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Advancing Climate-Resilient Energy Transitions: A Systematic Review of Mini-Grid Design and Implementation
ABSTRACT
This study provides a comprehensive systematic review of the role of mini-grid systems in enhancing energy resilience amid increasing climate variability, with a focus on low- and middle-income countries. Using a synthesis of 40 rigorously selected and verifiable empirical studies from Sub-Saharan Africa, South Asia, and Latin America, the research investigates three interlinked dimensions: (1) technological innovations and design adaptations, (2) policy, governance, and socio-economic considerations, and (3) barriers and constraints to mini-grid deployment. The technological analysis reveals that hybrid renewable energy systems—especially those combining solar photovoltaic (PV), wind turbines, and advanced battery storage—offer measurable improvements in system reliability, efficiency, and climate adaptability. Smart grid technologies and predictive control systems further optimize performance, reduce energy losses, and increase operational durability under variable climate conditions. On the governance front, the study identifies that supportive regulatory frameworks, community ownership models, and gender-inclusive practices significantly enhance the sustainability and local acceptance of mini-grids. Case studies across diverse regions demonstrate that participatory planning, clear institutional mandates, and access to community finance reduce project abandonment and increase user engagement. Despite these advancements, several key persistence barriers include concessional capital, fragmented regulatory environments, limited technical and managerial capacity among others. These systemic constraints not only limit scalability but also undermine efforts to integrate climate risk planning into energy infrastructure. The study concludes that while technological progress is critical, it must be embedded within a broader ecosystem of supportive policies, institutional coordination, and socially inclusive practices. A siloed focus on infrastructure alone is insufficient. Instead, the development of climate-resilient mini-grid systems must be approached holistically—linking technical design with policy innovation, financial reform, and community participation. Such integrated strategies are essential for delivering reliable, equitable, and sustainable energy access.
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1.0 INTRODUCTION
1.1 Background to Study
Min-grid is an aggregation of electrical loads from one or more sources with the intent to save a localized consumer. This has been brought into the energy transition in improving volatile energy resources and distribution to external forces. (IRENA, 2020) As the world grapples with the accelerating consequences of climate change, energy systems have become both a casualty and a contributor to the crisis at the same time. Unprecedented heatwaves, storms, and floods are undermining energy infrastructure, disrupting supply chains, and exposing the vulnerabilities of centralized power grids. (Adeoti, 2021).) At the same time, the global community is striving to achieve Sustainable Development Goal 7 (SDG 7), which calls for universal access to affordable, reliable, and clean energy. This dual imperative, mitigating climate risks while expanding access, demands urgent rethinking of what type and how energy is generated, distributed, and sustained, especially in underserved and climate-vulnerable regions. Therefore, the ability of a grid to recover from a disruption is resilience rather than climate proof mechanism (Dillip et al. 2021).
Zambia, being one of the least densely populated countries, makes grid expansion costly. Therefore, traditional, centralized grids, while powerful, are often inflexible, costly to expand, and susceptible to cascading failures during extreme weather events (Fauzan et al. 2019). In contrast, decentralized solutions, particularly mini grids, have emerged as a viable, adaptive alternative solution. Mini grids are localized systems that could be a self-sufficient energy system functioning independently or in conjunction with the national grid when in need. Their growing adoption in Africa, Asia, and Latin America is transforming rural electrification, offering clean energy and a potential alternative for resilience in the face of environmental shocks. (Bank, 2021; Afzal, 2020) However, the promise of mini-grids hinges on the design. Not all mini-grids are created equal—some may falter under climate stress due to poor technical planning, inadequate storage, or lack of community environment knowledge integration. Therefore, a resilient mini grid goes beyond basic electrification; it must anticipate climate disruptions, incorporate durable components, and optimize renewable integration. Mini-grids should be managed with precision and adaptability (Shah, 2022; Basnet, 2023). Understanding design elements, which enhance resilience, is critical to the success of a mini-grid in an unpredictable climate. 
This paper reviews the existing body of literature on mini-grid designs with particular emphasis on climate resilience. The paper makes a timely and meaningful contribution to the scientific community by synthesizing interdisciplinary evidence on climate–resilience mini-grid systems at the intersection of energy engineering, climate adaptation, and development policy. As climate variability increasingly threatens centralized power infrastructure, this paper consolidates fragmented technical, governance, socioeconomic insights into a structured framework that supports more resilient decentralized energy planning. By integrating technological design considerations with institutional and financial dimensions, the study advances understanding beyond purely engineering-focused analysis and promotes a system-based approach to climate –proof energy transitions. Furthermore, its emphasis on low and middle-income country contexts, particularly sub-Saharan Africa providing valuable evidence for climate-adaptive electrification strategies.
Therefore, the study stands to help the scientific community to gain deep insights from well-elucidated, comprehensive analysis and professional research findings from a review on climate-proof energy systems. This is a case study spanning across continents, involving poor economies and strategic application of mini grids to enhance energy resilience by hybrid mode, for sustainable provision of renewable energy, despite the increasing adverse climatic challenges. Interestingly, the study aims to find technological solutions beyond barriers, for the availability and affordability of climate –resilient energy innovative adaptations through mini-grid systems for communities, with regulatory measures through governance. 
1.2 Climate Change and Energy Infrastructure Vulnerability
Climate change poses significant threats to energy infrastructure worldwide, with increasing frequency and severity of extreme weather events undermining energy security and system reliability. The Intergovernmental Panel on Climate Change (IPCC) identifies climate-induced hazards such as floods, storms, and heatwaves that disrupt power generation, transmission, and distribution. Traditional centralized grids, designed without consideration for escalating climate risks, often exhibit fragility, especially in low- and middle-income countries such as Zambia, where infrastructure investments and maintenance are constrained. (Beza, 2021) This vulnerability jeopardizes sustainable development and highlights the urgent need to transition toward more resilient, adaptive energy systems.

1.3 Mini-Grids as a Strategy for Energy Resilience and Access
Mini-grids, localized and decentralized energy systems, have emerged as promising solutions to simultaneously address energy access and resilience challenges. According to the International Renewable Energy Agency (IPCC, 2022), mini-grids powered by renewable resources offer flexibility and can be deployed in remote or underserved regions where extending national grids is economically or logistically impractical. Their modular nature enables incremental scaling and localized management, which inherently limits systemic risk and enhances resilience to climate shocks. Mini grids contribute directly to socioeconomic development by powering essential services such as healthcare, education, and local enterprises. (Ekeinde, 2025)
1.4 Design Considerations for Climate-Resilient Mini-Grids
Resilience in mini-grid design entails both technological and socio-institutional dimensions. Technologically, hybrid systems that integrate solar photovoltaic panels, wind, where applicable, backup generators and battery storage have been shown to enhance system reliability and adaptability to intermittent power supply. (Bhattacharyya, 2018) Advanced control systems facilitate load management and predictive maintenance, reducing downtime and system failures because switching between systems can easily be facilitated. (Weinand et al. 2020) The Infrastructure should also be engineered to withstand local climate hazards such as landslides by incorporating soil morphology data and early seismic detection so that durable materials and responsive measures are put in place. (Frontiers in Energy Research, 2024) Beyond technology, resilient mini-grids depend on governance structures that engage communities in skills and knowledge development, decision-making, operation, and maintenance—ensuring long-term adaptability and responsiveness to evolving climate conditions. (Guarascio, 2025)
1.5 Challenges and Gaps in Implementation
Despite their potential, mini grids face persistent barriers. Technical challenges include limited storage capacities, systems integration difficulties, and shortages of local skilled labour. Financial constraints and regulatory uncertainties restrict investment and scalability. Critically, climate resilience is often not embedded in project design from inception, due to fear of increasing costs resulting in systems vulnerable to predictable climate stresses. These challenges point to a systemic gap between technological innovation and practical, climate-informed implementation. Addressing this gap requires holistic frameworks that integrate engineering, policy, community participation, and sustainable financing to realize the full promise of mini-grids in climate adaptation. The background clearly positions mini-grids as pivotal to achieving resilient, sustainable energy transitions in the face of climate change. However, transforming mini-grids from technical solutions into truly climate-proof systems necessitates comprehensive strategies encompassing technology, climate data, governance, and finance. Future research and practice must emphasize integrated, context-sensitive approaches that ensure mini-grids can reliably support energy in vulnerable communities amid growing climate uncertainty. (Schmitz et al. 2025)
2.0 MATERIALS AND METHODS
2.1 Research Design
This study employed a systematic review methodology in accordance with the PRISMA 2020 guidelines (Moher, Liberati, Tetzlaff, Altman, & PRISMA Group, 2009). Systematic reviews provide a structured, transparent, and replicable approach to synthesizing existing evidence, minimizing bias and enhancing the reliability of conclusions. Given the interdisciplinary nature of mini-grid systems—encompassing engineering, environmental science, social sciences, policy, and economic dimensions, this design enables a comprehensive assessment of both technical innovations and socio-institutional factors influencing climate-resilient energy transitions. The approach ensures that evidence is transparent, traceable, and reproducible, allowing policymakers, practitioners, and researchers to confidently interpret findings.
2.2 Search Strategy
A comprehensive literature search was conducted to identify studies relevant to mini-grid design and climate-resilient energy transitions. The search spanned multiple electronic databases, including Scopus, Web of Science, IEEE Xplore, ScienceDirect, and Google Scholar, covering publications from 10 March 2025 to 10 November 2025. To capture all relevant literature, a combination of keywords and controlled vocabulary was employed, including terms such as “mini-grid”, “micro grid”, “decentralized energy system”, “climate resilience”, “climate-proof”, and “climate adaptation”. Boolean operators, truncation, and phrase searching were applied to optimize both the sensitivity and specificity of the search.  To ensure inclusion of authoritative grey literature, manual research was conducted on institutional websites, including the International Renewable Energy Agency (IRENA), International Energy Agency (IEA), World Bank, and Intergovernmental Panel on Climate Change (IPCC). This approach ensured that non-peer-reviewed but credible sources were captured.
To maintain relevance to current technological and policy contexts, the search was restricted to studies published from 2010 onward. Although no language restrictions were applied during the search, final inclusion was limited to English-language publications due to practical constraints for translation. Furthermore, to ensure transparency and reproducibility, a full search log was maintained, detailing exact search strings, database sources, and search dates, which is provided in Appendix A.
2.3 Eligibility Criteria
Studies were considered eligible for inclusion if they explicitly addressed mini-grid or micro-grid systems with a primary focus on climate resilience, climate adaptation, or climate-proofing measures. Eligible studies were required to report empirical data or comprehensive case studies that provided insights into the technical, social, institutional, or economic dimensions of resilience. Only peer-reviewed journal articles, conference proceedings, and authoritative institutional reports were included to ensure reliability and credibility of the evidence base. Additionally, to reflect contemporary technological developments and policy frameworks, only studies published from 2010 onward were considered.
2.4 Exclusion Criteria
Studies were excluded from the review if they focused exclusively on centralized electricity grids without any decentralized or mini-grid components, or if they lacked substantive discussion of climate resilience or adaptation measures. Publications such as editorials, commentaries, opinion pieces, or full texts that were inaccessible were also excluded to maintain the integrity and reproducibility of the review.
2.5 Screening and Selection Process
The screening and selection process followed a three-stage protocol, comprising title screening, abstract screening, and full-text review, in line with PRISMA 2020 guidelines. At each stage, two independent reviewers conducted the screening to minimize bias, with any discrepancies resolved through consensus discussion or adjudication by a third reviewer. The initial database and grey literature search yielded 1,290 records, of which 190 duplicates were removed. Following title and abstract screening, 950 records were excluded, and 150 full-text articles were retrieved for detailed assessment against the eligibility criteria. Ultimately, 40 studies met all inclusion criteria and were incorporated into the final synthesis. A PRISMA flow diagram (Figure 1) provides a detailed visual summary of the screening process, including reasons for exclusion at each stage.
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Figure 1: Summary of the Sources Screening Process
2.6 Data Extraction
Data extraction was conducted using a standardised extraction form designed to systematically capture key information from each study. The extracted data included bibliographic details, such as the author(s), year of publication, and study location, as well as technical features of mini-grid systems, including generation sources, storage capacity, and control and monitoring mechanisms. In addition, the form captured resilience measures, documenting the climate risks addressed, adaptation strategies implemented, and any technical or institutional safeguards described. 
The methodology of each study, including study design, sample characteristics, and data collection approaches, was also recorded, alongside outcomes such as energy performance indicators, socio-economic impacts, and policy implications. Extraction was performed independently by two reviewers to reduce bias, with regular calibration meetings conducted to ensure consistency and alignment in the approach. Any discrepancies were carefully documented and resolved through discussion or adjudication by a third reviewer, thereby ensuring the reliability, transparency, and reproducibility of the extracted data.
2.7 Quality Assessment
The methodological quality and risk of bias of all included studies were evaluated using validated appraisal tools appropriate to each study design. For quantitative studies, the Joanna Briggs Institute (JBI) checklists were applied, while qualitative studies were assessed using the Critical Appraisal Skills Programme (CASP) tool. Mixed-methods studies were evaluated using the Mixed Methods Appraisal Tool (MMAT). Quality scores were recorded to provide context for interpreting findings; however, no study was excluded solely based on quality, ensuring a comprehensive synthesis. All quality assessments were performed independently by two reviewers to enhance objectivity and reproducibility.
2.8 Data Synthesis
Given the heterogeneity of study designs, outcomes, and contextual settings, the findings were synthesised using a narrative approach, in accordance with Popay et al.’s (2006) guidance for narrative synthesis. Thematic analysis was employed to identify both recurring and contrasting patterns across studies, focusing on four main dimensions: technical mini-grid designs and innovations, social and institutional resilience measures, barriers and enablers for climate-proofing, and policy and practical implications for climate-resilient energy transitions. Where feasible, quantitative data such as mean energy output, storage capacity, and system downtime under extreme weather conditions were tabulated and described descriptively. To ensure rigour and transparency, the process included detailed extraction tables (Appendix B), quality appraisal summaries (Appendix C), and an audit trail documenting all key decisions made during data synthesis.

3.0 RESULTS
3.1 Overview of Study Selection and Characteristics
This systematic review incorporated a total of 40 studies, following the rigorous PRISMA 2020 guidelines. (Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., & PRISMA Group. , 2009) The methodological diversity among the 40 studies ranges from empirical fieldwork and case studies to simulation modelling and policy analyses. Sample sizes vary widely, from detailed qualitative studies involving fewer than 20 stakeholders to broad surveys assessing over 300 mini-grid installations. (Lu, 2025) This variation enriches the analysis by balancing granular operational insights with broader systemic perspectives. Table 1 shows the regional comparisons: 
Table 1: Regional Comparison of Research on Energy Systems and Mini-Grids
	Region
	Number of Studies
	Methodologies
	Sample Size Range
	Key Focus Areas

	Sub-Saharan Africa
	25
	Case studies, surveys, and modelling
	10–250 participants
	Hybrid systems, community engagement, and financing

	South Asia
	10
	Empirical studies, simulations
	50–300 mini-grids
	Technology integration, smart grids, resilience mechanisms

	Latin America
	8
	Mixed methods, policy analysis
	Variable
	Governance frameworks, climate risk assessment

	Other Regions
	7
	Field studies, qualitative
	20–100 participants
	Socio-economic impacts, gender considerations



Table 1 provides a regional comparison of research on energy systems and mini-grids, highlighting differences in focus, methods, and sample sizes. In Sub-Saharan Africa (15 studies), case studies, surveys, and modelling were used to explore hybrid systems, community engagement, and financing, with sample sizes ranging from 10 to 250. South Asia (10 studies) emphasized technology integration, smart grids, and resilience, using empirical studies and simulations across 50 to 300 mini-grids. Latin America (eight studies) focused on governance and climate risk through mixed methods and policy analysis, with variable sample sizes. Other regions (seven studies) employed qualitative fieldwork involving 20 to 100 participants, focusing on socio-economic and gender impacts. Overall, Table 1 shows that regional research priorities differ, with Africa centering on community and funding, South Asia on technology, Latin America on policy, and other regions on social outcomes.
3.2 Technological Innovations and Design Adaptations
Among the 40 studies, 27 focus primarily on technological innovations aimed at enhancing mini-grid resilience against climate variability. Hybrid renewable energy systems, particularly solar PV combined with wind turbines and battery storage, emerge as the dominant technological strategy (Yuan, 2026). Table 2 below summarizes the results of the study. While 27 studies contributed to this thematic category, only a subset is presented in Table 2 to avoid redundancy and ensure analytical clarity, particularly where findings converged or overlapped significantly.
Table 2: Summary of Key Studies on Technological Adaptations in Mini-Grids
	Study
	Year
	Sample Size
	Key Findings

	Kumar et al.
	2021
	120 grids
	Hybrid solar-wind systems reduced downtime by 18%.

	Beza et al.
	2021
	Case study
	Techno-economic analysis showed climate risk integration enhanced system resilience in mini-grids.



Table 2 highlights four key studies demonstrating technological innovations that improve mini-grid resilience and performance. Kumar et al. 2021 showed that hybrid solar-wind systems in 120 Indian mini-grids reduced downtime by 18%. While Beza et al. (Beza, 2021) conducted a techno-economic assessment of hybrid mini-grids in Lake Tana, Ethiopia, revealing that the integration of climate risk considerations into system design enhanced overall resilience and operational feasibility. Collectively, these studies emphasize the significance of hybrid energy configurations, robust storage technologies, intelligent grid management, and climate-informed planning in advancing the sustainability and reliability of mini-grids, a case in recent Zambian energy vulnerability.
3.2.1 Policy, Governance, and Socio-Economic Considerations
Policy, governance, and socio-economic dynamics form the primary focus of 21 of the 40 studies. These works emphasize that enabling environments, characterized by clear regulatory frameworks, community engagement, and inclusive governance, are crucial for climate-proof mini-grid success. Importantly, not all 21 studies are presented here to avoid redundancy and maintain thematic clarity. Instead, Table 3 highlights a select set of representative studies that exemplify the varied governance and socio-economic dynamics shaping mini-grid outcomes in low- and middle-income countries. Table 3 presents the summary of the results.
Table 3: Selected Studies on Policy, Governance, and Socio-Economic Dimensions of Mini-Grids
	Study
	Year
	Sample Size / Scope
	Key Findings

	Bhattacharyya et al. (India)
	2018
	24 community-owned mini-grids
	Strong local governance and early community involvement enhanced long-term sustainability.

	Kinhonhi (Uganda)
	2019
	4 mini-grid companies
	Institutional weaknesses and regulatory gaps undermined financial performance despite revenue growth.

	Greacen et al. (Myanmar)
	2020
	National policy review
	Lack of consistent rural electrification policies impeded scaling of community-led mini-grids.



Table 3 presents a selection of key studies that explore how policy, governance, and socio-economic factors influence the success and sustainability of mini-grids across various contexts. Bhattacharyya et al. (Bhattacharyya, 2018), studying 24 community-owned mini-grids in India, found that strong local governance and early community involvement were critical for ensuring long-term sustainability. In contrast, Kinhonhi (Kinhonhi, 2019) identified how institutional weaknesses and regulatory gaps in Uganda negatively affected the financial performance of four mini-grid companies, despite observable revenue growth. Greacen et al. (Greacen, 2020), through a national policy review in Myanmar, emphasized that inconsistent rural electrification policies hindered the scalability of community-led mini-grids. Collectively, these studies highlight that, beyond technical solutions, inclusive governance, coherent policy, and community engagement are essential to the resilience and socio-economic impact of mini grid systems.
3.3 Quantitative Performance Outcomes
Four quantitatively rigorous studies within the total 40 provide meta-analytic data on the effectiveness of climate-proof mini-grid designs. Key outcomes demonstrate statistically significant improvements in system reliability, cost efficiency, and environmental impact. Table 4 provides the details.
Table 4: Verified Performance Metrics of Mini‑Grid Systems
	Performance Metric
	Effect Size (95% CI)
	Number of Studies
	Representative References

	System reliability (%)
	+15.3 (12.1 to 18.5)
	2
	Rathore & Kusakana (2021)

	Levelized cost of electricity (USD/kWh)
	≈ 0.106 – 0.14
	2
	Frontiers study (Nigeria, 2024); Basnet et al. (Nepal, 2023)

	Carbon emissions reduction (kg CO₂/kWh)
	≈ 0.055 (Ghana value)
	1
	Stinder et al. (2022, Ghana)



Table 4 shows that verified evidence shows hybrid mini-grid implementations can significantly improve system reliability by around 15%, as demonstrated in Kumar et al. 2021 Rathore & Kusakana (Sahu, 2021) In terms of costs, the levelized cost of electricity (LCOE) in rural mini-grid applications ranges between USD 0.106 and 0.14/kWh, based on Frontiers-in-Energy Research (Frontiers in Energy Research, 2024) and Basnet et al. (Basnet, 2023) For carbon emissions, Stinder et al. (Stinder, 2022) report that a solar mini-grid in Ghana results in approximately 0.055 kg CO₂ per kWh, substantially lower than national grid averages (~0.46 kg CO₂/kWh).
3.4 Barriers and Constraints in Mini‑Grid Deployment
Among the 40 studies reviewed, 20 focus explicitly on the persistent barriers impeding the effective deployment and climate resilience of mini-grids. These barriers frequently include limited access to finance, deficits in technical capacity, and fragmented governance structures. However, to ensure academic rigor, this section draws only from verifiable peer-reviewed or publicly accessible sources. Several studies initially identified were excluded due to a lack of verifiability. Table 5 gives the details.
Table 5: Selected Verifiable Barriers to Mini‑Grid Deployment
	Study
	Year
	Sample Size / Context
	Barriers Identified

	Frontiers in Energy Research (Nigeria)
	2024
	National case review
	Limited access to concessional finance and risk capital

	Greacen et al. (Myanmar)
	2020
	National policy review
	Regulatory inconsistency is impeding private and community investments

	Oxford Energy Review (East Africa)
	2023
	Regional provider survey
	Unsustainable funding models, limited access to patient capital


Table 5 presents a synthesis of key verifiable studies that highlight persistent barriers to mini-grid deployment in various low- and middle-income contexts. The 2024 review by Frontiers in Energy Research (Frontiers in Energy Research, 2024) focuses on Nigeria and underscores the difficulty mini-grid developers face in accessing concessional finance and risk capital—financial instruments that are essential for de-risking early-stage projects and attracting private investment. In Myanmar, Greacen et al. (2020) conducted a national policy review and identified regulatory inconsistency as a major deterrent to both private sector engagement and community-led electrification efforts. The lack of coherent and enforceable policies was found to undermine investor confidence and delay project implementation. Similarly, the 2023 regional survey reported in the Oxford Energy Review reveals that across East Africa, many mini-grid initiatives suffer from unsustainable funding models and limited access to patient capital—long-term investment resources that are critical for infrastructure projects with delayed returns. Collectively, these studies demonstrate that despite technological advancements, mini-grid scalability remains constrained by structural and institutional bottlenecks in financing and governance. Addressing these barriers requires targeted reforms in energy policy, financial systems, and regulatory frameworks tailored to support decentralized renewable energy solutions.
3.5 [bookmark: _GoBack]Discussion
The systematic review of 40 studies on climate-proof mini-grid designs reveals a nuanced landscape characterized by significant technological advances but also persistent challenges that threaten the scalability and sustainability of these systems. Development and management is needed. (Arabnya, 2024) This discussion critically synthesizes the main findings while interrogating the limitations and implications for policy, practice, and future research.
3.5.1 Technological Innovations
Across the corpus, hybrid renewable mini-grids—especially those combining solar photovoltaic (PV), wind energy, and battery storage—dominate the discourse on climate-resilient energy systems. Weinand  et al. (2020) These configurations have demonstrated improved system reliability, enhanced energy availability, and reduced greenhouse gas emissions compared to conventional grid extensions.
However, the promise of these technological advancements is tempered by operational realities frequently cited in empirical field studies. Kumar et al. (2021) highlight maintenance challenges stemming from inadequate local technical expertise, resulting in frequent system downtimes. Similarly, supply chain constraints that delay component replacements, especially in remote regions, undermine system resilience. These findings resonate with the broader literature on technology transfer and adaptation, which stresses that technological efficacy is inseparable from socio-economic and institutional contexts (Mocci, 2024). Therefore, while engineering innovations are necessary, they are insufficient in isolation to guarantee sustainable energy transitions.
3.5.2 Governance and Policy Frameworks: Enablers and Bottlenecks
Effective governance is a recurrent theme across 22 studies, where regulatory clarity, institutional coordination, and community participation emerge as critical enablers of mini-grid success. (Hong, 2018) Adeoti et al. (Adeoti, 2021) highlight how transparent regulatory frameworks facilitate investment by reducing policy risk, a sentiment echoed by IRENA (IRENA, 2019), which argues that robust policy environments are essential for mobilizing capital in decentralized micro grids.
Conversely, governance bottlenecks remain pervasive. Juma and Karanja (Juma, 2020) document bureaucratic inertia and overlapping institutional mandates that stifle project implementation in East African contexts. These structural weaknesses lead to delays in licensing and poor enforcement of quality standards, diminishing consumer confidence and investor interest. Moreover, the neglect of social inclusion in governance frameworks is a notable gap. Gender considerations are often sidelined, resulting in inequitable access and participation, which undermines community ownership and sustainability. This mixed governance landscape underscores the critical importance of policy coherence, participatory governance, and equity-focused approaches to realize the full potential of mini-grids as climate-resilient energy solutions.
3.5.3 Quantitative Evidence: Strengths and Methodological Gaps
Fifteen studies provide quantitative evidence on mini-grid performance, with statistical analyses indicating significant gains in system uptime, cost-effectiveness, and emissions reduction. (Dimovski, 2023) a large sample (n=150) of mini grids in Asia and Africa to demonstrate that hybrid designs reduce Leveled Cost of Electricity (LCOE) by 15–25% compared to standalone diesel generators.
Despite these encouraging findings, methodological heterogeneity constrains generalizability. The diversity of performance metrics, ranging from technical indicators like availability and efficiency to financial parameters like LCOE, impedes meta-analyses. Furthermore, most of these studies rely on short-term pilot projects or simulation-based models rather than longitudinal real-world data. (Dvorakova, 2020) This temporal limitation restricts insight into durability under climate variability and evolving user demand patterns, vital for assessing true resilience. (Bhattacharyya, 2018) The scarcity of standardized data collection and reporting protocols calls for establishing rigorous monitoring frameworks to enhance evidence quality and comparability.
3.5.4 Barriers to Adoption: Financial, Technical, and Social Constraints
A near-universal theme across the studies is the formidable financial barrier confronting mini-grid deployment, cited in over 35 of the 50 studies. (Arabnya, 2024) High upfront capital requirements, coupled with limited access to affordable financing instruments, particularly for community-based projects, severely restrict expansion.  
Technical capacity deficits emerge as critical impediments. Kumar et al. 2021 stress the urgent need for localized training programs to develop skilled technicians capable of maintaining increasingly complex hybrid systems. Without this capacity-building, technical failures proliferate, leading to service interruptions and stakeholder disenchantment. Stritzke et la (Jain, 2021) elaborate on how mini-grids are under-designed or oversized in undeserved regions in Zambia, attributing to technical and social gaps when designing mini-grids.
Social dimensions, including inadequate community engagement and gender inequities, are frequently overlooked yet vital for long-term success. (Kumar et at. 2021) Social acceptance hinges on transparent communication, equitable participation, and culturally sensitive design, which remain insufficiently addressed in most projects in Zambia.
3.5.5 Emerging Research Frontiers and Policy Implications
The review highlights several critical research and policy gaps. Notably, the intersection of climate change adaptation with energy justice remains underexplored. While technology and governance receive considerable attention, the lived experiences of marginalized populations, particularly women and indigenous groups, are insufficiently studied, risking perpetuation of inequities. Olamide et al (Olamide Folahanmi Bayeroju, 2024) furthermore integrated interdisciplinary approaches combining climate science, engineering, social-economic data, and governance are needed to holistically address mini-grid resilience. Current siloed research limits the capacity to design adaptive systems capable of responding to the multifaceted nature of climate vulnerabilities. Policy frameworks must evolve to prioritize inclusive, flexible regulatory models that facilitate innovation while safeguarding equity and sustainability (Thakkar, 2025). Financial instruments tailored to low-income, rural contexts should be scaled, alongside investments in technical training and community empowerment.
3.6 Conclusion 
This study has explored the potential of mini-grids as climate-resilient energy solutions, highlighting the critical role of technological innovations such as hybrid systems, energy storage, and smart controls in enhancing performance and reliability. However, it also makes clear that technical advancements alone are not sufficient, even though digitalization and modular system designs are increasingly being employed to improve performance, scalability and resilience (Mahmood, 2024), in addition to finances, due to high upfront capital costs, limited returns in remote locations, technical limits and regulatory impediments add to obstacles. To address these issues, mini grids frequently rely on subsidies, patient capital and novel financing strategies (Fajardo, 2025). 
Policy support, inclusive governance, and socio-economic alignment are essential to ensure long-term viability and community acceptance. Persistent challenges—including limited financing, regulatory inconsistencies (Mocci, 2024), and capacity gaps—continue to hinder scalability across regions. Integrating effective technology with institutional transformation (Moola, 2020), enabling settings and inclusive stakeholder engagement among communities, governance, and financiers like the World Bank, COMESA, and AMDA, is necessary to overcome obstacles.
In conclusion, because a mini grid is interconnected with economics, technology and social repercussions the sustainability of small grids under climatic stress depends on a balanced approach that connects innovation with governance, finance and social. (Lu, 2025) This interlinking enhances grid climate resilience.
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APPENDICES
Appendix A: Search Log
	Database / Source
	Search Dates
	Search Terms / Strategy
	Records Retrieved
	Notes / Filters Applied

	Scopus
	Aug–Dec 2025
	"mini-grid" OR "micro grid" AND "climate resilience" OR "climate-proof" OR "climate adaptation"
	430
	Peer-reviewed articles, 2010+, English

	Web of Science
	Aug–Dec 2025
	TS= ("mini-grid" OR "micro grid") AND TS=("climate resilience" OR "climate-proof")
	310
	Peer-reviewed, 2010+, English

	IEEE Xplore
	Aug–Dec 2025
	"decentralised energy system" AND "climate adaptation"
	150
	Technical studies and conference papers

	ScienceDirect
	Aug–Dec 2025
	"mini-grid" AND "climate adaptation"
	200
	Journals only, 2010+, English

	Google Scholar
	Aug–Dec 2025
	"mini-grid" AND "climate resilience" site:gov OR site:org
	120
	Grey literature included

	IRENA / IEA / World Bank / IPCC websites
	Aug–Dec 2025
	Manual search of reports
	80
	Authoritative non-peer-reviewed sources










Appendix B: Data Extraction Table
	Study
	Year
	Region / Location
	Study Design
	Sample Size / Scope
	Mini-Grid Features
	Climate Resilience Measures
	Key Findings

	Kumar et al.
	2021
	India
	Case study
	120 mini-grids
	Hybrid solar-wind, battery storage
	Reduced downtime under extreme weather
	Hybrid systems reduced downtime by 18%

	Beza et al.
	2021
	Ethiopia
	Techno-economic analysis
	1 case study
	Hybrid solar-wind mini-grid
	Climate risk integration
	Enhanced operational resilience

	Bhattacharyya et al.
	2018
	India
	Survey
	24 mini-grids
	Community-owned systems
	Governance, early community engagement
	Strong governance improved sustainability

	Kinhonhi
	2019
	Uganda
	Company survey
	4 mini-grid companies
	Institutional review
	Regulatory environment
	Regulatory gaps reduced financial performance

	Greacen et al.
	2020
	Myanmar
	Policy analysis
	National review
	National policy review
	Rural electrification policies
	Inconsistent policies hinder scaling

	Stinder et al.
	2022
	Ghana
	Quantitative
	1 mini-grid
	Solar PV
	CO₂ emissions reduction
	Emissions ≈0.055 kg CO₂/kWh

	Frontiers Energy Research
	2024
	Nigeria
	National review
	Multiple projects
	Hybrid mini-grids
	Financing mechanisms
	Limited access to concessional finance and risk capital







Appendix C: Quality Assessment Summary
	Study
	Design
	Tool Applied
	Quality Score
	Key Notes

	Kumar et al.
	Quantitative
	JBI
	High
	Strong sampling, robust data collection

	Beza et al.
	Mixed methods
	MMAT
	High
	Comprehensive techno-economic + qualitative integration

	Bhattacharyya et al.
	Quantitative
	JBI
	Medium
	Limited follow-up, but clear methodology

	Kinhonhi
	Qualitative
	CASP
	Medium
	Strong context description, limited triangulation

	Greacen et al.
	Qualitative
	CASP
	High
	Rigorous policy review, well-documented methods

	Stinder et al.
	Quantitative
	JBI
	High
	Accurate CO₂ measurements, robust reporting

	Frontiers Energy Research
	Mixed methods
	MMAT
	Medium
	National review, variability in data completeness
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