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Abstract

Renewable energy integration is no longer a solely technical endeavor; it necessitates a
multidimensional transformation that spans technological, economic, environmental, so-
cial, and regulatory dimensions. This review presents a visual and strategic framework
for addressing the complex challenges of integrating solar, wind, hydro, geothermal, and
biomass energy systems. The objective is to redefine traditional approaches by linking
specific integration barriers to tailored strategies and measurable outcomes. The study
uses comparative analysis, regional case studies, and a variety of visual tools—such as
flowcharts, spider charts, and challenge–strategy–outcome maps—to spatially express
interdependencies and trade-offs. These tools enable stakeholders to determine the best
integration pathways based on performance measures, regional restrictions, and system
synergies. The results reveal that visual mapping not only clarifies complex system dynam-
ics, but also enhances stakeholder collaboration by translating technical data into accessible
formats. The framework supports adaptive planning, smart grid adoption, and community-
centered microgrid development. In conclusion, the study provides a forward-looking
strategy for developing resilient, inclusive, and intelligent renewable energy systems. It
highlights that future energy resilience will be built on integrated, regionally informed, and
socially inclusive design, with technology, policy, and community engagement combined
to drive sustainable energy transitions.

Keywords: renewable energy integration; visual mapping framework; strategic planning;
system resilience; community-centered energy system; stakeholder engagement

1. Introduction
The global energy environment is undergoing a significant transformation, driven

by the pressing need to combat climate change, improve energy security, and promote
equal access to renewable energy. By the end of 2024, global renewable power capacity had
reached 4448 GW, a record annual rise of 585 GW—an astonishing 15.1% increase over the
previous year [1].

Solar energy dominated the increase with 452 GW, followed by wind with 113 GW,
accounting for more than 96% of all new renewable capacity1. Despite this momentum, the
world is still falling short of the 2030 targets set by Sustainable Development Goal 7, which
calls for universal access to affordable, reliable, sustainable, and modern energy [2].
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The 2025 Tracking SDG7 report reveals that, while worldwide energy access has
increased to approximately 92%, progress remains uneven, particularly in Sub-Saharan
Africa [3]. Furthermore, international financial support for renewable energy in developing
countries has decreased, indicating a major gap between aspiration and attainment [4].
The World Energy Investment 2025 study emphasizes this inequality, stating that, while
clean energy investment has exceeded fossil fuel investment globally, more than 80% of
this capital is concentrated in advanced economies and China [5].

In response to these challenges, the global policy momentum is changing. The 2023
COP28 resolution to triple renewable energy capacity and double energy efficiency im-
provements by 2030 sparked additional national commitments [2]. However, the transition
is not without challenges. The integration of variable renewable energy sources (VREs) such
as solar and wind into existing grids poses substantial technological and regulatory chal-
lenges, including intermittency, grid congestion, and a lack of storage [6]. These issues are
exacerbated by fragmented policy environments and ineffective stakeholder collaboration.

This study aims to develop a comprehensive framework for integrating renewable en-
ergy systems that addresses not only technological issues but also economic, environmental,
social, and institutional factors. It aims to provide visual tools, such as flowcharts and strat-
egy maps, to demystify complex system dynamics and facilitate stakeholder interaction.
The paper advocates for flexible, inclusive, and regionally informed energy planning by
relating specific integration challenges to personalized strategies and measurable outcomes.
Through comparative analysis and case studies, the framework will be validated as a
useful tool for directing resilient and sustainable energy transitions. By bridging technical,
economic, environmental, social, and regulatory dimensions, this study contributes to the
design of smarter and more sustainable energy futures.

Recent study emphasizes that addressing these challenges necessitates a multidimen-
sional strategy. Qi et al. [1] present a multiscale stochastic model for integrated energy
systems that takes into consideration uncertainties in supply, demand, and pricing, empha-
sizing the importance of comprehensive planning [7]. Similarly, Tian et al. [5] warn against
“carbon tunnel vision”—the tendency to focus primarily on emissions reduction—arguing
that energy transitions must also include biodiversity, land use, and social fairness [5].

In this context, visual and strategic frameworks are emerging as essential tools for
bridging the gap between complex system modelling and real-world decision-making.
These frameworks assist in translating technical data into accessible formats, enabling
stakeholders to better comprehend interdependencies, evaluate trade-offs, and co-design
solutions. Shafie-kha (2025) [6] emphasizes the significance of optimization and modelling
tools, such as multi-attribute decision models and goal programming, in sustainable energy
planning, highlighting how visual tools promote transparency and decision quality in
complex systems [5]. Similarly, a Special Issue of Discover Sustainability focuses on com-
putational methodologies that enable evidence-based energy planning, highlighting the
importance of visual and interactive tools in building resilient energy systems [8].

Studies on renewable energy hybridization and integration strategies provide addi-
tional justification for using such frameworks to improve system resilience and stakeholder
engagement. For example, J. Li et al. [9] propose a flexible electrification solution for China’s
chemical industry that combines co-located renewables and demand-side control. Their
findings show how spatial and temporal mismatches between renewable generation and
industrial demand can be reduced through strategic planning and system interaction visu-
alization [9]. These findings highlight the importance of integrated, visible, and adaptive
frameworks in driving the next phase of global energy transformations.

Existing models, such as multi-objective optimization frameworks, emphasize quanti-
tative trade-offs, whereas energy justice or transition governance frameworks emphasize
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normative and institutional dimensions, frequently lack operational tools to facilitate
stakeholder engagement and decision clarity. This study proposes a visual and Strategic
Integration Framework to bridge these gaps by transforming complex, multidimensional
challenges into understandable visual formats. The framework, which draws on boundary
object theories [10] and cognitive tools [10], functions as both a collaborative interface
and a reasoning scaffold, enabling various stakeholders to collaborate on the design of
resilient energy systems. This dual function provides theoretical novelty in renewable
energy planning by using visualization not only as a communication tool, but also as a
decision-support mechanism based on interdisciplinary theory.

The study is designed to provide a thorough and logical exploration of renewable en-
ergy integration challenges and innovative solutions. Following the introduction, Section 2
provides a thorough examination of the technological, economic, environmental, social,
and institutional challenges confronting renewable energy systems. Section 3 compares the
major renewable energy sources (solar, wind, hydro, geothermal, and biomass), highlight-
ing their respective advantages and limitations. Section 4 provides regional insights that
reflect the different realities of renewable energy deployment around the world. Section 5
presents a novel visual paradigm for mapping the relationship between issues, methods,
and outcomes, improving decision-making clarity. Section 6 outlines the verification pro-
cess, which includes validity checks and sensitivity analyses to ensure that the proposed
tools are robust and useful. Section 7 explores novel approaches to future energy resilience,
including smart grids, improved storage, community-centered models, and supportive
policy and financing to improve adaptability, sustainability, and security. Section 8 dis-
cusses insights from the visual framework, showing how charts and maps communicate
renewable energy challenges and strategies. Finally, Section 9 provides differentiated and
actionable policy recommendations tailored to regions and energy sources, as well as
guidance for policymakers, researchers, and industry practitioners.

Section 6 concludes the review by summarizing key findings, emphasizing the pro-
posed framework’s novelty and future relevance, and making actionable recommendations
to policymakers, researchers, and industry practitioners.

1.1. Problem Statements

Despite unprecedented growth in renewable energy deployment, at more than
4400 GW globally by the end of 2024 [4], the energy transition is still falling short of
meeting the 2030 targets of Sustainable Development Goal 7, which calls for universal
access to affordable, reliable, sustainable, and modern energy [3]. According to the World
Energy Transitions Outlook 2024, fossil fuels continue to dominate the energy mix in
major economies, and the rate of infrastructure development, policy reform, and in-
stitutional alignment is insufficient to fulfil climate objectives [11]. The gap between
ambition and implementation emphasizes the need for more integrated and adaptable
planning strategies.

One of the most significant problems is the fragmented structure of renewable energy
integration, which is frequently viewed via narrow technical or economic perspectives.
However, recent studies reveal that successful integration requires a multidimensional
strategy that concurrently addresses technological, economic, environmental, social, and
regulatory dimensions [12]. For example, Farghali et al. [12] show that, while renewable
energy systems may reduce emissions and provide jobs, they also pose dangers to land
usage, social equality, and environmental deterioration if not managed appropriately [12].
Similarly, R. Pawar et al. [8] argue that hybrid renewable energy systems, which combine
solar, wind, hydro, and storage, necessitate coordinated planning across various domains
to maintain dependability and sustainability [8].
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The lack of accessible and strategic tools to enhance decision-making exacerbates these
challenges. Traditional energy models are typically too complex or opaque for non-specialist
stakeholders, making them ineffective for participatory planning and policy design. Visual
and strategic frameworks, such as spider charts, flow diagrams, and challenge–strategy–
outcome maps, are widely acknowledged as valuable tools for transforming complex
system dynamics into actionable insights [13]. Alsenani and Amiri [14] show how such
tools increase transparency and stakeholder engagement with sustainable energy planning,
while J. Li et al. [9] show how visualizing spatial and temporal mismatches in energy
demand and supply can guide more successful electrification strategies [9].

Furthermore, regional variations in energy accessibility and investment continue to
pose a significant barrier. The Tracking SDG7 Report 2025 observes that, while worldwide
electricity availability has reached 92%, development is uneven, particularly in Sub-Saharan
Africa, where financial shortfalls and policy fragmentation remain [3]. Renewable energy
systems run the risk of exacerbating rather than alleviating existing inequities if they are
not regionally and socially inclusive.

As a result, this review addresses the critical need for a visual and strategic framework
that links integration challenges to tailored strategies and measurable outcomes. By doing
so, it aims to support the development of renewable energy systems that are not only
technically sound and low carbon, but also equitable, resilient, and contextually grounded.

1.2. Motivation for This Study

This research is motivated by the critical need to address the increasingly com-
plex and interconnected challenges related to renewable energy integration. As coun-
tries speed their transition to low-carbon energy systems, it is certain that traditional,
siloed approaches are insufficient. This research is motivated by three primary fac-
tors: the need for multidimensional frameworks, the significance of visual tools in plan-
ning and communication, and the necessity for strategic integration with regional and
societal settings.

First, the integration of renewable energy systems, such as solar, wind, hydro, and
biomass, necessitates a multidimensional framework that can account for the interaction of
technical, economic, environmental, and social variables. Qi et al. [1] found that integrated
energy systems confront major planning challenges due to uncertainties in renewable
output, variable demand, and long-term infrastructure needs. Their proposed multiscale
stochastic model emphasizes the importance of comprehensive planning at both the op-
erational and strategic levels [2]. Similarly, Wehbi [15] underlines that energy transition
strategies must address environmental, technical, economic, and institutional factors all at
the same time to prevent fragmented or inequitable outcomes [15].

Second, there is a growing understanding of the significance of visual aids in renewable
energy planning and stakeholder interaction. As energy systems grow increasingly data-
intensive and interdisciplinary, the ability to transmit complicated information clearly and
easily is crucial. The Nature Research Figure Guide (2025) emphasizes that well-designed
images not only improve comprehension but also broaden the scope and effect of scientific
discoveries [9]. Similarly, the Nature Reviews guide to designing figures emphasizes
that clarity, hierarchy, and accessibility in visual communication are vital for effective
decision-making, particularly in collaborative and policy-driven contexts [16].

Third, this study is driven by the need to strategically integrate renewable energy
systems with regional policies, infrastructure, and community needs. J. Li et al. [9] present a
paradigm for regional collaboration in Japan that integrates renewable energy growth with
urbanization patterns and local governance structures, demonstrating how such alignment
can considerably increase energy efficiency and policy coherence [1]. Furthermore, Tian
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et al. [5] warn against the “carbon tunnel vision” that frequently dominates renewable
energy discourse, suggesting that without a broader perspective on social and economic
implications, renewable energy initiatives risk undermining other sustainability goals [17,18].

Together, these motivations underline the importance of a visual and strategic frame-
work that not only identifies integration challenges but also connects them to specific,
measurable solutions. This research aims to promote more flexible, inclusive, and resilient
energy transitions.

1.3. Research Methods

This study adopts a mixed-methods approach, combining comparative analysis, re-
gional case studies, and visualization tools to provide a multidimensional framework
for renewable energy integration. The methodology is designed to ensure transparency,
repeatability, and empirical validity across the technological, economic, environmental,
social, and policy dimensions.

1.3.1. Data Collection Scope

The data collected from peer-reviewed literature, institutional reports, and national
databases. Key sources include the International Renewable Energy Agency (IRENA)
reports on renewable capacity, cost trends, and policy frameworks [19]; the International
Energy Agency (IEA), for investment data, grid integration metrics, and regional energy
outlooks [20]; the World Bank and UN SDG7 Tracker for socioeconomic indicators and
data on energy access [21]; national statistics bureaus for data on energy production,
consumption, and regulations by countries [22–24]; and current studies, like Smart Green
Tide: A Bibliometric Analysis of AI and Renewable Energy Transition, to validate the
importance of indicators and emerging trends [25].

1.3.2. Case Selection Criteria

Regional case studies were selected based on energy system diversity, policy inno-
vation, geographical representation, and data availability. Germany was selected for
its advanced smart grid infrastructure as well as high renewable energy adoption [26].
Kenya demonstrates decentralized microgrid innovation in a developing country [27]. The
Philippines reflects Southeast Asia’s land use and restriction challenges [28]. The United
States offers valuable insights into hybrid renewable systems and the policy polarization
concerning energy transitions [29].

1.3.3. Radar Chart Scoring Criteria

The regional energy transition preparedness and resilience were scored on a scale
of 1 to 5, in line with the ESRAM and ETRI frameworks. A score of 1 indicates very
low readiness and resilience, as well as severe limitations in infrastructure, policy, and
capacity. A score of 2 reflects low readiness and resilience, where basic systems exist
but are fragmented and underdeveloped. A score of 3 indicates moderate readiness and
resilience, with functional systems including major gaps or inconsistencies. A score of
4 reflects high readiness and resilience, with strong performance across most indicators
with minor constraints. A score of 5 indicates very high readiness and resilience, with
cohesive, advanced, and adaptive systems in all dimensions.

1.3.4. References Supporting the Scoring Framework

The Energy System Resilience Assessment Model (ESRAM) developed by Arup [30]
evaluates energy systems’ ability to absorb, adapt, and recover from disruptions. The
World Economic Forum [31] developed the Energy Transition Readiness Index (ETRI)
to assess energy transition readiness across policy, infrastructure, and social dimensions.
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The International Energy Agency (IEA) [20] data and national energy agency reports
provide empirical inputs for scoring, including metrics as grid flexibility, investment flows,
regulatory coherence, public participation, and environmental vulnerability.

1.3.5. Visualization Tool Development

Lucid chart and PowerPoint SmartArt were used to develop flowcharts that map
the challenge–strategy–outcome path. Radar visualizations used normalized data from
institutional datasets and peer-reviewed studies. Comparative tables used conditional
formatting to emphasize strengths and weaknesses across regions and technologies. All
tools were designed to be editable and reproducible, allowing users to enter region-specific
data and adjust score weights based on local priorities. This ensures that the Strategic
Integration Framework is not only theoretically grounded, but also practically relevant in a
wide range of energy conditions.

2. Understanding Renewable Energy Challenges
Renewable energy integration into current energy systems is essential to achiev-

ing a sustainable energy future. However, numerous challenges across the five as-
pects of energy sustainability—technological, environmental, social, economic, and
institutional/political/regulatory/legal—must be addressed in order to maximize renew-
able energy uptake and deployment.

Integrating renewable energy into current energy systems is a revolutionary step
toward sustainability, not just a technological upgrade. This transformation is intrinsically
complicated, necessitating a complete understanding of challenges across five intercon-
nected dimensions: technological, environmental, social, economic, and institutional.

Technological challenges, such as the intermittent nature of solar and wind power,
continue to pose a challenge to grid resilience. However, innovations such as AI-powered
energy management and IoT-enabled smart grids are emerging as key solutions for enhanc-
ing system responsiveness and efficiency [32]. While renewables reduce carbon emissions,
they also raise concerns regarding land usage, biodiversity, and lifecycle sustainability,
necessitating ecologically sensitive planning [33].

Social acceptance and community engagement are equally important. Projects fre-
quently meet opposition when governance lacks transparency or people are excluded from
planning processes, particularly in regions with a history of institutional mistrust [33].
Economically, while renewable energy needs significant upfront investment, it provides
long-term improvements in productivity, employment, and GDP growth, particularly in
resource-rich regions [32].

Institutional challenges, such as fragmented policies and regulatory delays, complicate
integration. The World Economic Forum’s Fostering Effective Energy Transition 2025
report advocates for a “multi-speed transition” that balances global ambition with national
capacity [33].

This study addresses these numerous issues by proposing for a comprehensive,
visually guided framework that illustrates the relationships between different dimen-
sions. Its aim is to help develop renewable energy systems that are resilient, flexible, and
socially grounded.

2.1. Technical Challenges

Integrating renewable energy into existing power systems presents significant techni-
cal challenges, especially given the intermittent and unpredictable nature of solar and wind
resources, the limitations of current energy storage technologies, and the constraints of
grid infrastructure that was not originally designed for decentralized generation. Current
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grid infrastructure and energy storage technologies tend to be insufficient to handle these
variations. Hossain et al. [34] emphasize the importance of hybrid energy storage systems
and smart grid developments in improving flexibility and reliability [34]. However, out-
dated grid architecture and lagging regulatory frameworks continue to impede the scalable
deployment of advanced technology such as battery energy storage systems (BESS) and
real-time energy management tools [35,36]

2.1.1. Intermittency

Variability in wind and solar output negatively impacts grid stability and electricity
quality, particularly at high penetration levels [37]. While forecasting approaches are
important for reducing these consequences, standard models frequently lack the precision
required in regions with high weather variability.

AI-driven weather prediction and machine learning have enhanced short- and ultra-
short-term accuracy, enabling better generation and reserve scheduling [31]. Hybrid models
that combine NWP and deep learning algorithms can capture non-linear weather patterns,
minimizing forecast errors for solar irradiance and wind speed.

Demand-side flexibility methods, such as dynamic pricing, automated demand re-
sponse, and smart appliance scheduling, can supplement storage solutions by shifting
consumption to periods that have high renewable output [38]. This combined strategy
of improved forecasting and flexible demand management eliminates the need for costly
reserve capacity while increasing renewable utilization.

2.1.2. Energy Storage

Energy storage is vital for balancing supply and demand in systems with signif-
icant renewable penetration, but present technologies face technical, economic, and
scalability challenges.

Lithium-ion batteries are widely used due to their excellent round-trip efficiency and
low cost; however, they are best suited for short-duration applications. Flow batteries (e.g.,
vanadium redox) offer longer discharge durations and increased cycle life, making them
suitable for medium- to long-duration storage. However, costs remain higher [39]. Hydro-
gen storage has potential for seasonal balancing and high energy density, but challenges
include electrolysis efficiency, infrastructural needs, and cost [40].

Case studies highlight the benefits of Hybrid Energy Storage Systems (HESS), which
integrate complimentary technologies. Adeyinka et al. [39] and Ergun et al. [41] found that
combining lithium-ion batteries with supercapacitors results in rapid frequency response
and sustained energy supply, while merging pumped hydro with battery storage provides
multi-day resilience. Such hybrid installations have been successfully implemented in mar-
kets such as Germany and Australia, where they support grid stability during renewable
surges and shortages.

2.1.3. Grid Integration

Integrating decentralized, variable renewables into existing grids poses challenges for
voltage stability, frequency management, and overall reliability [42].

Adopting interoperability standards like IEC 61850 [43] and IEEE 1547 [44] has proven
effective in leading markets like the EU, Japan, and the United States [41]. These standards
ensure that distributed energy resources (DERs) can communicate and operate seamlessly
across a diverse grid context, minimizing integration costs and complexity.

Adopting interoperability standards like IEC 61850 (communication networks and
systems for power utility automation) and IEEE 1547 (standards for interconnecting dis-
tributed resources with electric power systems) has been effective in leading markets like
the EU, Japan, and the United States [41]. These standards ensure that distributed energy
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resources (DERs) may communicate and function seamlessly across several grid contexts,
minimizing integration costs and complexity.

Phased smart grid rollouts provide a viable approach to upgrading. The U.S. De-
partment of Energy’s staged strategy, which includes enhanced metering infrastructure,
distribution automation, and complete DER integration, enables utilities spread investment
costs and gain operational competence [45]. Similar staged deployments in South Korea
and Denmark have shown how progressive enhancements may be coordinated with policy
targets, market readiness, and consumer adoption rates.

2.2. Environmental Challenges

While renewable energy systems have substantial climatic benefits, their implementa-
tion can harm biodiversity, disturb ecosystems, and change land use patterns. Large-scale
solar and wind installations frequently necessitate considerable land use, resulting in
habitat fragmentation and conflict with agriculture and conservation areas [46]. Wind
farms in biodiversity hotspots have been associated with decreased bat activity and bird
mortality [47], whilst poorly sited solar PV arrays may disrupt plant and arthropod popu-
lations [48].

Furthermore, the extraction of rare earth metals for wind turbines and solar panels
has high environmental consequences [49]. These processes are energy-intensive and
generate toxic waste, with low recovery rates at the end of life [50]. Renewable technologies’
environmental footprint may jeopardize their sustainability goals if recycling infrastructure
and circular economy techniques are not in place.

This review employs Schlosberg’s (2007) [51] justice framework—distributional, pro-
cedural, and recognition—to evaluate how renewable energy integration affects vulnerable
groups across gender, ethnicity, and urban–rural divides [52,53] (see Appendix A for defi-
nitions of key terms). Energy transitions frequently result in disproportionate benefits and
burdens. Without equal outcomes, inclusive decision-making, and recognition of diverse
identities, technological advancement may exacerbate existing injustices, undermining
trust and legitimacy [53,54]. Women, indigenous peoples, and informal communities bear
disproportionate time, health, and financial burdens [55,56].

Distributional justice examines how energy costs and benefits are distributed. Metrics
include energy burden, reliability gaps, and externality exposure. In Sub-Saharan Africa,
gendered energy poverty imposes significant time and health costs on women [55]. Indige-
nous communities in Latin America frequently suffer environmental degradation without
benefit-sharing [56].

Procedural justice focusses on participation and transparency. Indicators include
consultation rates, FPIC status, siting and tariff transparency, and grievance systems. The
under-representation of crucial groups can cause project delays and erode legitimacy.
Inclusive design increases acceptance and durability [52,53,57].

Recognition justice examines whether policies represent cultural identities and liveli-
hoods. This includes adapting technologies into cooking traditions, protecting tenure, and
ensuring governance representation. Ignoring certain aspects, such as fishing or pastoralist
communities, might lead to resistance [56,58].

This framework must be operationalized using disaggregated data from surveys,
ESIAs, regulatory records, and worldwide datasets [19,20,57,59,60]. Indicators should be
scaled, weighted clearly, and triangulated with qualitative findings.

Regionally, low-income African households suffer high diesel costs and unstable
supply, while Ethiopia’s reliance on hydropower contributes to cooking energy poverty. In
Asia, the Philippines confronts curtailment risks for small users, while Thailand’s floating
PV-hydro hybrids reduce land pressure while maintaining fossil fuel subsidies [57,61].
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The transition that ignores justice risks compromising its objectives. One that integrates
these dimensions, as well as technical and policy measures, is more likely to be equitable,
durable, and broadly accepted.

Renewable technologies, while essential for decarbonization, have varying levels of
sustainability throughout their life cycles. According to ISO 14040 and 14044, Life Cycle
Assessment (LCA) is structured into four phases: goal and scope definition, inventory
analysis, impact assessment, and interpretation [62]. Rare earth extraction for wind and
PV systems is energy-intensive and hazardous, with low recovery rates [50]. Biomass
and waste-to-energy systems may emit additional greenhouse gases over their lifetimes,
especially if residue recovery is not implemented [52]. Decommissioning impacts are
becoming more quantifiable: PV recycling and disassembly account for 8–12% of total
life-cycle emissions, but silicon wafer recycling can reduce material consumption by 35%.
Offshore wind decommissioning accounts for 5–10% of energy use and 4–7% of greenhouse
gas emissions, although advanced steel re-cycling can cut expenses in half.

Renewable technologies, while necessary for decarbonization, have varying levels of
sustainability throughout their life cycles. ISO 14040/14044 defines Life Cycle Assessment
(LCA) as a four-phase procedure that includes aim and scope definition, inventory, impact
assessment, and interpretation. Rare earth extraction for wind and PV systems is energy
intensive and hazardous, with low recovery rates. Biomass and waste-to-energy systems
may produce more greenhouse gases over their lives, particularly if residue recovery is not
implemented. Decommissioning impacts are becoming more quantifiable: PV recycling
and disassembly account for 8–12% of total life-cycle emissions, but silicon wafer recycling
can reduce material consumption by 35%. Offshore wind decommissioning accounts for
5–10% of energy use and 4–7% of greenhouse gas emissions, although advanced steel
recycling can cut expenses in half.

2.3. Social Challenges

Social acceptance is an important issue in renewable energy integration. Projects
could face public opposition due to lack of transparency, inadequate consultation, and
the exclusion of local communities from planning processes. This resistance is frequently
motivated by procedural injustice as well as concerns about land use, visual impacts, and
cultural disruption [50].

If systems are not regionally and socially inclusive, they risk increasing existing
imbalances. Vulnerable groups, such as rural people, Indigenous communities, and low-
income households, may be disproportionately impacted by energy transitions that do not
take into consideration local requirements and interests [56]. Inclusive planning, benefit-
sharing methods, and community ownership models are important for achieving equitable
outcomes. The main facets of social barriers, study findings, and the gaps that need to be
addressed are examined here.

2.4. Economic Challenges

Renewable energy systems frequently demand significant upfront capital investment,
particularly for infrastructure like solar farms, wind turbines, and energy storage systems.
This financial obstacle is particularly obvious in underdeveloped countries, where access to
concessional financing and private capital is limited [63]. Despite declining levelized costs
of energy (LCOE) for solar and wind, the absence of specialized finance instruments and
risk mitigation frameworks continues to impede development.

Furthermore, the lack of an integrated and stable policy framework contributes to
low investor confidence. Fragmented regulations, inconsistent subsidies, and confusing
permitting processes all contribute to uncertainty, inhibiting long-term investment in
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renewable infrastructure [54]. Addressing these gaps necessitates coordinated policy
design, region-specific incentives, and performance-based finance mechanisms.

2.5. Institutional (Regulatory and Policy) Challenges

Institutional fragmentation and weak collaboration among stakeholders remain major
barriers to renewable energy integration. In many regions, overlapping mandates, siloed
governance systems, and a lack of inter-agency coordination impede efficient implementa-
tion [63]. This is especially visible in multi-level systems in which national, regional, and
local agencies act independently.

In addition, several jurisdictions lack technical standards for network compatibility
and interoperability. Without consistent standards, integrating dispersed energy resources
into existing grids becomes expensive and inefficient. Leading markets have embraced
standards like as IEC 61850 and IEEE 1547, but global adoption remains unequal [26].

Policy implementation is inconsistent, particularly in parts of Eastern Europe where
economic restrictions and political hesitation impede renewable deployment. Within the
EU, differences in permit processes, grid access, and subsidy schemes lead to uneven
progress [54]. Strengthening institutional capacity, streamlining regulatory processes, and
encouraging cross-sector collaboration are critical for overcoming these challenges.

3. Comparative Analysis of Major Renewable Energy Sources
A comparative review of main renewable energy sources (solar, wind, hydro, geother-

mal, and biomass) finds distinct advantages and challenges for each. Recent improvements
have greatly increased their efficiency and cost-effectiveness, making them critical in the
transition to sustainable energy systems. The following are key characteristics of each
energy source.

3.1. Solar Energy

In the past decade, solar energy has experienced a significant transformation, be-
coming increasingly efficient, affordable, and environmentally beneficial. Advances in
photovoltaic technology have resulted in an approximate 5% enhancement in efficiency,
enabling solar panels to convert more sunlight into usable electricity than ever before [64].
This technological advancement has coincided with a substantial reduction in costs—solar
energy is now approximately 67% less expensive than it was a decade ago, enhancing
accessibility for households, businesses, and governments [64]. In addition to technical
and economic improvements, solar energy is vital in mitigating carbon dioxide emissions,
directly contributing to global climate objectives and the broader initiative for decarboniza-
tion [14]. These advancements establish solar power as a fundamental element of the clean
energy transition, providing a scalable and sustainable solution to the world’s growing
energy demands.

3.2. Wind Energy

Wind energy has made notable strides in recent years, particularly through technolog-
ical advancements that have boosted the efficiency of wind turbines by around 10% [64].
These improvements mean that turbines can now generate more electricity from the same
wind resources, making wind power a more viable and competitive option in the global
energy mix. Beyond its technical evolution, wind energy offers substantial environmental
benefits. Each year, it helps prevent the release of approximately 120,000 metric tons of
carbon dioxide, contributing meaningfully to climate mitigation efforts [64]. However,
wind energy’s potential is not limitless. Its usefulness is frequently linked to geography
and weather patterns, implying that not all places can use wind power equally. Areas
with irregular wind speeds or inappropriate terrain may find it difficult to rely on wind
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as a primary energy source [65]. Despite these limits, wind energy remains an important
component of the renewable energy revolution, particularly when carefully incorporated
into larger, regionally customized energy programs.

3.3. Hydropower

Hydropower is the most efficient form of renewable energy, converting over 90%
of available energy into electricity—a level of efficiency unmatched by other renewable
sources [64]. This high conversion rate makes it the reliable backbone for many national
electricity systems, particularly in regions with abundant water supplies. However, while
hydropower is important in decreasing greenhouse gas emissions and achieving climate
goals, it is not without adverse environmental effects. Large-scale hydroelectric projects can
affect local ecosystems, alter river flows, and endanger biodiversity, especially in vulnerable
regions [14]. These ecological consequences emphasize the significance of careful site
selection, environmental studies, and community involvement in hydropower planning.
When managed appropriately, hydropower may remain a cornerstone of clean energy
strategies, combining great efficiency with a dedication to environmental stewardship.

3.4. Geothermal Energy

Geothermal energy is an appealing but challenging alternative in the renewable energy
landscape. It provides a highly reliable and low-emission source of electricity, making
it an appealing option for countries looking for consistent baseload energy without the
variability associated with solar or wind. However, its widespread adoption is severely
constrained by geography and cost. The method requires access to specific geological
conditions, often areas with considerable volcanic or tectonic activity, which limits its use
to certain regions of the world [3]. Even in ideal locations, the initial investment required
to build geothermal infrastructure is significant. Drilling deep into the Earth’s crust and
installing the requisite systems need advanced technology and large resources, which can
be prohibitively expensive for many governments and corporate businesses [14].

3.5. Biomass

Biomass energy has a distinct position in the renewable energy mix, frequently lauded
for its potential carbon neutrality but plagued by economic and environmental challenges.
In theory, biomass can be termed carbon-neutral because the carbon dioxide produced
during combustion is about equal to the quantity absorbed by plants throughout their
growth. However, this equilibrium is heavily reliant on how biomass is collected and
managed. In practice, the economic feasibility of biomass is frequently hampered by high
operational and maintenance expenses, making it less competitive than other renewables
such as solar or wind [3]. The availability and management of feedstock are also important
factors in determining biomass sustainability. The energy potential of biomass is dependent
on a consistent and sustainable supply of organic material, which frequently competes
with land used for food production or conservation. Land use decisions become critical
to the long-term viability of biomass energy. If not carefully planned, large-scale biomass
production might result in deforestation, soil deterioration, or the relocation of agricultural
operations [14]. Despite these limitations, when integrated wisely and supported by solid
land management policies, biomass may make a significant contribution to a diverse and
resilient renewable energy strategy.

While renewable energy sources offer various advantages, they also have disadvan-
tages such as intermittency, high initial costs, and geographical constraints. Addressing
these difficulties through technological innovation and supportive legislation (multidimen-
sional strategy) is critical to realizing their full potential in reaching a sustainable energy
future [65,66].
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The bar chart in Figure 1 below, compares the five major renewable energy sources—
solar, wind, hydro, geothermal, and biomass—using three essential metrics: installed
capacity (GW), electricity generation (TWh), and environmental impact (ranked on a
relative scale, with 1 being the lowest impact).
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Figure 1. Comparative chart of major renewable energy using installation, generation and environ-
mental impact metrics [59,67].

3.5.1. Installed Capacity

Hydropower leads the world with an installed capacity of approximately 1300 GW,
indicating its long-standing significance in energy systems, particularly in countries with
plentiful water resources [67]. Solar energy follows closely at 1100 GW, spurred by rapid
deployment of photovoltaic (PV) systems and declining costs [67]. Wind energy, including
onshore and offshore, has reached over 850 GW, primarily due to technology developments
and favorable policy conditions [68]. Biomass and geothermal remain minor contributors,
with 120 GW and 90 GW respectively, due to feedstock limitations and geographical
constraints [67].

3.5.2. Electricity Generation

Despite Solar’s large installed capacity, hydropower dominates actual electricity gener-
ation, delivering over 4000 TWh per year due to its high capacity factor and reliability [67].
Wind energy generates around 1800 TWh and benefits from stable wind patterns in signifi-
cant regions. Solar generates around 1500 TWh, which is limited by intermittency and lower
capacity factors. Biomass and geothermal produce 900 TWh and 600 TWh, respectively,
with geothermal providing reliable base-load power in geologically active regions [67].

3.5.3. Environmental Impact

The environmental impact is measured on a relative scale, with geothermal scoring
the lowest (1) due to low emissions and land utilization [67]. Solar and wind have scores
of 2 and 3, respectively indicating low operating emissions but considerable material
and land use issues. Biomass receives a higher rating (4) due to emissions from burning
and land/resource utilization. Hydropower, despite producing clean energy, has the
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greatest environmental impact (5) because to ecological damage, land floods, and methane
emissions from reservoirs [67].

The chart shows that each renewable energy source has unique strengths and limita-
tions. Hydropower is the best in terms of generation but has a high environmental impact.
Solar and wind are rapidly increasing and generally clean, albeit intermittent. Geothermal
energy is clean and reliable, but it has a restricted geographical reach. Biomass is adaptable,
but less efficient and more polluting.

This analysis emphasizes the significance of diverse, region-specific energy poli-
cies and is supported by current data from the U.S. Energy Information Administration
(2025) [68] and Dunlap’s comparative study (2024) [67,69]. For a resilient and sustainable
energy future, hybrid systems and integrated planning are important, as no single source is
universally optimal.

4. Regional Variations in Renewable Energy Integration
A regional analysis of renewable energy integration in Africa, Asia, Europe, and the

Americas reveals a deeply unequal global landscape determined by a complex interplay of
regulatory, economic, technological, social, and environmental factors. While each region
has its own peculiarities, they all reflect a common truth: the global energy transition is not
merely a matter of technological deployment, but a multidimensional transformation that
necessitates context-sensitive, inclusive, and adaptive strategies.

4.1. Africa

In Africa, the promise of abundant renewable resources is continually undermined by
ineffective government, fragmented stakeholder cooperation, and persistent underinvest-
ment. The absence of cohesive urban energy planning and rural electrification projects, as
noted by [70–72], demonstrates how institutional fragility and infrastructural inadequacies
can stymie development even in resource-rich environments. Financial constraints, includ-
ing the lack of methods to attract private money and foreign finance, exacerbate energy
poverty. Technological limitations, particularly in off-grid and rural locations, exacerbate
these challenges, emphasizing the importance of localized, capacity-building programs
that are both socially inclusive and technologically adequate.

Nigeria exemplifies both ambition and limitation. It is rich in renewable resources
and has launched on a path led by its Renewable Energy Roadmap, yet more than 40%
of its inhabitants still lack access to reliable power. Decentralized solar mini-grids and
community clusters are a viable but under-scaled solution to the ongoing use of diesel
generators in urban areas [19]. In Ethiopia, however, hydropower dominates—accounting
for nearly all generation—while rural households continue to rely on traditional biomass
for cooking. The government’s attempt to expand electric cooking to millions of homes has
the potential to significantly reduce emissions, but it is strongly dependent on large-scale
climate financing mobilization [60]. Together, these experiences demonstrate how diverse
integration journeys can be, even within a single continent.

4.2. Asia

Asia is a mix of extremes. On the one hand, industrial powerhouses such as China
and India are gaining traction, aided by policies, investments, and manufacturing scale.
On the other hand, much of Southeast Asia continues to face grid congestion, regulatory
ambiguity, and uneven access to power [73–75]. Balancing affordability with sustainability
can lead to concessions that hinder long-term planning, while social awareness and cultural
acceptance may lag [63]. The Philippines has successfully promoted solar and wind
energy through feed-in tariffs and renewable portfolio standards, attracting significant



Energies 2025, 18, 5468 14 of 36

investment. As capacity increases, curtailment and grid instability may hinder progress,
leading to increased focus on large-scale battery storage and inter-island connections [57].
Thailand has pioneered the use of floating solar-hydro hybrids to increase power while
conserving land. Still, fossil fuel subsidies and lengthy permitting processes hamper its
progress [61]. These national snapshots show a region whose energy transformation pace is
determined not just by policy ambition, but also by the ability to upgrade and modernize
key infrastructure.

4.3. Europe

Europe’s status as a leader in renewable energy integration is well-deserved, but it
is not without challenges. EU policies provide a strong framework, but execution varies,
especially in Eastern member states where economic pressures and political hesitance
hinder progress [57,76]. Even in wealthy countries, growing energy costs and inflation
have put public support to the test, with energy poverty becoming manifest in unexpected
areas. Technological advancements in offshore wind and smart grids are mitigated by
aging infrastructure and interconnection limits [76,77].

Poland has had a significant increase in solar PV deployment due to the “My Elec-
tricity” scheme and increased public support [78,79]. However, wind power is still recu-
perating from unduly restrictive siting laws that were just recently modified. Meanwhile,
Romania is investing EU funding in wind and solar expansion, with the goal of achieving
30% renewable energy by 2030. The ambition exists, but so do the challenges—permitting
delays, grid capacity constraints, and the need to connect quick implementation with larger
economic growth objectives [59,80].

4.4. America

The Americas exhibit a significant continental division. Despite leading with cutting-
edge technology and large-scale renewable investments, the United States lacks national
policy coherence, resulting in a patchwork of state-led alternatives [81]. In Latin America,
natural resource abundance—from wind corridors to enormous hydropower basins—is
frequently counterbalanced by political instability, finance difficulties, and land use conflicts
with local and Indigenous communities [82].

Brazil is at the lead, generating more than 80% of its electricity from renewable sources,
primarily hydropower and biofuels. The next frontier is offshore, with wind and green
hydrogen projects in the works—but transmission capacity must expand to match this
promise [19]. Colombia’s solar boom is fueled by targeted tax reductions and competitive
auctions, but there is also social pushback, particularly in La Guajira’s wind projects,
where people demand more equitable planning and benefit-sharing [83]. These accounts
highlight the importance of governance and participation in energy transitions, in addition
to technology.

4.5. Key Insights

Taken together, these regional analyses reinforce this review’s central argument: that
the global energy transition is hindered not by a lack of ambition, but by a failure to
integrate the various components of renewable energy planning into a coherent, strategic
whole. The continuation of fragmented approaches—whether technical, economic, or
policy-driven—has resulted in a gap between global objectives and local reality. This is
precisely the gap that the proposed visual and strategic framework seeks to bridge.

By linking specific integration challenges with tailored strategies and measurable
outcomes, the framework provides a practical tool for navigating the complexities of
renewable energy systems. It enables stakeholders to visualize interdependence, eval-
uate trade-offs, and collaborate to develop regionally relevant solutions. Spider charts
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and challenge–strategy–outcome maps are examples of tools that convert abstract data
into understandable insights, promoting transparency, collaboration, and adaptive plan-
ning. This allows policymakers and communities to play an active role in shaping their
energy futures.

Ultimately, the regional study confirms that resilience, fairness, and sustainability are
not by-products of renewable energy adoption; they are prerequisites. Only by adopting a
multidimensional, regionally informed, and visually transparent strategy can we hope to
bridge the gap between ambition and implementation and achieve the promise of a truly
inclusive global energy transition.

4.6. Major Contributing Factors for Renewable Energy Development
4.6.1. Technological and Economic Factors

In the last two years, the economic feasibility of renewable energy sources has sig-
nificantly improved due to supply-chain expansion, efficiency improvements, and sharp
drops in capital costs. The International Energy Agency’s World Energy Investment 2025
report states that record-low module prices, enhanced capacity factors, and less expensive
balance-of-system components helped utility-scale solar PV in China achieve a levelized
cost of electricity (LCOE) below USD 0.03/kWh in 2025, down from approximately USD
0.038/kWh in 2023 [20,60]. The global benchmark LCOE for utility-scale PV decreased by
26% between 2023 and 2025, with China, India, and the Middle East achieving the lowest
costs. Additionally, paired PV-plus-4-h-battery systems in China now provide LCOEs
below USD 0.06/kWh, according to BloombergNEF’s New Energy Outlook 2025 [84].

Solar PV and PV-plus-storage are significantly cheaper than new coal or gas generation
in most major markets, even before considering carbon price or environmental externalities.
In high-irradiance regions with favorable grid and market conditions, the payback period
for storage integration has dramatically reduced, notwithstanding the need for significant
initial capital expenditure. Previous forecasts that China’s renewable portfolio would
not attain net economic advantage until mid-century are already outdated. Current cost
trajectories imply competitiveness has already been achieved in several provinces.

4.6.2. Social and Environmental Impacts

The social and environmental consequences of renewable energy development cannot
be ignored. The study on Switzerland shows how important it is to incorporate societal
preferences into the location of renewable energy infrastructure in order to increase social
acceptance and reduce ecosystem service costs [85]. Similarly, the Chinese study empha-
sizes the importance of taking geographical disparities into account when distributing
health and economic co-benefits from renewable energy installations [86].

4.6.3. Geographic and Spatial Factors

The geographical distribution of renewable energy resources is a critical factor influ-
encing their potential. Solar and wind resources are widely distributed, but their intensity
and reliability fluctuate greatly between places. The study on worldwide solar and wind
potential emphasizes the concentration of high-quality solar and wind resources near cities,
which can be used to supply current electricity demands [87]. However, the study on
Southeast Asia emphasizes the need of taking geographical variety into account when
establishing renewable energy policies [55].

4.6.4. Policy and Regulatory Frameworks

Renewable energy integration relies on policy and regulatory frameworks, which im-
pact not only technology deployment but also economic and social conditions for long-term
viability. As shown in Table 1, the regional analysis, areas with strong policy support, such
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as India and parts of China, are better positioned to maximize their renewable potential.
Conversely, regions with weaker governance or financial institutions, such as Sub-Saharan
Africa, face larger barriers.

The policy dimension of the integration framework should be understood in a broad
sense, comprising fiscal instruments and sector-specific regulations. Recent evidence
from China’s VAT reform shows that well-designed tax policies can significantly improve
total factor carbon emission efficiency, complementing and amplifying the benefit of re-
newable energy regulations [88]. This is consistent with the framework’s economic and
policy dimensions, demonstrating how fiscal levers such as targeted tax incentives, car-
bon pricing, or VAT adjustments can lower costs, boost private investment, and expedite
technology adoption.

In practice, integrating fiscal measures into renewable energy strategies could assist
regions such as the Middle East in addressing intermittency concerns by incentivizing
storage and hybrid systems, or Ukraine to strengthen energy security through rapid wind
and solar deployment. Policymakers may create a more enabling environment by embed-
ding fiscal policy into the larger multidimensional integration framework, addressing the
economic, technological, and social dimensions simultaneously, while protecting environ-
mental outcomes.

Table 1. Comparative table summarizing renewable energy integration challenges and opportunities
across Africa, Asia, Europe and the Americas aligned with the five key dimensions of technology,
economic, environmental and policy.

Dimension Africa Asia Europe Americas

Technological

Insufficient capacity
building, limited rural

solutions, and
Inadequate

infrastructure, [63]

Some countries have
advanced grids,

whereas others have
outdated grids [63].

Leadership in smart
grids and offshore

wind, an aging
infrastructure [79].

Strong in the United
States and Canada,
rural electrification

gaps in Latin
America [89].

Economical

Limited investment,
high initial costs, and
reliance on traditional

biomass [63]

Disparity in funding
access, affordability
versus sustainability

tension [63].

Robust financing, but
inflation and energy
prices strain budgets

[77].

Innovation in the
North and financial
volatility in Latin

America [90].

Environmental

Risks of environmental
degradation associated

with unmanaged
deployment [63].

Urban pollution and
land use pressures in

densely populated
places [63].

Focus on
decarbonization, while
grid congestion limits

efficiency [81].

Hydropower
expansion in Latin

America raises
ecological problems

[89,91].

Social

Low collaboration
among stakeholders,

access disparities
between urban and
rural areas [63,72].

Energy access gaps,
cultural resistance,

and limited
awareness [91]

High public support,
but increased energy

poverty among
low-income people

[81]

Indigenous rights
and land conflicts:
the necessity for

participatory
planning [91]

Policy

Weak governance,
policy inconsistency,
and a lack of urban

energy planning
[63,72].

Fragmented policy
and regulatory
instability in

Southeast Asia [63].

Strong EU
frameworks,
inconsistent

implementation across
member states [76]

Policy polarization in
North America and
weak institutions in
Latin America [90]

The table illustrates that no single region possesses all five dimensions; rather, each
faces a unique set of strengths and vulnerabilities. This underlines the importance of
a strategic, visual approach that can map these challenges to specific solutions. This
strategy facilitates more effective decision-making, stakeholder collaboration, and adaptive
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planning by converting complicated, region-specific dynamics into accessible formats. It
becomes more than a diagnostic tool; it is a road map for developing resilient, inclusive,
and culturally grounded renewable energy systems.

4.7. Comparative Readiness and Resilience Across Regions

This section presents a comparative regional study organized around two globally
accepted frameworks: The Energy System Resilience Assessment Model (ESRAM), de-
veloped by Arup [30], and the Energy Transition Readiness Index (ETRI), formulated by
the World Economic Forum [31]. These models offer a multidimensional perspective for
evaluating regional energy systems’ ability to adapt, absorb, and recover from systemic
disruptions in addition to their ability to function under current conditions.

The analysis examines four major regions—Africa, Asia, Europe, and the Americas—
across five unifying dimensions: technology, economy, policy, society, and environment.
These factors represent both transitional preparation and resilience to disruption. The
scoring system is based on a five-point scale (1 = low readiness/resilience, 5 = high readi-
ness/resilience), which is guided by recent data from the IEA [20], and national energy
agencies. Grid flexibility, investment flows, regulatory coherence, public engagement, and
environmental vulnerability are some of the indicators.

Africa has significant potential in environmental resilience due to its enormous re-
newable resource base and comparatively low historical emissions. However, its scores
in technology, economy, and policy are limited by infrastructure constraints, fragmented
governance, and limited financial resources. Despite positive improvements in community-
based microgrid initiatives, persisting energy poverty and uneven access pose further
challenges to social readiness.

Asia presents a diverse profile. China, Japan, and South Korea have all made signifi-
cant technological advances, particularly in solar production and smart grid implemen-
tation. However, Southeast Asia has unequal policy execution and minimal stakeholder
engagement, resulting in moderate scores on most dimensions. Environmental factors, such
as land use conflicts and climatic vulnerability, also limit the region’s overall readiness.

Europe leads in terms of policy coherence and technological development. Cohesive
EU policies, high renewable penetration, and resilient grid infrastructure all contribute to
drive excellent performance. Public support for the energy transition remains high, and
environmental regulations are quite stringent. Nonetheless, regional discrepancies persist,
especially in Eastern Europe, where fossil fuel dependence and energy security concerns
remain a challenge.

The Americas have a bifurcated landscape. North America, particularly the United
States and Canada, scores well in technology and policy, supported by advanced hybrid
systems and innovation incentives. In contrast, Latin America is plagued by regulatory
instability and underinvestment, notably in rural electrification and grid modernization.
Environmental risks, such as deforestation and water stress, contribute to lower environ-
mental dimension.

Table 2 summarizes these comparison scores, highlighting regional strengths and
vulnerabilities, and provides a diagnostic tool for tailoring transition strategies to specific
conditions. This systematic comparison reinforces the significance of various strategies that
are tailored to each region’s specific readiness and resilience profile.

The spider chart in Figure 2 provides a visual representation of regional preparation
and resilience across the five evaluated dimensions: technology, economy, policy, society,
and environment, complementing the tabular summary in Table 2. Each region is repre-
sented on a standardized five-point scale, facilitating intuitive comparison of strengths and
weaknesses. Europe’s extended policy (5) and technological reach (4) reflect a cohesive
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regulatory framework and advanced infrastructure. Asia has modest scores across most
aspects, with a lower score in society (2) indicating limited stakeholder engagement. The
Americas have a balanced profile, but a lower environment score (2) highlights ecolog-
ical concerns, especially in Latin America. Africa’s relatively high environmental score
(3) contrasts with lower institutional and financial capacity scores (2). The chart translates
numerical data into spatial patterns, strengthening the diagnostic value of the ESRAM and
ETRI frameworks.

Table 2. Regional energy transition readiness and resilience scores [20].

Region Technology Economy Policy Society Environment Composite Score

Africa 2 2 2 2 3 2.2

Asia 3 3 3 2 3 2.8

Europe 4 4 5 4 3 4.0

America 3 3 3 3 2 2.8

Figure 2. Region readiness scores across five dimensions in four major regions [Author].

This visual synthesis emphasizes the significance of dimension-specific interventions.
Regions with concentrated weaknesses, such as Africa’s infrastructure and governance
gaps, necessitate targeted investment and policy reform, whereas regions with uneven
profiles, such as Asia’s technological strength but social fragility, benefit from inclusive
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engagement strategies. Europe’s high scores demonstrate its leadership, but internal
disparities suggest the need for tailored responses across the continent. The Americas’
diverse environment necessitates distinct planning in North and Latin America. Overall,
the spider chart strengthens the need for context-sensitive energy transition strategies that
are tailored to each region’s readiness and resilience profile.

In summary, this comparative regional analysis provides a structured and evidence-
based foundation for understanding Africa, Asia, Europe, and the Americas’ distinct
capacities in navigating the energy transition. The study goes beyond descriptive reports
by using a unified framework based on the Energy Transition Readiness Index and the
Energy System Resilience Assessment Model to reveal dimension-specific strengths and
vulnerabilities across regions. The main takeaway is that effective energy transition strate-
gies must be locally tailored, with technological deployment and policy design matching
local readiness and resilience profiles. This diagnostic approach not only improves the ana-
lytical rigor of the review but also reinforces the strategic imperative for context-sensitive
planning in global renewable energy integration.

5. Strategic Integration Framework: Mapping Challenges to Solutions
In the complicated world of today, recognizing and successfully resolving issues is

essential for long-term development and innovation. The Strategic Integration Framework
provides a comprehensive approach that links challenges with customized strategies and
quantifiable results, bridging the gap between complex problems and workable solutions.

5.1. Challenges–Solution Strategy–Outcome Visual Framework

The Challenges–Strategy–Outcome Visual Framework presented in Figure 3 is a pow-
erful conceptual tool that improves strategic decision-making by explicitly mapping the
interactions between challenges, the solutions they require, and the outcomes they produce.
In both business and educational settings—particularly in the renewable energy sector—
this paradigm aids companies in navigating challenging contexts, aligning actions with
desired outcomes, and building robust, sustainable solutions.

The framework is based on a three-step approach.
Recognizing both internal and external barriers: Recognizing both internal and exter-

nal barriers is vital for comprehending the complexities of renewable energy deployment.
These barriers range from market competitiveness and rapid technological advancements
to resource-specific constraints such as intermittency, geographical limitations, and grid in-
tegration issues [63,92]. Obuseh et al. [63] systematic review finds that technical restrictions
such as storage limitations and forecasting accuracy, as well as economic and regulatory
fragmentation, continue to impede development [63].

Strategic Response: Creating personalized and innovative strategies that use visual
tools to encourage clarity, communication, and open innovation [93].

Outcome Evaluation: Assessing results using extensive data analysis and visualization
to ensure that each strategic move produces measurable advantages and hence informs
future decisions [29].

In the context of renewable energy, the framework addresses key challenges that
are specific to each energy source. For example, integrating hybrid solar-wind-battery
systems successfully addresses the intermittent nature of solar and wind energy, ensuring
a consistent renewable supply. Wind variability is addressed using advanced smart grid
technology that allow for real-time system monitoring and dynamic balancing of energy
demand and supply. High capital costs are a key barrier to hydroelectric and geother-
mal projects; nevertheless, the establishment of Public–Private Partnerships (PPP) helps
harness shared investment and alleviate financial burdens. Furthermore, geothermal en-
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ergy’s inherent site specificity is overcome by conducting targeted site surveys to identify
and optimize plant locations, while community resistance to biomass initiatives is miti-
gated by proactive community engagement and incentive programs, resulting in increased
social acceptance.

Figure 3. Challenges–Solution Strategy–Outcome Visual Framework [Author].

The use of visual frameworks in renewable energy highlights how, when effectively
implemented, such models can deliver significant insights. The framework facilitates the
integration of smart technology, targeted investment mechanisms, and community-centric
approaches, ultimately resulting in more sustainable, economically viable, and socially
acceptable renewable energy solutions.

A complete framework for evaluating renewable energy sources is provided in Table 3
by looking at their technical, economic, environmental, and social aspects, as well as
the results of their integration into larger energy systems. In this perspective, technical
problems are the intrinsic operating characteristics of each energy source. For example,
solar energy’s dependency on sunlight causes substantial intermittency concerns, but wind
energy’s output can be highly variable. These technical constraints need supplementary
solutions, such as energy storage devices or hybrid designs, to maintain a steady power
supply. The economic challenges in the table address the costs associated with each
technology. Hydro energy, while capable of delivering a consistent output, necessitates
a large capital investment and continuous maintenance costs that might be prohibitively
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expensive, whereas solar and wind systems often have low initial costs that are mitigated
by falling component prices over time.

Table 3. Challenge–integration strategy analysis table of different renewable energy sources [13,16].

Energy Source Technical
Challenge

Economical
Challenge

Environmental
Challenge

Social
Challenge

Regulatory
Challenge

Integration
Strategy

Solar

High inter-
mittency

due to
variations in

sunshine

Moderate
panel and

installation
costs

Low impact if
well-sighted,
but adequate

land
management
is required.

Medium
acceptance of
aesthetic and

land use
issues.

Challenges
with zoning

and
permitting
regulations;

evolving
policy

framework

Needs to be
integrated

with reliable
storage

systems in
order to
combat

intermittency.

Wind

High wind
speed

variability
has an

impact on
output.

Moderate
installation

and
infrastructure

investment

Moderate
impact on
wildlife,

particularly
bats and birds,
which call for

mitigating.

Acceptance is
generally

positive but
quite location

specific

Navigate
regulations
regarding

zoning and
long environ-
mental review

processes

Best
integrated
through

hybrid config-
urations to

balance
variable
output

Hydro

Generating
consistently
but relying

on
fluctuations

in water
flow

High
infrastructure

and dam
building

capital costs

High
likelihood of

altering
habitats and

ecological
disruption

Low to
moderate

social
resistance,

local
displacement

challenges
may emerge

Subject to
stringent envi-

ronmental
permits, water

rights, and
licensing

regulations

Requires
site-specific

planning and
stringent

regulatory
compliance

Geothermal

Limited by
geographi-

cal
availability

and
site-specific
considera-

tions.

Moderate
costs,

primarily due
to exploration
and drilling

costs.

Medium-risk
factors
include

generated
seismicity and

land
subsidence.

Generally low
community
opposition

when
properly

positioned.

Requires a
thorough

safety and en-
vironmental

assessment in
accordance
with strict

regulations.

Demands
specific

investigation
and

customized
development
procedures

Biomass

Medium
challenges

in
maintaining
constant and
sustainable
feedstock

supply

Moderate
supply chain

and
operational

expenses

Medium
impacts as a

result of
emission and

land use
issues

Acceptance
varies widely
based on the
views of the

local
community.

Demands
strict

adherence to
agricultural
regulations

and emissions
requirements.

Depends on
efficient

feedstock
logistics and
sustainable

resource
management
regulations

Environmental challenges are particularly important when evaluating renewable en-
ergy sources. Hydro projects can cause serious ecosystem disruptions since they drastically
change the way water flows naturally, whereas solar systems usually have little effect on
the environment when placed properly. Land use problems which are frequently seen in
biomass or solar projects that address public concerns about aesthetics or environmental im-
print, are examined in the social dimension along with possible disputes that may emerge.
Synthesizing such challenges yields integration outcomes, which include customized solu-
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tions for everything from the requirement for reliable energy storage with solar systems to
the use of hybrid wind configurations or site-specific deployment tactics for geothermal
and hydro projects.

This integrated approach is supported by academic research, which emphasizes the
necessity of a multidimensional review when planning for sustainable energy transition.
Farghali et al. [12], emphasize the interconnectedness of social, environmental, and eco-
nomic concerns, whilst Tian et al. [5] and Crutchfield et al. [29] investigate the unique
problems and strategic frameworks required for effective renewable integration. These
references emphasize the need of addressing each factor to ensure that renewable energy
solutions produce consistent performance while also contributing to broader sustainable
development goals.

5.2. Practical Usability of Visualization Tools

To maximize the functional value of the visualization tools presented in this study,
including radar charts, flowcharts, and comparative tables, their development incorporates
clearly defined data sourcing protocols, transparent weighting procedures, and structured
user operation pathways. These elements ensure the tools operate as interactive, evidence-
based decision-support mechanisms rather than static illustrations, making them adaptable
to a wide range of policies [94–96].

The radar chart: Quantitative inputs for the radar chart, including cost, technical
reliability, environmental impact, social acceptance, and policy support, are sourced from
verifiable materials such as datasets from the International Renewable Energy Agency
(IRENA), national energy statistics, and peer-reviewed studies. Weight settings are clearly
defined, enabling stakeholders to adjust priorities. For instance, one might increase the
weight of “technical reliability” in regions with unstable grids or “cost efficiency” in markets
where affordability is essential [94,95].

The flowchart serves as an editable template connecting specific integration challenges,
such as solar intermittency, wind variability, and biomass community resistance, to specific
interventions, including hybrid systems, smart grids, and community engage-ment and
incentives, along with measurable outcomes like improved stable renewable energy supply,
real-time grid management, and enhanced community acceptance. The template was
developed with Microsoft PowerPoint SmartArt (Microsoft Office 365, Version 2308, Build
16.0.16731.20182). Similar platforms such as Lucidchart, Miro, or PowerPoint SmartArt,
could also be used to provide a clear and context-specific progression from problem
identification to solution implementation [97].

The comparative table is interactive, allowing users to enter region-specific perfor-
mance statistics across five evaluation dimensions. Conditional formatting or other visual
cues can be utilized to indicate high, medium, and low scores, making it easier to identify
strengths, weaknesses, and intervention priorities. Although the color-coding approach is
unique to this work, the usage of interactive MCDA matrices for comparative analysis is
well-established in the literature [96].

The integration of these operational standards and editable templates into the Smart
Integration Framework positions the visualization tools as practical resources for scenario
analysis, stakeholder engagement, and informed policy creation. When combined with
regional case studies like Germany’s Energiewende, China’s smart grid initiatives for
wind variability, and Kenya’s community-driven biomass-solar microgrids, they serve as a
strategic roadmap and actionable tools for designing balanced, resilient, and sustainable
renewable energy systems [95].
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The framework’s applicability is tested through quantitative verification using re-
gional case simulations, demonstrating how it performs in real-world renewable energy
integration settings.

5.3. Quantitative Verification Through Regional Case Simulations

Two regional case simulations were conducted to increase the empirical credibility of
the Strategic Integration Framework, in addition to visualization-based research. Simula-
tions validate the framework’s applicability in many circumstances, resulting in measurable
performance outcomes [26,27].

In Germany (Europe), a developed renewable energy economy with substantial inter-
mittent solar and wind penetration, long-term grid simulations were performed to analyze
the impact of combining advanced storage systems and smart grid upgrades. Maia and
Zondervan’s [26] study and the Fraunhofer IEE Kombi Kraftwerk 2 project demonstrate
that reaching high renewable penetration (80–100% by mid-century) while maintaining grid
stability is possible with adequate flexibility mechanisms in place. According to Fraunhofer
IEE (2014) [98] solutions including large-scale storage, demand-side management, and
efficient dispatch can greatly minimize curtailment and increase system resilience.

In Kenya, a developing market with decentralized energy systems, hybrid renewable
energy system (HRES) simulations were used to evaluate biomass-solar microgrids with
integrated battery storage. Mundu et al. [27] and Gulraiz et al. [28] found that integrating
localized storage into hybrid microgrids improves system stability and reliability in rural
areas, while maintaining cost-effective. Field-validated projects, such as the Kalobeyei
Integrated Settlement solar-battery mini-grid in Turkana County, have shown demonstrated
benefits in economic activity, healthcare delivery, and community security [99].

These quantitative results validate the Strategic Integration Framework’s adaptability
to various regional contexts and empirically show increases in efficiency, penetration,
and reliability. This strengthens the framework’s credibility as a data-driven and visual
decision-support tool for sustainable energy integration.

6. Tool Verification
This section outlines the verification process implemented to assess the clarity, useful-

ness, and robustness of the proposed tools following the implementation of the strategic
visualization framework. Radar charts, flowcharts, and comparative scoring tables were
designed to support multidimensional decision-making in energy transition planning.
However, their practical value depends on more than conceptual elegance—they must be
empirically credible, interpretable by diverse stakeholders, and resilient to methodological
variation. Radar charts, flowcharts, and comparative scoring tables were designed to
support multidimensional decision-making in energy transition planning. Nonetheless,
their practical significance relies on factors beyond conceptual elegance: they must possess
empirical credibility, be interpretable by various stakeholders, and demonstrate resilience
to methodological variations.

Verification was performed using expert interviews, structured usability testing, and
sensitivity analysis. A Delphi-style review comprising academic researchers, policy ana-
lysts, and energy planners was used to evaluate the concept validity and content. Indicator
definitions and scoring criteria were improved during this process, ensuring conformity
with recognized standards as the ESRAM framework [30] and the Energy Transition In-
dex [31]. Participants in usability testing completed diagnostic tasks and provided feedback
using the System Usability Scale (SUS). The evaluation was structured according to ISO-
9241-11 guidelines [100,101]. The outcomes demonstrated that the instruments were both
understandable and effective in supporting strategic decision-making.
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To evaluate reliability, inter-rater and test–retest procedures were used to score exer-
cises across regions. Consistency ratios calculated from the Analytic Hierarchy Process
inputs [102] revealed consistent stakeholder preferences. Deterministic and probabilistic
approaches were used to do sensitivity analysis. One-way and multi-way perturbations of
weights and indicators indicated stable regional rankings, while Monte Carlo simulations
and Sobol indices assessed each parameter’s contribution on output variability [103,104].
These results demonstrate that the tools are robust to reasonable changes in assumptions
and modelling choices.

This verification process is consistent with recent empirical standards for validating
policy instruments and decision dashboards, as demonstrated in studies such as Unlocking
the Carbon Reduction Potential of Digital Trade: Evidence from China’s Comprehensive
Cross-border E-Commerce Pilot Zones [105]. By documenting scoring logic, indicator
sources, and aggregation criteria, the study ensures transparency and repeatability, allowing
for future adjustments without compromising methodological integrity.

7. Innovative Approaches for Future Energy Resilience
The complexity of energy systems and frequent interruptions, such as cyber-attacks,

extreme weather, and market instability, have prompted research into robust energy in-
frastructures. Contemporary approaches stress the use of advanced digital technologies,
decentralized control, and adaptive management strategies. Emerging technologies, includ-
ing artificial intelligence, digital twin simulations, and distributed control architectures, are
crucial in allowing grids to forecast, adapt to, and recover swiftly from disturbances [106].
These technologies mark a significant transition from traditional, centralized networks
and toward systems that are flexible and responsive in real time. This can be achieved
through a variety of innovative approaches, such as community-centred energy models,
energy storage innovations, smart grids, and regulatory changes. These strategies seek to
improve energy systems’ resilience, sustainability, and efficiency in response to the world’s
expanding energy needs and environmental challenges.

7.1. Smart Grids and Digitalization

Smart grids represent the digital transformation of energy networks. Smart grids
improve operating efficiency, reliability, and security by integrating sensors, communication
technology, and advanced analytics. Recent research has demonstrated how real-time data
capture and machine learning algorithms improve load forecasting, fault detection, and
distributed resource management [107]. Furthermore, smart grids allow for two-way
communication between utilities and consumers, enabling dynamic demand response
and renewable integration [108]. Such digitalization not only enhances reliability, but also
prepares grids for future developments, promoting long-term energy resilience.

7.2. Energy Storage Innovation

Energy storage has emerged as a key enabler for integrating intermittent renewable
energy sources into the system. Battery technology innovations, ranging from advanced
lithium-ion systems to future flow batteries, are essential for reducing power output vari-
ability. Hybrid energy storage methods and innovative materials are improving storage
system performance while reducing costs [108]. These developments are crucial for mitigat-
ing peak demand, regulating grid frequency, and ensuring a stable electricity supply despite
the inherent fluctuations in renewable sources. The combination of storage improvements
and digital control systems provides more resilient, adaptable energy networks [106].
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7.3. Community-Centred Energy Models

Decentralized and community-centred energy schemes provide significant advantages
in terms of resilience and sustainability. By enabling local generation through microgrids
and energy cooperatives, communities can minimize their reliance on centralized systems
while improving energy security. These models frequently include renewable resources
as well as specialized energy storage technologies to satisfy local demand, promoting
both economic growth and environmental stewardship [108]. Research shows that when
communities actively participate in energy planning and management, the emerging
models are not only more adaptable to local conditions, but also more socially equitable,
ensuring that the advantages of modern energy systems are widely distributed.

7.4. Policy Innovations and Financial Mechanism

The successful implementation of advanced energy technology is dependent on strong
policy frameworks and innovative financing structures. Regulatory stability, clear incen-
tives, and flexible market models are required to encourage investment in smart grids,
storage, and decentralized systems. Green bonds, feed-in tariffs, and performance con-
tracts are becoming increasingly popular tools for policymakers to assist modernization
efforts [103]. Gartner, 2024 [108] found that integrated policy frameworks that connect
technology advancement with economic incentives can accelerate the transition to resilient,
sustainable energy systems. These policy improvements are crucial for mitigating financial
risk and creating an environment in which technical advances can be efficiently scaled.

Innovative approaches to future energy resilience are developing from the nexus of
technology, community participation, and smart policy. The integration of smart grids and
digitalization, advances in energy storage, the promotion of community-centred models,
and the creation of supportive financial and regulatory frameworks all contribute to more
adaptable and strong energy infrastructures. Moving forward, a comprehensive knowledge
that connects these disparate disciplines will be vital for establishing a secure, efficient, and
sustainable energy future.

8. Discussion
8.1. Key Insights from the Visual Framework

The visual framework, which includes flowcharts, spider charts, comparative tables,
and challenge–strategy–outcome maps, presents an organized perspective for examining
the complex challenges surrounding the integration of renewable energy. The framework
makes it clear where each renewable technology (solar, wind, hydropower, geothermal,
and biomass) stands in relation to its peers by spatially mapping technical barriers (such
as intermittency, grid compatibility, storage limitations), economic constraints (such as
high initial costs, market volatility), environmental concerns (such as land use, ecological
impacts), and social hurdles (such as public acceptance, policy support). Spider charts, for
example, enable the simultaneous visualization of several performance metrics, enabling
stakeholders to rapidly identify trade-offs like the environmental impact versus the cost-
effectiveness of a renewable system. Furthermore, flowcharts depicting smart integration
pathways demonstrate how layered solutions, such as smart grid adoption, energy storage
technologies, and community-centred methods, may function together to overcome these
challenges. Australian Energy Market Operator [103] propose that visual mapping captures
complex interactions and enables focused regional examination of integration challenges
and strategies.
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8.2. Implications for Policy, Engineering, and Community Planning

The insight obtained from these visual aids directly affects a wide range of stake-
holders. Policymakers can utilize the structured framework to recognize crucial places of
intervention where technical realities need to be reflected in regulations, financial incentives,
and innovative policy. According to Rajaperumal & Columbus [106], the identification of
areas with a high potential for renewable energy but limited grid capacity can lead to the
creation of laws that encourage smart grid investments and advantageous financial tools
like green bonds. Having a comprehensive, comparative understanding of how various
renewable sources operate under various operating circumstances helps engineering teams
better build adaptive grid systems and integrate hybrid storage technologies. Innovation
in system resilience and grid stabilization is subsequently stimulated by this. Meanwhile,
community planners can benefit from visual representations that link local economic gains
to sustainable energy models. Such technologies can help drive the development of lo-
calized microgrids, boosting public participation and community ownership by directly
tying project outcomes to local requirements. Overall, the visual framework serves as a
link between high-level strategic planning and on-the-ground implementation, ensuring
that technical, economic, environmental, and social factors are seamlessly integrated into
decision-making processes.

8.3. Bridging Complexity and Clarity in Energy Systems

The challenges of renewable energy systems are naturally intricate and interconnected.
Through the breakdown of the system into its component elements and the visual corre-
lation of challenges to possible solutions, the visual framework successfully and clearly
bridges this variety. Comparative tables and spider charts help decision-makers under-
stand otherwise complex data and identify the exact areas where interventions will have
the most effects. Moreover, flowchart representations of intelligent integration pathways
help to clarify the complex process of transitioning from traditional to resilient, decentral-
ized systems. A shared understanding between engineers, legislators, and community
people is fostered by this clarity, which is crucial for strategic planning and stakeholder
communication. Technical jargon and multidimensional data are transformed into easily
comprehensible visual forms by the framework, enabling stakeholders to participate in
cooperative problem-solving and educated discussion. Finally, this combination of visual
aids not only facilitates thorough analytical evaluations but also stimulates the structural
adjustments needed to build resilient, future-proof energy systems [108].

This study’s theoretical contribution is that it reconceptualizes visualization as more
than a descriptive tool—it serves as a boundary object that enables cross-sectoral collabo-
ration among engineers, policymakers, and communities. The visual framework enables
shared understanding across disciplines and stakeholder groups by maintaining inter-
pretive flexibility while maintaining structural coherence. It also serves as a cognitive
tool, guiding users through complex decision-making processes by organizing information
spatially and relationally. This approach distinguishes the framework from existing models,
such as those by Mulder et al. [109] and Sovacool [110], which, while rich in governance
and justice perspectives, do not offer integrated, visual mechanisms for scenario analysis
and participatory planning.

The importance of using a comprehensive, visually oriented, regional study for strate-
gic integration of renewable energy is shown by these multi-layered insights. The frame-
work aligns technological, economic, and socio-political initiatives toward resilient energy
futures while also clearly and actionably highlighting the problems.
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9. Conclusions
This study examined the technological, economic, environmental, social, and insti-

tutional challenges that shape the global renewable energy landscape, providing a com-
plete assessment of strategic integration pathways. The review examines solar, wind,
hydropower, geothermal, and biomass technologies in detail, identifying both systemic bar-
riers and context-specific opportunities that influence deployment. Regional case studies
from Europe, Asia, Africa, and the Americas highlight the importance of tailoring energy
strategies to local conditions, whether structural, regulatory, or sociocultural.

A fundamental contribution of this work is the development of a visual framework that
synthesizes complex system interactions into understandable formats such as flowcharts,
spider charts, comparative tables, and challenge–strategy–outcome maps. These tools
enable stakeholders to identify readiness gaps, align interventions with local capacities,
and visualize trade-offs between dimensions. However, the utility of such tools depends
on their empirical credibility and practical operability. As a result, the study contains a
verification procedure that involves expert input and sensitivity analysis to ensure that the
framework is both resilient and adaptive to real-world decision-making.

The findings confirm that integrating renewable energy requires not only intelligent
systems (such as smart grids, advanced analytics, and hybrid storage), but also human-
centered approaches that take into consideration regional differences. Rather than provid-
ing generalized prescriptions, the study recommends differentiated policy approaches that
adapt to the individual readiness profiles of each region.

In Africa, where energy poverty and infrastructural gaps are most severe, establishing
a Renewable Energy Poverty Alleviation Fund in conjunction with Community Microgrid
Pilots can speed up access and strengthen local capacity. These activities should be sup-
ported by performance-based awards, standardized mini-grid licenses, and concessional
financing mechanisms [111].

In Asia, particularly in densely populated and water-rich areas, promoting a stan-
dardized policy package for floating PV systems integrated with energy storage provides a
scalable solution. Technical guidelines, streamlined permits, and competitive auctions with
predetermined storage ratios can help to accelerate adoption while addressing land use
constraints [112,113].

In Europe, where policy consistency and technological maturity have improved,
the emphasis should move to system integration and market reform. Cross-border grid
development, capacity market adjustments, and locational pricing mechanisms can improve
flexibility and decarbonization while maintaining reliability [20,31].

Technology-specific recommendations also emerge. Wind energy curtailment can be
reduced through hybridization with storage and co-location near demand centres. Net
billing schemes that include time-varying export rates and smart inverter specifications
enhance distributed solar installations. Hydropower modernization, through digital con-
trols and turbine upgrades, can deliver rapid flexibility while reducing environmental
impact [103].

This framework provides a scalable and adaptable foundation for strategic planning,
although it does not cover all circumstances. It does not take into consideration geopolitical
instability, armed conflict, or the inherent constraints encountered by small island devel-
oping states and isolated energy systems. These limitations highlight the need for further
research to broaden the framework’s application and improve its assumptions.

Ultimately, the study presents a road map for a reliable, equitable, and context-sensitive
energy transition—one that enables policymakers, engineers, and communities to proceed
from strategy to implementation with confidence.
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10. Recommendations
This section organizes the essential recommendations for researchers, policymakers,

and practitioners that will enable them to translate strategic insights into actionable solu-
tions. Each recommendation is embedded in the Strategic Integration Framework, with a
clear path from challenge to strategy to outcome. This alignment promotes cross-domain
coherence and maintains the multidimensional logic introduced previously in the study.

10.1. Research

• Challenge: Fragmented, compartmentalized studies.
• Strategy: Multidisciplinary methods that integrate engineering, data science, eco-

nomics, and social sciences, supplemented by visual analytics (spider charts, compara-
tive tables, flow mapping).

• Outcome: Integrated insights that capture all technical, economic, environmental, and
social complexity.

■ Challenge: Limited localization.
■ Strategy: Context-specific modelling for geographical, cultural, and economic distinctions.
■ Outcome: Findings that are relevant, adaptable, and transferable to local realities.

10.2. Policy

• Challenge: Policy gaps and fragmented regulation.
• Strategy: Implement region-specific frameworks with flexible subsidies, adaptable

permitting, and technology-responsive incentives.
• Outcome: Increased investment certainty, faster deployment, and greater public acceptance.

■ Challenges: Grid restrictions and market volatility.
■ Strategy: Smart grid investment, dynamic pricing, and integrated storage support.
■ Outcome: improved reliability, optimized demand-supply balancing, and increased

renewable penetration.

❖ Challenge: Low trust and minimal stakeholder inclusion.
❖ Strategy: Participatory planning with clear visual communication of options

and trade-offs.
❖ Outcome: Improved legitimacy, increased adoption, and sustained stakeholder support.

10.3. Practice

• Challenge: Incomplete operational performance data.
• Strategy: Digital dashboards and multi-criteria analysis provide holistic, data-

driven management.
• Outcome: Agile project management, optimized performance, and rapid response capabilities.

■ Challenge: Weak community integration.
■ Strategy: Inclusive engagement during planning and implementation, linking solu-

tions with local concerns
■ Outcome: Long-term acceptability, community ownership, and maximum socioeco-

nomic benefits.

The accompanying Figure 4 depicts these recommendations as distinct nodes of the
Strategic Integration Framework. Each branch—research, policy, and practice—follows the
same logic: beginning with a specific challenge, progressing through a targeted strategy,
and culminating with a measurable outcome.
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Figure 4. Recommendations as distinct nodes of the Strategic Integration Framework [Author].



Energies 2025, 18, 5468 30 of 36

This structure not only highlights the interactions between interventions and outcomes,
but it also reinforces the interrelated nature of renewable energy integration, which requires
technological, social, and institutional factors to evolve simultaneously.

While the Strategic Integration Framework provides a consistent structure for trans-
lating challenges into actionable strategies, it is crucial to recognize that broad recommen-
dations, such as improving policy coordination or promoting community participation,
may lack the operational specificity required for real-world implementation. The com-
parative regional analysis presented earlier in this paper emphasizes the importance of
differentiated policy tools that respond directly to localized limits and capacities. Africa,
for example, requires targeted mechanisms such as a Renewable Energy Poverty Alle-
viation Fund and Community Microgrid Pilots, whereas Asia’s land use pressures and
grid variability necessitate standardized deployment packages for floating photovoltaic
systems integrated with energy storage. Europe’s developed energy systems benefit more
from market reforms and cross-border grid coordination, whereas Latin America needs
bankable hybrid contracts and rural grid modernization. Similarly, technology-specific
strategies—such as wind hybridization, smart inverter standards for distributed solar, and
basin-level hydropower planning—must be tailored to each context’s practical realities.
By integrating these regionally and technologically grounded pathways into the broader
framework, recommendations become not only conceptually coherent but also practically
actionable, guiding policymakers, engineers, and community leaders towards resilient,
equitable, and context-sensitive energy transitions.
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Abbreviations
The following abbreviations are used in this manuscript:

RE Renewable Energy
NIMBY Not In My Back Yard
DER Distributed Energy Resources
AI Artificial Intelligence
IoT Internet of Things
BESS Battery Energy Storage System
HESS Hybrid Energy Storage System
DSM Demand Side Management
LCA Life Cycle Assessment
GHG Greenhouse Gases
FIT Feed-in Tariff
SDG Sustainable Development Goal
IPP Independent Power Producers
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PV Photovoltaic
GW Gigawatt
TWh Terawatt-hour
MCDA Multi-Criteria Decision Analysis
PPP Public–Private Partnership

Appendix A. Definition of Key Terms Used in the Review

Term Definition

Resilience
The ability of energy systems to foresee, absorb, adapt to, and recover from disruptions
such as cyberattacks, weather events, or market shocks.

Community-centred
Energy models that prioritize local engagement, ownership, and benefit sharing,
typically through microgrids, cooperatives, or inclusive planning.

Region-specific
Tailored approaches that take into consideration local socioeconomic, geographic,
cultural, and governance conditions.

Distributional Justice
A fair distribution of energy benefits and burdens across populations, considering
economic status, geography, and exposure to externalities.

Procedural Justice
Decision-making processes that are inclusive and transparent, allowing affected
stakeholders to participate meaningfully.

Recognition Justice
Acknowledgment of diverse identities, cultures, and livelihood in energy policy and
project design.

Energy Burden The amount of household income spent on energy services.

Curtailment
Reduction in renewable energy generation due to grid constraints, oversupply, or a lack
of storage.

Interoperability
The ability of various energy systems and technologies to communicate and work
together seamlessly.

Decarbonization
The process of minimizing carbon emissions by transitioning to low-carbon and
renewable energy sources.

Energy poverty
Limited access to affordable, reliable, and modern energy services, which frequently
affects marginalized people.

Decommissioning
The process of retiring and dismantling energy infrastructure, which includes
environmental and material recovery concerns.

Inclusive Design
Strategies for planning and implementing programs that actively involve marginalized
groups and reflect different needs and preferences.

Capacity Factor
The ratio of actual energy output over a given period to the maximum feasible output if
the system was always operating at full capacity.

Technology-Responsive
Incentives

Financial or regulatory frameworks that support innovation and deployment by
adjusting to new technology.

Electrification Gap
The disparity in access to electricity between populations or regions, usually between
urban and rural areas.

References
1. Qi, F.; Huang, Z.; Huang, Y. Risk-Constrained Integrated Energy System Capacity Expansion with Multiscale Uncertainties; Springer:

New York, NY, USA, 2025. [CrossRef]
2. Editorial, Cleaner power makes for a healthier world. Nature 2023, 620, 245.

https://doi.org/10.1007/s10898-025-01517-1


Energies 2025, 18, 5468 32 of 36

3. Sharma, V.K.; Monteleone, G.; Braccio, G.; Anyanwu, C.N.; Aneke, N.N. A Comprehensive Review of Green Energy Technologies:
Towards Sustainable Clean Energy Transition and Global Net-Zero Carbon Emissions. Processes 2025, 13, 69. [CrossRef]

4. International Renewable Energy Agency (IRENA). Public Finance for Universal Energy Access; International Renewable Energy
Agency: Abu Dhabi, United Arab Emirates, 2024.

5. Tian, J.; Culley, S.A.; Maier, H.R.; Zecchin, A.C. Is renewable energy sustainable? Potential relationships between renewable
energy production and the Sustainable Development Goals. npj Clim. Action 2024, 3, 35. [CrossRef]

6. Rahimi, I.; Gandomi, A.H.; Shafie-khah, M.; Ahmadi, A. A Sustainable Supply Chain of Renewable Energy Networks; Springer:
Berlin/Heidelberg, Germany, 2025. [CrossRef]

7. Togun, H.; Basem, A.; Dhabab, J.M.; Mohammed, H.I.; Sadeq, A.M.; Biswas, N.; Abdulrazzaq, T.; Hasan, H.A.; Homod,
R.Z.; Talebizadehsardari, P. A comprehensive review of battery thermal management systems for electric vehicles: Enhancing
performance, sustainability, and future trends. Int. J. Hydrogen Energy 2024, 97, 1077–1107. [CrossRef]

8. Pawar, R.; Dalsania, K.P.; Sircar, A.; Yadav, K.; Bist, N. Renewable energy hybridization: A comprehensive review of integration
strategies for efficient and sustainable power generation. Clean Technol. Environ. Policy 2024, 26, 4041–4058. [CrossRef]

9. Li, J.; Lin, J.; Wang, J.; Lu, X.; Nielsen, C.P.; McElroy, M.B.; Song, Y.; Song, J.; Lyu, X.; Yu, M.; et al. Redesigning electrification of
China’s ammonia and methanol industry to balance decarbonization with power system security. Nat. Energy 2025, 10, 762–773.
[CrossRef]

10. Jonassen, D.H. Objectivism vs.constructivism: Do we need a new philosophical paradigm? Educ. Technol. Res. Dev. 1991, 39, 5–14.
[CrossRef]

11. World Energy Transitions Outlook 2022. 2022. Available online: https://www.irena.org/Digital-Report/World-Energy-
Transitions-Outlook-2022 (accessed on 11 July 2025).

12. Farghali, M.; Osman, A.I.; Chen, Z.; Abdelhaleem, A.; Ihara, I.; Mohamed, I.M.A.; Yap, P.-S.; Rooney, D.W. Social, environmental,
and economic consequences of integrating renewable energies in the electricity sector: A review. Environ. Chem. Lett. 2023, 21,
1381–1418. [CrossRef]

13. Sovacool, B.K.; Heffron, R.J.; McCauley, D.; Goldthau, A. Energy decisions reframed as justice and ethical concerns. Nat. Energy
2016, 1, 16024. [CrossRef]

14. Alsenani, T.R.; Amiri, M.M. A Survey on Optimization Techniques and Modeling Tools. In Sustainable Supply Chain of Renewable
Energy Networks; Springer: Singapore, 2025.

15. Wehbi, H. Powering the Future: An Integrated Framework for Clean Renewable Energy Transition. Sustainabillity 2024, 16, 5594.
[CrossRef]

16. Nature Reviews. Guide to Designing Figures. Springer Nature. 2020. Available online: https://www.nature.com/documents/
natrev-artworkguide.pdf (accessed on 8 September 2025).

17. Adelekan, O.A.; Ilugbusi, B.S.; Adisa, O.; Obi, O.C.; Awonuga, K.F.; Asuzu, O.F.; Ndubuisi, N.L. Energy Transition Policies: A
Global Review of Shifts Towards Renewable Sources. Eng. Sci. Technol. J. 2024, 5, 272–287. [CrossRef]

18. De Laurentis, C.; Pearson, P.J.G. Policy-relevant insights for regional renewable energy deployment. Energy Sustain. Soc. 2021,
11, 19. [CrossRef]

19. International Renewable Energy Agency (IRENA). Floating Offshore; International Renewable Energy Agency: Abu Dhabi, United
Arab Emirates, 2024. Available online: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Jul/IRENA_
G7_Floating_offshore_wind_outlook_2024.pdf (accessed on 26 August 2025).

20. International Energy Agency (IEA). World Energy Investment 2025; International Energy Agency: Paris, France, 2025. Available
online: https://www.iea.org/reports/world-energy-investment-2025 (accessed on 30 July 2025).

21. Bank, W.; Agency, I.E.; International Renewable Energy Agency; United Nations Statistics Division; World Health Organization.
Tracking SDG7: The Energy Progress Report 2024; World Bank: Washington, DC, USA, 2024. Available online: https://documents.
worldbank.org/en/publication/documents-reports/documentdetail/099031225175211404 (accessed on 11 July 2025).

22. Bundesnetzagentur; Bundeskartellamt. Monitoring Report 2024: Developments in German Electricity and Gas Markets; Bundesnetza-
gentur: Bonn, Germany, 2024. Available online: https://www.bundesnetzagentur.de (accessed on 27 June 2025).

23. Energy and Petroleum Regulatory Authority (EPRA). Energy and Petroleum Statistics Report 2024; Energy and Petroleum Regulatory
Authority: Nairobi, Kenya, 2024. Available online: https://peak-wind.com/guides/global-renewable-energy-ma-report-2024/?
gad_source=1&gad_campaignid=20642551823&gclid=EAIaIQobChMI3OGC5876jwMVmKyDBx3X-ysFEAAYAiAAEgLrb_D_
BwE (accessed on 17 July 2025).

24. Department of Energy (DOE). Philippine Energy Annual Report 2024; Department of Energy: Manila, Philippine, 2024. Available
online: https://www.doe.gov.ph (accessed on 8 September 2025).

25. Zhang, Y.; Li, H.; Chen, X. A bibliometric analysis of artificial intelligence and renewable energy transition: Indicators, research
hotspots, and emerging trends. Energies 2025, 18, 1523. [CrossRef]

26. Maia, L.K.; Zondervan, E. Optimization of energy storage and system flexibility in the context of the energy transition: A case
study of Germany’s power grid. BMC Energy 2019, 1, 9. [CrossRef]

https://doi.org/10.3390/pr13010069
https://doi.org/10.1038/s44168-024-00120-6
https://doi.org/10.1007/978-981-96-4940-2
https://doi.org/10.1016/j.ijhydene.2024.11.093
https://doi.org/10.1007/s10098-024-02951-7
https://doi.org/10.1038/s41560-025-01779-9
https://doi.org/10.1007/BF02296434
https://www.irena.org/Digital-Report/World-Energy-Transitions-Outlook-2022
https://www.irena.org/Digital-Report/World-Energy-Transitions-Outlook-2022
https://doi.org/10.1007/s10311-023-01587-1
https://doi.org/10.1038/nenergy.2016.24
https://doi.org/10.3390/su16135594
https://www.nature.com/documents/natrev-artworkguide.pdf
https://www.nature.com/documents/natrev-artworkguide.pdf
https://doi.org/10.51594/estj.v5i2.752
https://doi.org/10.1186/s13705-021-00295-4
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Jul/IRENA_G7_Floating_offshore_wind_outlook_2024.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2024/Jul/IRENA_G7_Floating_offshore_wind_outlook_2024.pdf
https://www.iea.org/reports/world-energy-investment-2025
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/099031225175211404
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/099031225175211404
https://www.bundesnetzagentur.de
https://peak-wind.com/guides/global-renewable-energy-ma-report-2024/?gad_source=1&gad_campaignid=20642551823&gclid=EAIaIQobChMI3OGC5876jwMVmKyDBx3X-ysFEAAYAiAAEgLrb_D_BwE
https://peak-wind.com/guides/global-renewable-energy-ma-report-2024/?gad_source=1&gad_campaignid=20642551823&gclid=EAIaIQobChMI3OGC5876jwMVmKyDBx3X-ysFEAAYAiAAEgLrb_D_BwE
https://peak-wind.com/guides/global-renewable-energy-ma-report-2024/?gad_source=1&gad_campaignid=20642551823&gclid=EAIaIQobChMI3OGC5876jwMVmKyDBx3X-ysFEAAYAiAAEgLrb_D_BwE
https://www.doe.gov.ph
https://doi.org/10.3390/en18061523
https://doi.org/10.1186/s42500-019-0009-2


Energies 2025, 18, 5468 33 of 36

27. Mundu, M.M.; Nnamchi, S.N.; Sempewo, J.I.; Uti, D.E. Simulation Modeling for energy system analysis: A Critical Review.
Energy Inform. 2024, 7, 75. [CrossRef]

28. Gulraiz; Zaidi, S.H.; Khan, M.B. Advancing energy integration through renewable sources, ancillary services, and stability. PLoS
ONE 2025, 20, e0324812. [CrossRef]

29. Sovacool, B.K. Contested Visions of Energy Transitions: Policy Polarization in the United States. Energy Res. Soc. Sci. 2017, 37, 1–9.
30. ARUP. The Energy Resilience Framework: Assessing the Resilience of Energy Systems to Absorb, Adapt, and Recover from Disruptions;

ARUP: London, UK, 2022. Available online: https://www.arup.com/insights/energy-resilience-framework (accessed on 17
September 2025).

31. World Economic Forum. Fostering an Effective Energy Transition by 2023; World Economic Forum: Geneva, Switzerland,
2023. Available online: https://www.weforum.org/publications/fostering-effective-energy-transition-2023/ (accessed on 27
June 2025).

32. Usman, M.; Mustafa, M.W.; Refaat, S.S. Artificial intelligence-based energy management in smart grids: Opportunities and
challenges. IEEE Access 2021, 9, 50090–50112.

33. Elhamahmy, A.; Galal, A. Sustainable Project Management in Renewable Energy and Infrastructure Projects: Challenges and
Opportunities. Int. J. Eng. Res. Technol. (IJERT) 2025, 14. Available online: https://www.ijert.org/research/sustainable-project-
management-in-renewable-energy-and-infrastructure-projects-challenges-and-opportunities-IJERTV14IS050287.pdf (accessed
on 8 September 2025).

34. Mahmud, A.; Hossain, J. Renewable Energy Integration Studies; Springer: Berlin/Heidelberg, Germany, 2014.
35. Almasri, R.A.; Abu-Hamdeh, N.H.; Al-Tamimi, N. A state-of-the-art re-view of energy-efficient and renewable energy systems in

higher education facilities. Front. Energy Res. 2024, 11, 1344216. [CrossRef]
36. Singh, S.; Singh, S. Advancements and Challenges in Integrating Renewable Energy Sources Into Distribution Grid Systems: A

Comprehensive Review. J. Energy Resour. Technol. Trans. ASME 2024, 146, 090801. [CrossRef]
37. Kosonen, I. Intermittency of Renewable Energy; Review of Current Solutions and Their Sufficiency. Bachelor’s Thesis,

Lappeenranta-Lahti University of Technology University, Lappeenranta, Finland, 2018; p. 46.
38. Fadel, A. Advancing demand response in renewable smart grids for a sustainable energy transition. Front. Energy Res. 2025,

13, 1611995. [CrossRef]
39. Adeyinka, A.M.; Esan, O.C.; Ijaola, A.O.; Farayibi, P.K. Advancements in hybrid energy storage systems for enhancing renewable

energy-to-grid integration. Sustain. Energy Res. 2024, 11, 26. [CrossRef]
40. Sadeq, A.M. Advances and challenges in hydrogen energy: A review. Chem. Eng. Process Tech. 2024, 9, 1087. Available online:

https://www.jscimedcentral.com/public/assets/articles/chemicalengineering-9-1087.pdf (accessed on 10 July 2025).
41. Ergun, S.; Dik; Boukhanouf, R.; Omer, S. Large-scale renewable energy integration: Tackling technical obstacles and exploring

energy storage innovations. Sustainability 2025, 17, 1311. [CrossRef]
42. Blaabjerg, F.; Guerrero, J.M. Smart grid and renewable energy systems. In Proceedings of 2011 International Conference on

Electrical Machines and Systems, Beijing, China, 20–23 August 2011; pp. 1–10. [CrossRef]
43. International Electrotechnical Commission (IEC). 61850: Communication Networks and Systems for Power Utility Automation; IEC:

Geneva, Switzerland, 2013.
44. IEEE 1547–2018; IEEE Standard for Interconnection and Interoperability of Distributed Energy Resources with Associated Electric

Power System Interfaces. IEEE: Piscataway, NJ, USA, 2018.
45. US Department of Energy. Smart Grid System Report; US Department of Energy: Washington, DC, USA, 2024.
46. Rehbein, J.A.; Watson, J.E.M.; Lane, J.L.; Sonter, L.J.; Venter, O.; Atkinson, S.C.; Allan, J.R. Renewable energy development

threatens many globally important biodiversity areas. Glob. Change Biol. 2020, 26, 3040–3051. [CrossRef]
47. Millon, L.; Colin, C.; Brescia, F.; Kerbiriou, C. Wind turbines impact bat activity, leading to high losses of habitat use in a

bio-diversity hotspot. Ecol. Eng. 2018, 112, 51–54. [CrossRef]
48. Lafitte, A.; Sordello, R.; Ouédraogo, D.-Y.; Thierry, C.; Marx, G.; Froidevaux, J.; Schatz, B.; Kerbiriou, C.; Gourdain, P.; Reyjol, Y.

Existing evidence on the effects of photovoltaic panels on biodiversity: A systematic map. Environ. Evid. 2023, 12, 25. [CrossRef]
49. Patil, A.B.; Paetzel, V.; Struis, R.P.W.J.; Ludwig, C. Separation and recycling potential of rare earth elements from energy systems:

Feed and economic viability review. Separations 2022, 9, 56. [CrossRef]
50. Hemeida, M.G.; Hemeida, A.M.; Senjyu, T.; Osheba, D. Renewable Energy Resources Technologies and Life Cycle Assessment:

Review. Energies 2022, 15, 9417. [CrossRef]
51. Schlosberg, D. Environmental justice: Theories, Movements, and Nature; Oxford University Press: Oxford, UK, 2007.
52. Jenkins; McCauley, D.; Heffron, R.; Stephan, H.; Rehner, R. Energy justice: A conceptual overview. Energy Res. Soc. Sci. 2016, 11,

174–182. [CrossRef]
53. Sovacool, B.K.; Dworkin, M.H. Global Energy Justice: Problems, Principles, and Practices; Cambridge University Press: Cambridge,

UK, 2014.

https://doi.org/10.1186/s42162-024-00374-8
https://doi.org/10.1371/journal.pone.0324812
https://www.arup.com/insights/energy-resilience-framework
https://www.weforum.org/publications/fostering-effective-energy-transition-2023/
https://www.ijert.org/research/sustainable-project-management-in-renewable-energy-and-infrastructure-projects-challenges-and-opportunities-IJERTV14IS050287.pdf
https://www.ijert.org/research/sustainable-project-management-in-renewable-energy-and-infrastructure-projects-challenges-and-opportunities-IJERTV14IS050287.pdf
https://doi.org/10.3389/fenrg.2023.1344216
https://doi.org/10.1115/1.4065503
https://doi.org/10.3389/fenrg.2025.1611995
https://doi.org/10.1186/s40807-024-00120-4
https://www.jscimedcentral.com/public/assets/articles/chemicalengineering-9-1087.pdf.
https://doi.org/10.3390/su17031311
https://doi.org/10.1109/ICEMS.2011.6073290
https://doi.org/10.1111/gcb.15067
https://doi.org/10.1016/j.ecoleng.2017.12.024
https://doi.org/10.1186/s13750-023-00318-x
https://doi.org/10.3390/separations9030056
https://doi.org/10.3390/en15249417
https://doi.org/10.1016/j.erss.2015.10.004


Energies 2025, 18, 5468 34 of 36

54. Chou, C.-H.; Ngo, S.L.; Tran, P.P. Renewable energy Integration for sustainable economic growth: Insights and challenges via
bibliometric analysis. Sustainability 2023, 15, 15030. [CrossRef]

55. Bollinger, L.A.; Mavhunga, C. Gender-based energy poverty in Sub-Saharan Africa: Implications for the Renewable Transition.
Energy Policy 2023, 176, 113556. [CrossRef]

56. Avila-Calero, S. Energy transitions and indigenous rights in Latin America: Conflicts and Justice Perspectives. Energy Res. Soc.
Sci. 2023, 99, 103042. [CrossRef]

57. Asian Development Bank. Philippines Energy Transition Roadmap and Integration of Renewable Energy Solutions; Asian Development
Bank: Manila, Philippines, 2023. Available online: https://asiacleanenergyforum.adb.org/wp-content/uploads/2023/06/
Binondo.pdf (accessed on 26 August 2025).

58. Baasch, S. Towards an integrated understanding of various energy justices. Geoöko 2023, 78, 547–566. [CrossRef]
59. International Energy Agency. Romanian Country Profile; International Energy Agency: Paris, France, 2024. Available online:

https://www.iea.org/countries/romania (accessed on 26 August 2025).
60. Bank, W. The Status of Access to Modern Energy Cooking Services. 2023. Available online: https://www.worldbank.org/en/

topic/energy/publication/the-state-of-access-to-modern-energy-cooking-services (accessed on 26 August 2025).
61. International Energy Agency. Thailand’s Clean Energy Transition; International Energy Agency: Paris, France, 2025. Available

online: https://www.iea.org/reports/thailands-clean-electricity-transition (accessed on 26 August 2025).
62. ISO 14072:2024; Environmental Management—Life Cycle Assessment—Requirements and Guidance for Organizational Life

Cycle Assessments. International Organization for Standardization: Geneva, Switzerland, 2024. Available online: https:
//www.iso.org/standard/86265.html (accessed on 16 September 2025).

63. Obuseh, E.; Eyenubo, J.; Alele, J.; Okpare, A.; Oghogho, I. A Systematic Review of Barriers to Renewable Energy Integration and
Adoption. J. Asian Energy Stud. 2025, 9, 26–45. [CrossRef]

64. Ngobeh, J.M.; Sannoh, M.; Thullah, J. A Comparative Analysis of the Sustainable Growth of Global Hydro, Solar, and Wind
Power Systems (Renewable Energy Systems). Open J. Energy Effic. 2023, 12, 49–61. [CrossRef]

65. Paraschiv, L.S.; Paraschiv, S. Contribution of renewable energy (hydro, wind, solar and biomass) to decarbonization and
transformation of the electricity generation sector for sustainable development. Energy Rep. 2023, 9, 535–544. [CrossRef]

66. Flatley, P. Advancements in Renewable Energy Technologies: A Com-prehensive Review. Am. Eng. J. 2023, 1, 1–5. Available
online: http://americanengineeringjournal.com (accessed on 25 July 2025).

67. Dunlap, R.A. Renewable Energy Requirements and Sources; Springer: Berlin/Heidelberg, Germany, 2025; pp. 101–113. [CrossRef]
68. The U.S. Energy Information Administration (EIA). Annual Energy Outlook 2025; The U.S. Energy Information Administration

(EIA): Washington, DC, USA, 2025. Available online: https://www.eia.gov/outlooks/aeo/ (accessed on 8 September 2025).
69. Centre for Climate and Energy Solutions. Renewable Energy. Available online: https://www.c2es.org/content/renewable-

energy/ (accessed on 11 July 2025).
70. Lawal, A.I. Determinants of Renewable Energy Consumption in Africa: Evidence from System GMM. Energies 2023, 16, 2136.

[CrossRef]
71. Aalto, A.; Laitinen, E.; Mautin, E.S.; Ogunji, J.; Virtanen, M.; Githinji, P.K.; Jäättelä, R.; Potgieter, R. Identifying Possibilities and

Building Networks for Renewable Energy in Nigeria, Kenya and South Africa: Connect Project Experiences; Lahti University of Applied
Sciences: Lahti, Finland, 2014.

72. Ayamolowo, O.J.; Kusakana, K. Assessment of renewable energy development in Africa using the SWOT analysis model: The
cases of South Africa, Nigeria, Egypt, and Kenya. Electr. Eng. 2025, 107, 10855–10877. [CrossRef]

73. Erdiwansyah Mamat, R.; Sani, M.S.M.; Sudhakar, K. Renewable energy in Southeast Asia: Policies and recommendations. Sci.
Total Environ. 2019, 670, 1095–1102. [CrossRef] [PubMed]

74. Kumar, P.; Sharma, H.; Pal, N.; Sadhu, P.K. Comparative Assessment and Obstacles in the Advancement of Renewable Energy in
India and China. Probl. Ekorozwoju 2019, 14, 183–189. Available online: https://ph.pollub.pl/index.php/preko/article/view/5092
(accessed on 17 July 2025).

75. Ahmed, S.; Mahmood, A.; Hasan, A.; Sidhu, G.A.S.; Butt, M.F.U. A comparative review of China, India and Pakistan renewable
energy sectors and sharing opportunities. Renew. Sustain. Energy Rev. 2016, 57, 216–225. [CrossRef]

76. Musiał, W.; Zioło, M.; Luty, L.; Musiał, K. Energy policy of european union member states in the context of renewable energy
sources development. Energies 2021, 14, 2864. [CrossRef]

77. Wojtaszek, H.; Miciuła, I.; Modrzejewska, D.; Stecyk, A.; Sikora, M.; Wójcik-Czerniawska, A.; Smolarek, M.; Kowalczyk, A.;
Chojnacka, M. Energy Policy until 2050—Comparative Analysis between Poland and Germany. Energies 2024, 17, 421. [CrossRef]

78. Commission, E. Solar energy in the European Union. 2024. Available online: https://energy.ec.europa.eu/topics/renewable-
energy/solar-energy_en (accessed on 11 July 2025).

79. Olivier, D.; Del Lo, G. Renewable energy drivers in France: A spatial econometric perspective. Reg. Stud. 2021, 56, 1633–1654.
[CrossRef]

https://doi.org/10.3390/su152015030
https://doi.org/10.1016/j.enpol.2023.113556
https://doi.org/10.1016/j.erss.2023.103042
https://asiacleanenergyforum.adb.org/wp-content/uploads/2023/06/Binondo.pdf
https://asiacleanenergyforum.adb.org/wp-content/uploads/2023/06/Binondo.pdf
https://doi.org/10.5194/gh-78-547-2023
https://www.iea.org/countries/romania
https://www.worldbank.org/en/topic/energy/publication/the-state-of-access-to-modern-energy-cooking-services
https://www.worldbank.org/en/topic/energy/publication/the-state-of-access-to-modern-energy-cooking-services
https://www.iea.org/reports/thailands-clean-electricity-transition
https://www.iso.org/standard/86265.html
https://www.iso.org/standard/86265.html
https://doi.org/10.24112/jaes.090002
https://doi.org/10.4236/ojee.2023.123005
https://doi.org/10.1016/j.egyr.2023.07.024
http://americanengineeringjournal.com
https://doi.org/10.1007/978-3-031-77185-9
https://www.eia.gov/outlooks/aeo/
https://www.c2es.org/content/renewable-energy/
https://www.c2es.org/content/renewable-energy/
https://doi.org/10.3390/en16052136
https://doi.org/10.1007/s00202-025-03065-z
https://doi.org/10.1016/j.scitotenv.2019.03.273
https://www.ncbi.nlm.nih.gov/pubmed/31018425
https://ph.pollub.pl/index.php/preko/article/view/5092
https://doi.org/10.1016/j.rser.2015.12.191
https://doi.org/10.3390/en14102864
https://doi.org/10.3390/en17020421
https://energy.ec.europa.eu/topics/renewable-energy/solar-energy_en
https://energy.ec.europa.eu/topics/renewable-energy/solar-energy_en
https://doi.org/10.1080/00343404.2021.1998415


Energies 2025, 18, 5468 35 of 36

80. Ciot, M.-G.; Butis, că, L.-M. Challenges to energy policy in the context of the Russian–Ukrainian conflict. An overview of the case
of Romania, Bulgaria and Turkey. J. Contemp. Eur. Stud. 2025, 33, 975–998. [CrossRef]

81. Jałowiec, T.; Wojtaszek, H.; Miciuła, I. Green energy management through the implementation of res in the eu. Analysis of the
opinions of poland and Germany. Energies 2021, 14, 8097. [CrossRef]

82. Moore, C. Renewable Energy Adoption and Its Effect on Rural Development in United States. J. Dev. Ctry. Stud. 2024, 8, 15–31.
[CrossRef]

83. United Nations Development Programme (PNUD). Colombia’s Just Energy Transition A People-Centred Cost Benefit Analysis; United
Nations Development Programme: New York, NY, USA, 2024. Available online: https://www.undp.org/sites/g/files/zskgke3
26/files/2024-08/undp_co_pub_11-colombias-just-energy-transition.pdf (accessed on 8 September 2025).

84. BloombergNEF. New Energy Outlook 2025 Executive Summary; Bloomberg Finance: New York, NY, USA, 2025. Available online:
https://about.bnef.com/insights/clean-energy/new-energy-outlook/ (accessed on 28 August 2025).

85. Salak, B.; Hunziker, M.; Grêt-Regamey, A.; Spielhofer, R.; Hayek, U.W.; Kienast, F. Shifting from techno-economic to socioeco-
logical priorities: Incorporat-ing landscape preferences and ecosystem services into the siting of renewable energy infrastructure.
PLoS ONE 2024, 19, e0298430. [CrossRef]

86. Xie, Y.; Xu, M.; Pu, J.; Pan, Y.; Liu, X.; Zhang, Y.; Xu, S. Largescale renewable energy brings regionally disproportional air quality
and health co-benefits in China. iScience 2023, 26, 107459. [CrossRef]

87. Herran, D.S.; Ashina, S. Characterization of the proximity to urban areas of the global energy potential of solar and wind energies.
Environ. Res. Commun. 2023, 5, 071001. [CrossRef]

88. Gao, D.; Mo, X.; Xiong, R.; Huang, Z. Tax policy and total factor carbon emission efficiency in China: Evidence from the VAT
reform. Int. J. Environ. Res. Public Health 2022, 19, 9257. [CrossRef]

89. International Energy Agency. Latin America Energy Outlook 2023; IEA: Paris, France, 2023; [Online]. Available online: https:
//www.iea.org/reports/latin-america-energy-outlook (accessed on 26 September 2025).

90. Barragán-Escandón, A.; Jara-Nieves, D.; Romero-Fajardo, I.; Zalamea-Leon, E.F.; Serrano-Guerrero, X. Barriers to renewable
energy expansion: Ecuador as a case study. Energy Strat. Rev. 2022, 43, 100903. [CrossRef]

91. Graziano, M.; Fiaschetti, M.; Atkinson-Palombo, C. Peer effects in the adoption of solar energy technologies in the United States:
An urban case study. Energy Res. Soc. Sci. 2019, 48, 75–84. [CrossRef]

92. Aguiar, R.; Borges, R.P.; Martins, P.; Andrade, A.; Cabrita, I. JANUS: A Comprehensive National Modelling Tool to Support Energy-
Emissions Planning in Portugal; Springer: Cham, Switzerland, 2022. [CrossRef]

93. De Carvalho Larcher Pinto, T.; Tamanine, A.M.B. Corporate Challenge Canvas: Ferramenta Visual Para Sistematizar Desafios De
Open Innovation/Corporate Challenge Canvas: Visual Tool To Systematize Open Innovation Challenges. Rev. Bras. Gestão E
Inovação 2022, 10, 146–170. [CrossRef]

94. Estévez, R.A.; Espinoza, V.; Oliva, R.D.P.; Vásquez-Lavín, F.; Gelcich, S. Multi-Criteria Decision Analysis for Re-newable Energies:
Identifying trends, gaps, and challenges for improving participation. Sustainability 2021, 13, 3515. [CrossRef]

95. Davidsdottir, B.; Ásgeirsson, E.I.; Fazeli, R.; Gunnarsdottir, I.; Leaver, J.; Shafiei, E.; Stefánsson, H. Integrated Energy Systems
Modeling with Multi-Criteria Decision Analysis and Stakeholder Engagement for Identifying a Sustainable Energy Transition.
Energies 2024, 17, 4266. [CrossRef]

96. Ferla, G.; Mura, B.; Falasco, S.; Caputo, P.; Matarazzo, A. Multi-criterial decision analysis (MCDA) for sustainability as-sessment
in the energy sector: A systematic literature review on methods, indicators, and tools. Sci. Total Environ. 2024, 946, 174235.
[CrossRef]

97. Krishnan, V.R.; Blaabjerg, F.; Sangwongwanich, A.; Natarajan, R. Twisted two-step arrangement maxi-mum power extraction
from a partially partially shaded PV array. IEEE J. Photovolt. 2022, 12, 871–879. [CrossRef]

98. Fraunhofer Institute for Energy Economics and Energy System Technology (Fraunhofer IEE) Roadmap Speicher: Langfassung
(Storage Roadmap- Extended Version) in Kassel, Germany in 2014. [Online]. Available online: https://www.iee.fraunhofer.de/
content/dam/iee/energiesystemtechnik/de/Dokumente/Studien-Reports/2014_Roadmap-Speicher-Langfassung.pdf (accessed
on 8 September 2025).

99. Portal, A.E. Kenya: The Rise of Green Mini-Grids–How Community-Based Solar Projects Are Elec-Trifying Kenya’s Last Mile. 15
May 2025. Available online: https://africa-energy-portal.org/blogs/kenya-rise-green-mini-grids-how-community-based-solar-
projects-are-electrifying-kenyas-last-mile (accessed on 8 September 2025).

100. Brooke, J. SUS: A quick and dirty usability scale. In Usability Evaluation in Industry; Jordan, P.W., Thomas, B., Weerdmeester, A.,
McClelland, A.L., Eds.; Taylor & Francis: London, UK, 1996; pp. 189–194.

101. ISO 9241-11:2018; Ergonomics of Human-System Interaction-Part 11: Usability: Definitions and Concepts. ISO: Geneva,
Switzerland, 2018. Available online: https://www.iso.org/standard/63500.html (accessed on 8 September 2025).

102. Saaty, T.L. The Analytic Hierarchy Process: Planning, Priority, Setting, Resource Allocation; McGraw-Hill: New York, NY, USA, 1980.
103. Saltelli, A.; Ratto, M.; Andres, T.; Campolongo, F.; Cariboni, J.; Gatelli, D.; Saisana, M.; Tarantola, S. Global Sensitivity Analysis: A

Primer; John Wiley & Sons: Chichester, UK, 2008. [CrossRef]

https://doi.org/10.1080/14782804.2025.2472637
https://doi.org/10.3390/en14238097
https://doi.org/10.47604/jdcs.2674
https://www.undp.org/sites/g/files/zskgke326/files/2024-08/undp_co_pub_11-colombias-just-energy-transition.pdf
https://www.undp.org/sites/g/files/zskgke326/files/2024-08/undp_co_pub_11-colombias-just-energy-transition.pdf
https://about.bnef.com/insights/clean-energy/new-energy-outlook/
https://doi.org/10.1371/journal.pone.0298430
https://doi.org/10.1016/j.isci.2023.107459
https://doi.org/10.1088/2515-7620/ace2b6
https://doi.org/10.3390/ijerph19159257
https://www.iea.org/reports/latin-america-energy-outlook
https://www.iea.org/reports/latin-america-energy-outlook
https://doi.org/10.1016/j.esr.2022.100903
https://doi.org/10.1016/j.erss.2018.09.002
https://doi.org/10.1007/978-3-030-76221-6_63
https://doi.org/10.18226/23190639.v10n1.07
https://doi.org/10.3390/su13063515
https://doi.org/10.3390/en17174266
https://doi.org/10.1016/j.scitotenv.2024.174235
https://doi.org/10.1109/JPHOTOV.2022.3143456
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/de/Dokumente/Studien-Reports/2014_Roadmap-Speicher-Langfassung.pdf
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/de/Dokumente/Studien-Reports/2014_Roadmap-Speicher-Langfassung.pdf
https://africa-energy-portal.org/blogs/kenya-rise-green-mini-grids-how-community-based-solar-projects-are-electrifying-kenyas-last-mile
https://africa-energy-portal.org/blogs/kenya-rise-green-mini-grids-how-community-based-solar-projects-are-electrifying-kenyas-last-mile
https://www.iso.org/standard/63500.html
https://doi.org/10.1002/9780470725184


Energies 2025, 18, 5468 36 of 36

104. Sobol′, I.M. Global sensitivity indices for nonlinear mathematical models and Monte Carlo estimates. Math. Comput. Simul. 2001,
55, 271–280. [CrossRef]

105. Gao, D.; Tan, L.; Chen, Y. Unlocking the carbon-reduction potential of digital trade: Evidence from China’s comprehensive
cross-border e-commerce pilot zones. SAGE Open 2025, 15, 21582440251319966. [CrossRef]

106. Rajaperumal, T.A.; Columbus, C.C. Transforming the electrical grid: The role of AI in advancing smart, sustainable, and secure
energy systems. Energy Inform. 2025, 8, 51. [CrossRef]

107. Lynn, T.; Rosati, P.; Kreps, D.; Conboy, K. Palgrave Studies In Digital Business. In Digital Sustainability Leveraging Digital Technology
to Combat Climate Change; Lynn, T., Rosati, P., Kreps, D., Conboy, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2024.

108. Gartner, W.C. New Perspectives and Paradigms in Applied Economics and Business; Springer: Berlin/Heidelberg, Germany, 2024.
109. Middlemiss, L.; Mulder, P.; Hesselman, M.; Feenstra, M.; Herrero, S.T.; Straver, K. Energy Poverty and the Energy Transition:

Towards a Framework for Inclusive Energy Governance; TNO White Paper; TNO: Hague, The Netherlands, 2020. Available online:
https://publications.tno.nl/publication/34637565/tst4jn/TNO-2020-energy.pdf (accessed on 16 September 2025).

110. Sovacool, B.K. Energy justice: Conceptual insights and practical applications. Nat. Energy 2021, 6, 9–16. [CrossRef]
111. World Bank. Mini Grids for Half a Billion People: A Market Outlook and Handbook for Decision Makers; World Bank, Energy Sector

Management Assistance Program (ESMAP): Washington, DC, USA, 2020. Available online: https://www.esmap.org/mini_
grids_for_half_a_billion_people_the_report (accessed on 16 September 2025).

112. International Energy Agency Photovoltaic Power Systems Programme. Trends in Photovoltaic Applications 2021: Survey Report of
Selected IEA Countries Between 1992 and 2020; IEA PVPS Report T1-40:2021; International Energy Agency Photovoltaic Power
Systems Programme (IEA): Paris, France, 2021. Available online: https://iea-pvps.org/trends/reports/trends-in-pv-applications-
2021/ (accessed on 8 September 2025).

113. ASEAN Centre for Energy (ACE). ASEAN Energy in 2024: Key Insights About ASEAN Energy Landscape and Predictions; ASEAN
Centre for Energy: Jakarta, Indonesia, 2024. Available online: https://aseanenergy.org/publications/asean-energy-in-2024/
(accessed on 10 September 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0378-4754(00)00270-6
https://doi.org/10.1177/21582440251319966
https://doi.org/10.1186/s42162-024-00461-w
https://publications.tno.nl/publication/34637565/tst4jn/TNO-2020-energy.pdf
https://doi.org/10.1016/j.apenergy.2015.01.002
https://www.esmap.org/mini_grids_for_half_a_billion_people_the_report
https://www.esmap.org/mini_grids_for_half_a_billion_people_the_report
https://iea-pvps.org/trends/reports/trends-in-pv-applications-2021/
https://iea-pvps.org/trends/reports/trends-in-pv-applications-2021/
https://aseanenergy.org/publications/asean-energy-in-2024/

	Introduction 
	Problem Statements 
	Motivation for This Study 
	Research Methods 
	Data Collection Scope 
	Case Selection Criteria 
	Radar Chart Scoring Criteria 
	References Supporting the Scoring Framework 
	Visualization Tool Development 


	Understanding Renewable Energy Challenges 
	Technical Challenges 
	Intermittency 
	Energy Storage 
	Grid Integration 

	Environmental Challenges 
	Social Challenges 
	Economic Challenges 
	Institutional (Regulatory and Policy) Challenges 

	Comparative Analysis of Major Renewable Energy Sources 
	Solar Energy 
	Wind Energy 
	Hydropower 
	Geothermal Energy 
	Biomass 
	Installed Capacity 
	Electricity Generation 
	Environmental Impact 


	Regional Variations in Renewable Energy Integration 
	Africa 
	Asia 
	Europe 
	America 
	Key Insights 
	Major Contributing Factors for Renewable Energy Development 
	Technological and Economic Factors 
	Social and Environmental Impacts 
	Geographic and Spatial Factors 
	Policy and Regulatory Frameworks 

	Comparative Readiness and Resilience Across Regions 

	Strategic Integration Framework: Mapping Challenges to Solutions 
	Challenges–Solution Strategy–Outcome Visual Framework 
	Practical Usability of Visualization Tools 
	Quantitative Verification Through Regional Case Simulations 

	Tool Verification 
	Innovative Approaches for Future Energy Resilience 
	Smart Grids and Digitalization 
	Energy Storage Innovation 
	Community-Centred Energy Models 
	Policy Innovations and Financial Mechanism 

	Discussion 
	Key Insights from the Visual Framework 
	Implications for Policy, Engineering, and Community Planning 
	Bridging Complexity and Clarity in Energy Systems 

	Conclusions 
	Recommendations 
	Research 
	Policy 
	Practice 

	Appendix A
	References

