Journal of Computer Science and Technology Studies
ISSN: 2709-104X ]CSTS

DOI: 10.32996/jcsts AL-KINDI CENTER FOR RESEARCH
Journal Homepage: www.al-kindipublisher.com/index.php/jcsts AND DEVELOPMENT
| RESEARCH ARTICLE

A Systematic Review of Sustainable Engineering Management for Advancing Energy
Access under SDG 7

S M Rashidul Islam' ® Mohammad Didar Hossain?, Md Imtiaz Faruk?, Fatin Wahab Plabon?* Udoy Sankar
Saha® and Md. Ashraful Islam Albi®

TMS in Engineering Management (MSEM), College of Technology & Engineering, Westcliff University, Irvine, CA, USA

2Master of Science in Project Management, St. Francis College, USA; MSc in Supply Chain Management (2017), Sonargaon
University (SU), Bangladesh

34Master of Science in Project Management, St. Francis College, Brooklyn NY, USA

5Master of Science in Management (2025), St. Francis College, Brooklyn, NY, USA

6BSc. Computer Science and Engineering, Daffodil International University, Bangladesh

Corresponding Author: S M Rashidul Islam, E-mail: S.islam.362@westcliff.edu

| ABSTRACT

Sustainable Development Goal 7 (SDG 7) emphasizes the necessity of ensuring universal access to affordable, reliable,
sustainable, and modern energy. As the global energy landscape undergoes transformative changes, engineering management
plays a pivotal role in optimizing infrastructure, implementing cutting-edge technologies, and ensuring regulatory compliance to
facilitate sustainable energy transitions. This paper presents a systematic review of sustainable engineering management
strategies and their contributions to achieving SDG 7. It explores the intersection of engineering management, energy policy,
and emerging technologies, such as artificial intelligence (Al), blockchain, and predictive analytics, in improving energy access
and efficiency.A conceptual framework is developed, integrating sustainability transitions theory, energy justice, and the energy-
water-food nexus, to analyze the interdependence influencing sustainable energy development. The paper examines case studies
from Germany's Energiewende, Japan’s post-Fukushima renewable policies, and community-led energy projects, illustrating best
practices and challenges in global energy transitions. Furthermore, it highlights financial, technological, and regulatory barriers
that hinder sustainable energy implementation and proposes future-oriented solutions using digital transformation,
decentralized energy networks, and Al-driven cybersecurity. Findings suggest that interdisciplinary collaboration between
engineers, policymakers, researchers, and industry stakeholders is crucial in accelerating energy access. By leveraging smart
grids, Al-powered decision-making, and blockchain-enabled peer-to-peer energy trading, engineering management can drive
sustainable and equitable energy solutions. The paper concludes with policy recommendations and a roadmap for enhancing
resilience, security, and inclusivity in sustainable energy systems.
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1. Introduction

1.1 Background on Sustainable Development Goal 7 (SDG 7)

Sustainable Development Goal 7 (SDG 7) is a critical global objective established by the United Nations (UN) in the 2030 Agenda
for Sustainable Development. SDG 7 aims to "ensure access to affordable, reliable, sustainable, and modern energy for all”

Copyright: © 2025 the Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC-BY) 4.0 license (https://creativecommons.org/licenses/by/4.0/). Published by Al-Kindi Centre for Research and Development,
London, United Kingdom.
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(United Nations, 2015). Energy is a fundamental driver of economic growth, social progress, and environmental sustainability.
However, despite significant advancements, approximately 733 million people worldwide still lack access to electricity, while 2.4
billion people rely on traditional biomass for cooking, leading to severe health and environmental issues (International Energy
Agency [IEA], 2021). Figure 1 illustrates the global energy access disparities, highlighting regions with the most significant
challenges.

Figure 1: Global Access to Electricity and Clean Cooking, 2021
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[Figure 1: Global Access to Electricity and Clean Cooking, 2021 as per the International Energy Agency (IEA) data. The chart
compares electricity access and clean cooking access across different global regions, highlighting disparities in energy access.]

The transition towards sustainable energy requires addressing key challenges such as energy poverty, energy security, and
environmental degradation. Fossil fuels still account for nearly 80% of the world's primary energy supply, contributing
significantly to greenhouse gas emissions (Pfenninger & Keirstead, 2015). To combat climate change and meet growing energy
demands, sustainable energy solutions including renewable energy sources, smart grids, and efficient energy management
systems are essential (Kammen & Sunter, 2016).

1.2 The Role of Engineering Management in Sustainable Energy Transitions

Engineering management plays a pivotal role in designing, implementing, and optimizing energy systems that align with SDG 7.
Engineering management integrates technical expertise with strategic decision-making, ensuring the successful implementation
of energy solutions that are economically viable, environmentally sustainable, and socially inclusive (Thacker et al., 2019). Table 1
presents a framework outlining the key areas where engineering management contributes to sustainable energy access.
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Table 1: The Role of Engineering Management in Achieving SDG 7
(Source: Adapted from Thacker et al, 2019)

Key Area Role in Energy Transition
Infrastructure Planning and developing sustainable energy infrastructure, such as smart grids and decentralized
Development renewable energy systems.

Implementing advanced technologies, including Al-driven energy analytics and blockchain-based

Technology Innovation energy transactions (Chowdhury, 2024a).

Developing regulatory frameworks and policies that support renewable energy adoption and

Policy and Governance equitable access (World Bank, 2018).

Assessing cost-effectiveness, financial feasibility, and risk management in energy projects (Bazilian et

Economic Viability al, 2011)

Ensuring that energy projects align with environmental and social sustainability principles (Markard,

Sustainability Practices Raven, & Truffer, 2012).

Engineering managers must navigate complex interdependencies among technological innovation, regulatory policies, and
market dynamics to achieve sustainable energy transitions (Sovacool, 2016). Case studies in countries such as Germany and
Japan illustrate how engineering management strategies influence renewable energy adoption (Huenteler, Schmidt, & Kanie,
2016).

1.3 Research Objective
This study aims to analyze the role of sustainable engineering management practices in achieving SDG 7, focusing on the
following research questions:

1. How can engineering management contribute to expanding access to clean and affordable energy?

2. What technological advancements facilitate sustainable energy transitions?

3. How do policies and regulations influence the integration of renewable energy?

4. What are the major challenges in implementing sustainable engineering management for energy access?

The study will provide insights into best practices, innovative solutions, and policy recommendations for ensuring universal
energy access.

1.4 Methodology

This research follows a systematic review methodology to examine literature on sustainable energy transitions, engineering
management strategies, and technological innovations in energy access. The review includes peer-reviewed journal articles,
conference proceedings, policy reports, and case studies from various global regions.

1.4.1 Data Collection and Selection Criteria
The research systematically collects and analyzes existing literature using the following selection criteria:

e Peer-reviewed journal articles and conference papers from 2010 to 2025.

e Reports from international organizations such as the International Energy Agency (IEA), the World Bank, and the United
Nations.

e  Studies focusing on renewable energy adoption, engineering management, and sustainability transitions.
e Technological advancements in Al, blockchain, and big data analytics for energy management.

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework is used to ensure a structured
approach to literature selection. Figure 3 illustrates the PRISMA flow diagram used in this study.
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Figure 2: PRISMA Flow Diagram for Literature Selection
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[Figure 2: PRISMA Flow Diagram for Literature Selection adapted from the PRISMA Guidelines (2020). It visually represents the
selection process of literature, including identification, screening, eligibility assessment, and final inclusion.]

1.4.2 Data Analysis Approach
e Qualitative Analysis: Thematic coding of literature to identify key trends and challenges in sustainable energy
management.

e Quantitative Analysis: Statistical evaluation of energy access data from secondary sources (IEA, 2021; World Bank, 2018).
e Comparative Case Studies: Examination of the best practices in energy transitions from different regions.

1.5 Structure of the Paper
The paper is structured as follows:

e Section 2 reviews the theoretical framework of sustainable energy transitions and the role of engineering management.
e Section 3 discusses key technological innovations, including Al, blockchain, and smart grid applications.

e Section 4 explores energy policy, governance, and regulatory frameworks.

e Section 5 highlights challenges and future directions in achieving SDG 7.

e Section 6 presents conclusions and recommendations for stakeholders.

2. Conceptual Framework: Sustainable Engineering and Energy Management

2.1 Definition and Principles of Sustainable Engineering Management

Sustainable engineering management is an interdisciplinary approach that integrates engineering principles with management
strategies to develop and implement solutions that minimize environmental impact while ensuring economic and social
sustainability (Frosch & Gallopoulos, 1989). It focuses on optimizing resource use, reducing waste, and designing systems that
align with long-term sustainability goals. Sustainable engineering follows a circular economic approach, emphasizing resource
efficiency, energy conservation, and life-cycle assessment in infrastructure development and industrial processes. The integration
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of digital leadership and organizational learning models plays a pivotal role in enhancing sustainable engineering management
practices, particularly in the context of technology-driven solutions aligned with SDG 7 objectives (Chowdhury, 2025).

Frosch and Gallopoulos (1989) pioneered the concept of industrial ecology, where waste from one process serves as an input for
another, mimicking natural ecosystems. This principle is particularly relevant to energy management, where integrating
renewable energy sources, smart grids, and decentralized energy systems can enhance sustainability (Table 2).

Table 2: Key Principles of Sustainable Engineering Management
(Source: Adapted from Frosch & Gallopoulos, 1989)

Principle Description

Resource Efficiency Maximizing energy and material efficiency in industrial and infrastructure projects.

Renewable Energy Integration||Prioritizing solar, wind, and hydro energy to reduce dependence on fossil fuels.

Circular Economy Designing systems where waste is minimized and materials are reused.

System Thinking Considering environmental, social, and economic impacts in engineering decisions.
Technology Optimization Utilizing Al, big data, and blockchain for energy efficiency.

Regulatory Compliance Aligning engineering projects with sustainability regulations and policies.

Engineering managers must ensure that energy projects incorporate these principles to balance economic growth with
environmental responsibility (Frosch & Gallopoulos, 1989).

2.2 The Intersection of Engineering Management and Energy Sustainability
Engineering management plays a crucial role in addressing energy sustainability by integrating technical solutions with strategic
planning and policy frameworks. Sustainable energy transitions require coordinated efforts in infrastructure development, policy
formulation, and technological advancements (Markard, Raven, & Truffer, 2012).

The energy sector faces three major challenges that sustainable engineering management can help to address:

1. Energy Access — Over 700 million people lack access to electricity, necessitating scalable and cost-effective solutions
(IEA, 2021).

2. Energy Security — Dependence on fossil fuels makes energy systems vulnerable to geopolitical and economic
disruptions (Pfenninger & Keirstead, 2015).

3. Climate Change — The energy sector accounts for over 70% of global greenhouse gas emissions, requiring urgent
transitions to low-carbon technologies (Kammen & Sunter, 2016).

Sustainable engineering management bridges the gap between technological innovation, economic feasibility, and policy
implementation to create resilient energy systems. For instance, the integration of Al-driven predictive maintenance in energy
grids can optimize power distribution and reduce outages (Chowdhury, 2024a). Moreover, blockchain-based energy trading
platforms can enhance transparency and efficiency in renewable energy transactions (Chowdhury et al., 2024).

2.3 Key Theoretical Foundations
Several theoretical frameworks underpin sustainable energy management and its role in achieving SDG 7. This section explores
three primary theories:

2.3.1 Sustainability Transitions Theory

Sustainability transitions refer to long-term, structural changes in energy, transportation, and industrial systems to achieve
sustainability goals (Markard et al., 2012). The transition from fossil fuels to renewables is a multi-dimensional process involving
technological innovations, policy shifts, and behavioral changes.

Key components of sustainability transitions in energy systems:
e Technological Innovation: Development of smart grids, energy storage systems, and renewable energy technologies.

Page | 142



JCSTS 7(6): 138-157

e Policy and Regulation: Governments must implement incentives, subsidies, and carbon pricing to accelerate
transitions.

e  Market Dynamics: Economic factors influence the adoption of sustainable energy technologies (Markard et al., 2012).

2.3.2 Energy Justice Framework
Energy justice focuses on ensuring equitable access to energy resources while addressing environmental and social inequalities
(Sovacool & Dworkin, 2014). The framework consists of three key dimensions:

1. Distributional Justice — Ensuring fair allocation of energy resources.
2. Procedural Justice — Engaging communities in energy decision-making.
3. Recognition Justice — Addressing energy inequalities affecting marginalized groups.
Table 3 highlights global energy justice challenges and potential engineering management solutions.

Table 3: Energy Justice Challenges and Sustainable Engineering Solutions
(Source: Adapted from Sovacool & Dworkin, 2014)

Challenge Impact Engineering Management Solutions
. T Off-grid solar solutions, microgrids, community-led
Energy Poverty Limited access to electricity in rural areas 9 . 9 y
renewable projects.
. . . Demand-side  management, energy efficiency
High Energy Costs Economic burden on low-income households
measures.
Environmental Disproportionate pollution impact on vulnerable . . .
. . Green infrastructure, pollution control technologies.
Inequality communities
Lack of Policy||Marginalized groups excluded from decision- .
. X Participatory energy governance models.
Inclusion making

2.3.3 The Energy-Water-Food Nexus

The energy-water-food nexus highlights the interdependencies between these critical resources and emphasizes the need for
integrated management strategies (Bazilian et al., 2011). Energy production requires water (e.g., hydroelectric dams, cooling in
power plants), while agriculture relies on both energy and water (e.g., irrigation, food processing).

Key Challenges in the Nexus Approach:
e  Water Scarcity: Hydroelectric plants and fossil fuel extraction consume vast amounts of water.

e Food Security: Energy-intensive agricultural practices impact food availability.

e Energy Efficiency: Renewable energy technologies must minimize water consumption.
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Figure 3: The Energy-Water-Food Nexus
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[Figure 3: The Energy-Water-Food Nexus, adapted from Bazilian et al. (2011). The diagram illustrates the interconnected
relationships between energy, water, and food systems, showing how they depend on and impact each other.]

Sustainable engineering management addresses these challenges by developing integrated resource management frameworks
that optimize the use of energy, water, and food resources. For example, solar-powered irrigation systems can improve
agricultural productivity while reducing fossil fuel dependence (Bazilian et al., 2011). Similarly, waste-to-energy technologies can
convert agricultural and food waste into bioenergy, contributing to a circular economy (Thacker et al., 2019).

2.4 Section Summary

This conceptual framework provides a foundation for understanding how sustainable engineering management contributes to
SDG 7. The integration of sustainability transitions, energy justice, and the energy-water-food nexus offers a holistic approach to
energy access and management. Engineering managers must leverage these frameworks to develop resilient, efficient, and
equitable energy solutions that address global energy challenges.

The next section will explore technological innovations in sustainable energy management, including Al, blockchain, and
predictive analytics in energy systems.

3. Sustainable Energy Transitions and Engineering Management

3.7 Overview of Sustainable Energy Transitions

Sustainable energy transitions refer to the long-term transformation of energy systems from fossil fuel-based infrastructure to
renewable, low-carbon, and sustainable alternatives (Markard, Raven, & Truffer, 2012). These transitions are driven by a
combination of technological advancements, infrastructure adaptation, policy interventions, and market dynamics (Pfenninger &
Keirstead, 2015).

The transition to sustainable energy is critical to achieving Sustainable Development Goal 7 (SDG 7), which aims to ensure
universal access to affordable, reliable, and sustainable energy (United Nations, 2015). However, this shift requires significant
investments in renewable energy sources, smart grid technologies, energy storage systems, and demand-side management
(Kammen & Sunter, 2016).

3.1.2 Key Components of Sustainable Energy Transitions
Table 4 outlines the primary components of sustainable energy transitions and their impact on global energy systems.
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Table 4: Components of Sustainable Energy Transitions and Their Impact
(Source: Adapted from Pfenninger & Keirstead, 2015, Kammen & Sunter, 2016)

Component

Description

Impact on Energy Systems

Renewable Energy Integration

Expansion of solar, wind, hydro, and bioenergy.

Reduces reliance on fossil fuels, lowers
carbon emissions.

Infrastructure Adaptation

Modernization of power grids, transmission, and
storage.

Enhances and

resilience.

efficiency, reliability,

Policy and Regulatory

Frameworks

Government incentives, carbon pricing, and

subsidies.

Encourages investment in clean energy
technologies.

Technological Innovations

Smart grids, Al-driven energy management, and
blockchain transactions.

Improves distribution  and

optimization.

energy

Community and Decentralized
Energy Systems

Localized energy generation, microgrids, and
energy cooperatives.

Promotes energy equity and enhances
local economic benefits.

3.2 The Role of Engineering Management in Energy Infrastructure Development
The transition to sustainable energy requires efficient planning, coordination, and implementation of large-scale infrastructure
projects (Thacker et al., 2019). Engineering management plays a crucial role in:

e Planning and Designing Sustainable Energy Systems: Ensuring that infrastructure is designed for efficiency,

durability, and adaptability.

¢ Implementing Renewable Energy Projects: Managing large-scale solar farms, wind parks, and hydroelectric projects.
p g gy Froj ging larg p Y/ proj

e Optimizing Grid Resilience and Energy Storage: Utilizing smart grids, Al-based predictive maintenance, and battery
storage systems to enhance energy reliability (Chowdhury, 2024a).

e Regulatory Compliance and Risk Management: Ensuring alignment with government policies and mitigating risks in
energy investments (World Bank, 2018).

Figure 4 highlights the engineering management framework for energy infrastructure development.
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Figure 4: Engineering Management Framework for Sustainable Energy Development
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[Figure 4: Engineering Management Framework for Sustainable Energy Development, adapted from Thacker et al. (2019). The
flowchart illustrates the structured role of engineering management in sustainable energy infrastructure, from planning and design
to monitoring and optimization. It also highlights key areas like Al-driven smart grids, renewable energy infrastructure, and
regulatory compliance.]

Engineering managers also oversee energy financing, public-private partnerships, and cost-benefit analyses to drive long-term
energy sustainability. Successful energy transitions rely on well-structured engineering management frameworks that balance
technological feasibility, financial sustainability, and regulatory alignment (Thacker et al., 2019).

3.3 Case Studies on Energy Transition Models from Different Regions

3.3.1 Japan's Post-Fukushima Renewable Energy Policies

The Fukushima nuclear disaster in 2011 was a turning point for Japan’s energy policy, leading to a major shift towards renewable
energy (Huenteler, Schmidt, & Kanie, 2016). Before the disaster, nuclear power accounted for nearly 30% of Japan's electricity

supply. In response to the crisis, Japan adopted an ambitious Feed-in Tariff (FIT) system to promote renewable energy
investments.

Key Policy Measures Implemented Post-Fukushima
e Introduction of Renewable Energy Feed-in Tariffs (FITs) to incentivize solar and wind energy investments.

e Reduction of Nuclear Energy Dependency by shutting down reactors and increasing renewable capacity.
e Expansion of Smart Grid and Energy Storage Solutions to enhance grid stability and energy efficiency.

Despite policy advancements, Japan still faces grid integration challenges and intermittency issues with solar and wind energy.
Engineering management plays a crucial role in designing storage solutions and smart grid enhancements to address these
challenges.

3.3.2 Germany's Energiewende: A Model for Energy Transition

Germany’'s Energiewende (Energy Transition) is one of the most comprehensive renewable energy policies globally. The
government set ambitious targets to phase out nuclear power, reduce fossil fuel consumption, and increase renewable energy
integration (Pfenninger & Keirstead, 2015).

Key Features of Germany's Energiewende Policy
e Expansion of Onshore and Offshore Wind Energy: Germany became a leader in wind power generation.

¢ Investment in Solar Energy: The country subsidized solar panel installations and net metering policies.

Page | 146



JCSTS 7(6): 138-157

e Public-Private Partnerships for Renewable Energy R&D: Collaboration between industry, academia, and
government.

Germany’s model demonstrates the importance of long-term policy commitments, financial incentives, and community-driven
energy initiatives in accelerating energy transitions.

3.4 Local Community Initiatives in Sustainable Energy Adoption

Local communities play a crucial role in decentralized energy transitions, particularly in rural and underdeveloped regions.
Community-based energy projects foster energy democracy, economic development, and environmental sustainability (van der
Schoor & Scholtens, 2015).

3.4.1 Successful Local Energy Initiatives
1. Rural Electrification in Africa (Solar Mini-Grids)
e Challenge: Limited access to electricity in remote areas.

Solution: Decentralized solar microgrids that provide clean and affordable energy to rural communities.
e Impact: Over 250 million people in Africa now benefit from solar mini-grid projects (IEA, 2021).

2. Energy Cooperatives in Europe
e Challenge: High energy prices and lack of local control over energy resources.

e  Solution: Community-owned renewable energy cooperatives generating electricity from solar, wind, and biomass.

e Impact: Over 1,500 energy cooperatives in Germany alone contribute to 20% of the country’'s renewable energy production
(van der Schoor & Scholtens, 2015).

Table 5: Benefits of Local Energy Initiatives
(Source: Adapted from van der Schoor & Scholtens, 2015)

Benefit Description
Energy Security Reduces dependence on centralized energy suppliers.
Economic Growth Creates local jobs and investment opportunities.

Environmental Sustainability||Decreases carbon footprint through localized renewable energy.

Social Empowerment Involves local communities in decision-making and governance.

These local initiatives highlight how bottom-up approaches complement large-scale national energy policies to drive
sustainable energy transitions.

3.5 Section Summary

This section examined the key components of sustainable energy transitions, the role of engineering management in energy
infrastructure, and case studies from Japan, Germany, and local community projects. The findings suggest that successful energy
transitions require coordinated efforts between governments, private enterprises, engineering managers, and local communities.

The next section will explore technological innovations in sustainable energy management, including Al-driven analytics,
blockchain for energy transactions, and smart grid advancements.

4. Technological Innovations in Sustainable Energy Management

The rapid advancement of digital technologies under Industry 4.0 has significantly influenced the energy sector, transforming
how energy is produced, distributed, and consumed. Emerging technologies such as artificial intelligence (Al), blockchain, big
data analytics, and cyber-physical systems (CPS) are playing a critical role in improving energy efficiency, security, and
sustainability (Chowdhury, 20243, 2024b). These innovations are essential for addressing key energy challenges, such as supply-
demand imbalances, grid reliability, and cyber threats in energy infrastructure.

This section explores the impact of Industry 4.0 technologies on sustainable energy management, focusing on Al-driven
decision-making, blockchain for decentralized energy transactions, and cyber-physical systems for critical infrastructure
protection.
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4.1 The Impact of Industry 4.0 Technologies on Energy Access
Industry 4.0 represents the integration of digital technologies into industrial processes, driving efficiency and automation in
energy management. Table 6 demonstrates the key Industry 4.0 technologies and their applications in sustainable energy.

Table 6: Industry 4.0 Technologies in Sustainable Energy Management
(Source: Adapted from Chowdhury, 2024a, 2024b)

Technology

Application in Energy Sector

Impact

Artificial Intelligence (Al)

Predictive analytics for energy demand, smart grid
management.

Reduces energy waste, improves load
balancing.

Blockchain

Peer-to-peer energy trading, energy traceability.

Enhances  transparency, security, and
decentralization.

Big Data Analytics

Real-time monitoring of energy systems.

Improves energy efficiency and forecasting.

Cyber-Physical Systems
(CPS)

Securing critical energy infrastructure.

Prevents cyber threats and enhances grid
resilience.

Internet of Things (loT)

Smart meters, energy automation.

Enables remote energy monitoring and
optimization.

These technologies collect, analyze, and utilize energy data to optimize performance, reduce costs, and ensure sustainability. Al,
blockchain, and CPS are particularly transformative in energy access and security (Chowdhury, 2024a).

4.2 Al-Powered Decision-Making for Sustainable Energy Systems
Artificial intelligence (Al) has emerged as a critical tool in energy optimization, predictive maintenance, and automated decision-
making (Chowdhury, 2024c). Al-based systems enhance energy management by:

e Predicting energy demand and optimizing grid performance.

e Detecting and mitigating energy losses in real time.

e Enhancing efficiency in renewable energy integration.

4.2.1 Case Study: Al in Smart Grid Optimization
Al-powered smart grids use machine learning algorithms to analyze energy consumption patterns, adjust power supply, and
improve grid resilience. This approach has been successfully implemented in Germany, where Al-driven automated grid
balancing has reduced power outages by 30% (Chowdhury, 2024c).
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Figure 5: Al-Driven Smart Grid Optimization Model
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[Figure 5: Al-Driven Smart Grid Optimization Model, adapted from Chowdhury (2024c). The flowchart illustrates how Al optimizes
smart grids, starting from real-time data collection via smart meters and sensors, to machine learning-based energy demand
prediction, followed by grid load balancing and automated decision-making for improved efficiency and reliability.]

Al applications also include fault detection in energy systems and real-time monitoring of power plants, ensuring maximum
efficiency and reducing operational costs.

4.3 Blockchain Applications in Energy Security and Decentralized Energy Markets

Blockchain technology is revolutionizing the energy sector by enabling secure, decentralized, and transparent energy
transactions (Chowdhury et al., 2024). This technology facilitates peer-to-peer (P2P) energy trading, where individuals and
businesses can buy and sell renewable energy directly without relying on centralized utility companies.

Key Benefits of Blockchain in Energy Management:
1. Decentralization — Eliminates intermediaries in energy transactions.

2. Transparency and Security — Provides an immutable ledger of energy trades.
3. Real-Time Settlement — Reduces transaction time and costs in energy markets.
4. Renewable Energy Certification — Ensures credibility in green energy purchases.

4.3.1 Case Study: Blockchain in Peer-to-Peer Energy Trading

A real-world example is the Brooklyn Microgrid project in New York, where blockchain technology enables households to sell
excess solar energy to their neighbors securely (Chowdhury et al., 2024). The decentralized approach has led to higher energy
independence and reduced carbon footprints.
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Figure 6: Blockchain-Enabled Peer-to-Peer Energy Trading Model

[Figure 6: Blockchain-Enabled Peer-to-Peer Energy Trading Model, adapted from Chowdhury et al. (2024). The diagram illustrates
blockchain-based energy transactions, where energy producers (e.g., solar or wind power generators) supply energy, which is
recorded on a blockchain ledger. Consumers then securely purchase energy directly from producers, ensuring transparency,
decentralization, and efficiency.]

Blockchain technology is also being used for carbon credit trading and energy traceability, ensuring that renewable energy
certificates (RECs) and carbon offset credits remain transparent and verifiable.

4.4 Cyber-Physical Systems for Protecting Critical Energy Infrastructure

As energy infrastructure becomes more digitalized, it is increasingly vulnerable to cyber threats and attacks. Cyber-Physical
Systems (CPS) integrate computational intelligence with physical energy systems to enhance security and resilience (Chowdhury
& Mostafa, 2025).

Threats to Critical Energy Infrastructure:
e  Cyberattacks on Smart Grids — Hackers can manipulate power distribution, causing blackouts.

e Data Breaches in Energy Networks — Unauthorized access to energy consumption data.
e Sabotage of Renewable Energy Facilities — Potential disruption of solar farms and wind turbines.

Table 7: Cyber Threats and CPS Countermeasures in Energy Systems
(Source: Adapted from Chowdhury & Mostafa, 2025)

Cyber Threat Impact on Energy Infrastructure Cyber-Physical Solution

Grid Hacking Unauthorized power system manipulation. Al-driven intrusion detection.

Data Tamperingl||False reporting of energy production and usage.||Blockchain-secured data transactions.

DDoS Attacks ||Overloading smart grid networks. Cloud-based cybersecurity measures.

Energy Theft Unauthorized power consumption. Smart metering with real-time monitoring.

Cyber-physical security ensures that renewable energy systems, smart grids, and decentralized power networks remain protected
against emerging threats.

Page | 150



JCSTS 7(6): 138-157

4.5 Section Summary
Technological advancements under Industry 4.0 are redefining sustainable energy management, ensuring greater efficiency,
security, and accessibility.

Key Takeaways from This Section:
e Al-driven smart grids enhance real-time energy management and efficiency.

e Blockchain technology enables secure and decentralized energy transactions.
e  Big data analytics facilitates predictive maintenance and load balancing.
e Cyber-Physical Systems (CPS) protect energy infrastructure from cyber threats.

The integration of these technologies is essential for achieving SDG 7 and ensuring a sustainable energy future. The next section
will explore energy policy, regulation, and governance, analyzing how governments and international bodies influence energy
transitions.

5. Energy Policy, Regulation, and Governance

Energy policy, regulation, and governance play a crucial role in shaping sustainable energy transitions, ensuring energy security,
and fostering the adoption of clean energy technologies. Effective policy frameworks drive investment in renewable energy, set
emission reduction targets, and balance the use of energy sources, including renewables, nuclear, and fossil fuels (World Bank,
2018). This section explores the role of regulatory frameworks, global energy governance mechanisms, and the interconnection
of SDG 7 with other SDGs.

5.1 The Role of Regulatory Frameworks in Advancing Sustainable Energy Transitions
Regulatory frameworks establish policies, incentives, and standards that guide energy markets and investments (World Bank,
2018). They play a fundamental role in:

e Promoting renewable energy adoption through feed-in tariffs (FiTs), subsidies, and tax incentives.
e Ensuring market stability by creating competitive energy pricing mechanisms.
e Enhancing energy security by diversifying energy sources.
e Facilitating international cooperation in cross-border energy projects.
Table 8 presents key policy mechanisms used worldwide to advance sustainable energy transitions.

Table 8: Regulatory Policies for Sustainable Energy Development
(Source: Adapted from World Bank, 2018)

Policy Mechanism Description Countries .
Implementing
Feed-in Tariffs (FiTs) Fixed prices for renewable energy producers. Germany, China, Spain

Renewable Portfolio Standards||Mandated minimum renewable energy share in electricity

USA, India, UK
(RPS) mix. , India,
Carbon Pricing Taxes or cap-and-trade programs on carbon emissions. Canada, EU, Australia
Subsidies for Renewable Energy Financial incentives for wind, solar, and hydro projects. Denmark, Japan, Brazil

5.2 Global and Regional Energy Governance Mechanisms
Energy governance mechanisms coordinate policies and strategies at global and regional levels to facilitate the sustainable
transition to clean energy sources (International Energy Agency, 2021). These mechanisms include:

1. International Energy Agency (IEA) — Provides global energy outlook reports and policy recommendations.

2. United Nations Framework Convention on Climate Change (UNFCCC) — Oversees global climate agreements like
the Paris Agreement.
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3. European Union (EU) Energy Policy — Implements cross-border renewable energy integration in Europe.
4. African Union (AU) Energy Initiatives — Focuses on electrification and sustainable energy access in Africa.

5.3 Energy Security and the Balance Between Renewables, Nuclear, and Fossil Fuels

Ensuring energy security requires a balanced mix of energy sources that mitigate risks associated with supply shortages,
geopolitical tensions, and climate change (Pfenninger & Keirstead, 2015). While renewables are expanding, many economies still
rely on nuclear and fossil fuels due to their energy density and reliability.

Table 9: Comparative Analysis of Energy Sources — Benefits and Challenges

Energy Source Benefits Challenges

Renewables (Solar, Wind,|[Low emissions, sustainability, job . - .
Intermittency, grid integration challenges

Hydro) creation
Nuclear Energy High energy output, low emissions High cost, radioactive waste, public opposition
Established infrastructure, high|[High emissions, environmental damage, resource

Fossil Fuels (Coal, Oil, Gas) reliability depletion

Policymakers must develop long-term strategies to transition from fossil fuels while ensuring grid stability and economic
feasibility.

5.4 The Interconnection of SDG 7 with Other Sustainable Development Goals (SDGs)
SDG 7 (Affordable and Clean Energy) is interconnected with multiple SDGs, influencing economic growth, health, climate action,
and technological innovation (Nilsson, Griggs, & Visbeck, 2016).

The transition to sustainable energy reduces air pollution (SDG 3 - Good Health), fosters industrial innovation (SDG 9), and
mitigates climate change (SDG 13). Therefore, achieving SDG 7 is a key enabler of sustainable development worldwide.

6. Engineering Management Strategies for SDG 7

Engineering management plays a pivotal role in implementing effective strategies to expand energy access, optimize distribution
networks, and integrate advanced digital technologies into energy systems (Smith, 2019). This section discusses key strategies,
including business analytics, digital transformation, predictive analytics, and sentiment analysis for policymaking.

6.1 Strategies for Engineering Management in Enhancing Energy Access and Sustainability
Engineering management applies systems thinking, resource optimization, and policy implementation to ensure sustainable
energy solutions. Some effective strategies include:

e Integrating decentralized renewable energy solutions (microgrids, solar PV systems).
e Developing energy-efficient infrastructure using smart grid technologies.
e Optimizing energy distribution through Al-powered demand forecasting.
e  Strengthening public-private partnerships to finance energy projects (Smith, 2019).
By implementing these strategies, engineering managers can accelerate energy access in underserved regions.

6.2 The Role of Business Analytics and Digital Transformation in Energy Distribution and Grid Resilience
Big data analytics and Al-powered decision-making enhance grid resilience, energy efficiency, and demand forecasting
(Chowdhury, 2024d).
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Table 10: Digital Technologies in Energy Distribution and Grid Resilience

Technology Application in Energy Management Impact

Big Data Analytics||Real-time energy consumption monitoring||Optimizes energy distribution

Machine Learning ||Predictive maintenance of power plants Reduces downtime and costs

Digital Twins Virtual modeling of power grids Enhances operational efficiency

The integration of digital tools improves power grid resilience, ensuring stable energy supply even under fluctuating demand
conditions.

6.3 The Potential of Predictive Analytics in Energy Risk Management

Predictive analytics helps identify potential risks in energy supply chains, climate impacts on energy systems, and power
fluctuations (Chowdhury et al., 2024).

Key applications include:
e (Climate-based energy demand forecasting.
e Risk assessment in renewable energy investments.
e  Fault detection in power plants before system failures occur.
The proactive use of predictive analytics reduces financial and operational risks in the energy sector.

6.4 Sentiment Analysis and Social Media Analytics in Shaping Energy Policy
Public opinion and stakeholder engagement play a significant role in energy policy formulation. Sentiment analysis and social
media analytics enable policymakers to:

e Gauge public perception of energy projects.
e Identify emerging trends in renewable energy adoption.
e The address concerns energy affordability and sustainability (Chowdhury, 2024e).

Governments can adapt energy policies based on real-time public sentiment analysis, ensuring inclusive and transparent energy
transitions.

6.5 Section Summary
Effective policy, governance, and engineering management strategies are critical for achieving SDG 7. This section highlighted:

e The role of regulatory frameworks and global energy governance mechanisms.

e The balance between renewables, nuclear, and fossil fuels in energy security.

e The interconnection of SDG 7 with broader sustainable development objectives.

e Engineering management strategies leveraging business analytics, predictive modeling, and sentiment analysis.

7. Challenges and Future Directions

The transition toward sustainable energy management is essential for achieving Sustainable Development Goal 7 (SDG 7).
However, several challenges hinder the widespread adoption and implementation of sustainable engineering practices. This
section examines financial, technological, and regulatory barriers that limit energy access and explores emerging trends and
recommendations for accelerating sustainable energy transitions.

7.1 Key Challenges in Implementing Sustainable Engineering Management for Energy Access
Despite technological advancements, significant obstacles remain in achieving universal access to clean energy. Sovacool (2016)
highlights the following key barriers:

Page | 153



A Systematic Review of Sustainable Engineering Management for Advancing Energy Access under SDG 7

1. Financial Barriers
e High initial capital investment: Renewable energy infrastructure, such as solar farms and wind turbines, requires
substantial upfront costs.

Lack of access to financing: Many developing regions struggle to secure funding for sustainable energy projects.

Unstable return on investment (ROI): Fluctuating energy prices and evolving market policies impact investment decisions.

2. Technological Barriers
e Energy storage limitations: The intermittent nature of solar and wind energy requires advanced battery storage solutions.

e Grid modernization challenges: Many existing power grids are designed for centralized fossil fuel-based energy and need
costly upgrades.

e Limited technical expertise: The adoption of smart grids, Al-driven energy management, and blockchain-based trading
demands skilled professionals.

3. Regulatory Barriers

e Policy uncertainty: Inconsistent government policies discourage private-sector investments in sustainable energy (World
Bank, 2018).

e Lengthy permit processes: Bureaucratic delays slow the deployment of renewable energy projects.

e Energy market monopolies: In some countries, state-controlled utilities limit competition and slow innovation in the
energy sector.

Figure 7 illustrates how these challenges interconnect and impact sustainable energy implementation.

Figure 7: Barriers to Sustainable Energy Management

Energy Storage Insues

Unstable ROI
¢ High Initial Costs

¥ In‘lon
‘nlou

Market Monopolies Techn

l‘v‘vl-u

Lock of Expertise Pollcy Uncertainty

Grid Modernization

Lack of Financing

luuiucuu: Delays

[Figure 7: Barriers to Sustainable Energy Management, adapted from Sovacool (2016). The diagram visually represents how
financial, technological, and regulatory barriers interconnect and impact sustainable energy implementation. Each main barrier
category (red) branches into specific sub-barriers (blue), illustrating key challenges such as high costs, policy uncertainty, and energy
storage issues.]
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7.2 Future Trends in Sustainable Energy Management
Emerging technologies and innovative management approaches offer solutions to existing barriers and will shape the future of
energy sustainability.

7.2.1. Al-Driven Cybersecurity and Fraud Detection in Energy Systems
As energy grids become more digitalized, they are increasingly vulnerable to cyber threats. Al-powered predictive security
analytics can detect anomalies, prevent cyberattacks, and enhance energy fraud detection (Chowdhury, 2024f).

Applications of Al in Energy Cybersecurity:
e Intrusion detection systems (IDS): Al-powered monitoring for real-time threat detection in smart grids.

e Blockchain-based fraud prevention: Securing energy transactions and ensuring transparency (Chowdhury & Reza,
2024).

e Automated grid monitoring: Using machine learning to detect irregular energy consumption patterns.

7.2.2. Expansion of Decentralized Renewable Energy Networks
Decentralized energy models, such as peer-to-peer energy trading and microgrids, are gaining momentum. These systems:

e Enhance energy resilience in remote and underserved regions.
e Reduce dependency on national grids and centralized fossil fuel plants.
e Leverage blockchain for real-time energy transactions (Chowdhury et al., 2024).

7.2.3. Policy and Market Innovations for Renewable Energy
e Carbon trading and incentives: Policies that encourage businesses to offset emissions through renewable energy
investments (World Bank, 2018).

e  Public-private partnerships: Governments and companies co-developing sustainable energy infrastructure.
e Al-driven policy simulations: Using big data to model energy policies' economic and environmental impacts.
Table 11 summarizes how these future trends address existing challenges.

Table 11: Future Trends and Their Role in Overcoming Energy Barriers
(Source: Adapted from Chowdhury, 2024f, Chowdhury & Reza, 2024)

Future Trend Barrier Addressed Impact

Al-powered cybersecurity Cyberattacks on energy grids Protects critical infrastructure

Blockchain-based energy trading||Market monopolies, transparency issues||Enables decentralized power transactions

Microgrid expansion Lack of rural electrification Increases energy access in remote areas

Al-driven policy modeling Policy uncertainty Provides data-driven regulatory insights

7.3 Recommendations for Policymakers, Engineers, and Researchers
For Policymakers:
e  Establish clear and long-term renewable energy policies to attract investment.

e Implement regulatory sandboxes for testing innovative energy technologies.
e Expand subsidies and financial incentives for green energy projects.

For Engineers and Energy Managers:
e Leverage Al for predictive energy management and cybersecurity.

e Develop hybrid energy systems combining multiple renewable sources.

e  Promote energy efficiency through smart grid technologies.
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For Researchers and Innovators:
e Advance battery storage solutions to address renewable intermittency.

e  Explore hydrogen and alternative energy carriers as sustainable solutions.
e  Enhance blockchain integration in energy markets for secure transactions.
These strategic recommendations align with SDG 7's goal of achieving universal energy access by 2030.

8. Conclusion

8.1 Summary of Findings and Their Implications for Sustainable Engineering Management

This research explored sustainable engineering management strategies for advancing SDG 7: Affordable and Clean Energy. Key
findings include:

e Engineering management plays a critical role in optimizing energy infrastructure, distribution networks, and regulatory
compliance.

e Industry 4.0 technologies including Al, blockchain, and predictive analytics are transforming energy access and security.
e Energy policy frameworks must support innovation while ensuring energy equity and affordability.
e Challenges such as financial barriers, outdated regulations, and grid vulnerabilities remain major obstacles.

The findings indicate that a multi-disciplinary, technology-driven approach is essential for sustainable energy transitions.

8.2 The Role of Interdisciplinary Collaboration in Achieving SDG 7
The successful implementation of sustainable energy solutions requires collaboration between engineers, policymakers,
technologists, and researchers. A cross-sectoral approach fosters:

e Innovative technological solutions for energy storage, grid resilience, and cybersecurity.
e Stronger regulatory support and public-private partnerships for renewable energy financing.
e Localized energy access strategies to ensure equitable distribution in underserved regions.

8.3 Final Thoughts on the Importance of Continued Innovation and Policy Adaptation

Achieving SDG 7 requires a commitment to continuous innovation, adaptive policymaking, and interdisciplinary cooperation. The
integration of Al, blockchain, and predictive analytics will redefine energy management, while global governance mechanisms
must address regulatory gaps to enable widespread adoption of clean energy.

To accelerate progress:
e Governments must invest in smart grids and decentralized renewable energy networks.
e Engineers must design resilient and cost-effective energy solutions.
e Researchers must explore advanced energy storage and efficient technologies.

By fostering a synergistic relationship between technology, policy, and business, the global energy sector can transition towards
sustainability, resilience, and inclusivity.

Final Call to Action: Stakeholders across industries must collaborate to implement scalable, data-driven energy solutions that
drive the world toward a cleaner, more equitable energy future.
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