligence and Agile Methodologies: By 2024, companies will use far more Al and
agile methodologies and thus enhance their effective project management and customer-centric
innovations [30]. This integration is likely to allow companies to enhance their ability in terms of
the operational effectiveness and responsiveness toward market requirements gradually taking
them toward more satisfactory customers with the enhancement in competitiveness. Inter-
functional teams with the aid of Al innovations will be determinants in transmitting these changes
in the corporate space.

Mathematical Modeling in Emerging Technologies: The in-grafting of advanced mathematical
modeling into emerging technologies is required to understand the details of intricately complex
systems and phenomena. This advancement forms an important milestone in modern innovation
where valued insight can be derived from mold applications, ranging from those drawn by Al-
driven solutions [8]. It is mathematical frameworks with which predictive models are built, and
algorithms tweaked for improved performance in applications as diverse as those drawn for
mobile apps and embedded systems.

Best Practices and Strategies

Strategic IT Management: Improving the available IT infrastructure to its complete potential and
optimum use of cloud services are strategic management measures of an IT system. There is a
four-step defined methodology through which IT management will be aligned with business
objectives and responsive to changes in the market. The four steps are as follows: measuring the
existing infrastructure, establishing strategic goals, formulating an action plan, and periodically
assessing and refining the IT strategy. Such an adaptive system enables many industries, scales,
and objectives of organizations and ensures that organizations respond promptly to the changing
market conditions [12].

Water Management Strategies: Yet another area where Al is sure to be successfully applied will be
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sustainability issues in water use. For example, an Al-based approach for water management systems
can better optimize the water use in agriculture and minimize the loss from some systems of
distribution; thus, water quality management will be improved. These systems can prove to usher in
better resource allocation and improvement in environmental outcomes; these can be great ways to
prove the versatility of Al within efforts toward sustainability [23]. Through the actual implementation
of the best practices and strategies, organizations are likely to increase their operational effectiveness.
This practice, in turn, will help organizations achieve sustainability objectives. Furthermore, through
these, the repercussions of environmental changes on organizations are going to be handled
appropriately (Table 1).

Table 1. The repercussions of environmental changes.

Category Technology Application Benefits
Urban Planning Al-powered Recognition |Facial recognition for Improves efficiency and
Systems security and airport checking |minimizes hand-to-hand
enhances security operations.
Environmental Monitoring IoT Sensors Real-time environmental Enables immediate
data collection collection of

environmental data for
evidence-based decision-
making and resource

management.
Energy Management Al Optimization Models |Smart energy systems to Models Reduces energy
predict demand consumption and increases

the optimization usage of
resources with smart
energy systems.

Waste Management Al Algorithms and IoT ~ |Automated waste sorting and |Reduces and thereby
Devices tracking optimizes the amount of
waste by handling
automated sorting and
tracking.
Smart Cities FIWARE and Open- Cross-domain data reduces operational costs,
Source [oT Platforms integration for smart supports urban
governance Enhances development.
scalability.
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