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This study investigates how climate variability affects rural and urban electricity access differently and how these disparities influence agricultural transformation in the East African Community. Based on a panel dataset covering Kenya, Tanzania, Uganda, Rwanda, and Burundi from 2000 to 2024, we apply climate anomaly analysis, correlation assessment, and performance indexing to explore the links between climate shocks, infrastructure vulnerability, and development outcomes. The results show that rural electricity systems are consistently more sensitive to climate fluctuations than urban ones, with vulnerability indices ranging from 0.234 in Kenya to 1.234 in Burundi. Rather than narrowing, rural–urban electricity gaps widened in most countries, most notably by 23.5 percent in Tanzania and 14 percent in Burundi, while Kenya made substantial progress, reducing its gap by 15.2 percent. Countries with larger electricity access gaps also showed stronger negative correlations between climate variability and agricultural output, including −0.678 in Burundi, highlighting the importance of reliable electricity in reducing climate impacts. In contrast, Kenya’s near-zero correlation suggests that improved electricity access can help buffer agricultural systems from climate stress. These findings highlight a growing adaptation gap, where rural communities, despite facing greater exposure to climate risks, are often the least equipped to respond due to limited access to reliable electricity and enabling infrastructure. The study underscores the need to treat electricity access not only as a development priority but as a vital form of climate adaptation, and calls for spatially targeted, climate-resilient infrastructure strategies to promote equitable and sustainable rural transformation.

Keywords
 climate variability; electricity access; rural–urban divide; agricultural transformation; climate resilience; infrastructure inequality; East African Community; adaptation capacity


1 Introduction

The intersection of climate variability, energy poverty, and agricultural transformation constitutes one of the most urgent development challenges in sub-Saharan Africa, where over 600 million people remain without electricity access, and rural livelihoods face growing threats from climate extremes (Bazilian and Pielke, 2013; Umair et al., 2024). This challenge is especially acute in East Africa, where agriculture remains the primary source of income for most households and is increasingly affected by unpredictable climate patterns, while rural electrification continues to lag significantly behind urban areas (Jessel et al., 2019; Zhao et al., 2025). The persistent rural–urban electricity divide not only perpetuates spatial inequality but may also undermine rural communities’ adaptive capacity to cope with accelerating climate impacts.

Recent empirical evidence suggests that rural electricity systems are more vulnerable to climate variability than urban infrastructure, due in part to design limitations, lower investment levels, and weaker institutional support (Hallegatte et al., 2018; Umair et al., 2024). This asymmetrical vulnerability carries serious implications for agricultural modernization, as reliable electricity access is now essential for deploying climate-resilient technologies such as irrigation, mechanization, and cold storage systems (Finizola e Silva et al., 2024; Okoronkwo et al., 2024). The influence of electricity on agriculture in rural areas extends beyond direct use in farming operations. Although most smallholders remain reliant on rainfall, access to electricity supports critical productive activities such as irrigation, milling, drying, and cold storage, which reduce losses and strengthen resilience to climate variability. Empirical evidence confirms this link as Amuakwa-Mensah and Surry (2022) find that rural electrcification is positively associated with agricultural output across Sub-Saharan Africa, while Dagnachew et al. (2023) emphasize that energy planning in the region must explicitly include productive and agricultural uses of electricity. These findings reinforce the view that rural electrification serves as an enabling adaptation infrastructure, supporting agricultural transformation and climate resilience rather than substituting renewable energy technologies.

While energy access inequality and climate risks are well documented in East Africa, few empirical studies explicitly connect these dimensions within the East African Community (EAC). Existing research largely examines either infrastructure vulnerability to climate variability or structural patterns of access inequality, but not their interaction. For instance, Sridharan et al. (2019) model how climate change affects hydropower reliability and energy security across the Eastern African Power Pool, while Mulyanyuma et al. (2024) document how recurrent droughts and floods disrupt electricity generation and transmission in Uganda, Kenya, and Tanzania. Likewise, Idanegbe et al. (2024) and Nik et al. (2021) show that African and global studies on energy resilience emphasize system stress and adaptation but rarely include spatial disaggregation by rural and urban areas. Complementary reviews by Blimpo et al. (2024) and Kuusaana et al. (2025) highlight policy and institutional dimensions of electricity resilience in Africa yet find limited quantitative work linking climate shocks to access disparities. Collectively, this literature demonstrates that, although both climate vulnerability and energy inequality are recognized challenges, their combined spatial dynamics remain understudied in the EAC context.

Hence, this study examines the interaction between climate stress, rural–urban electrification disparities, and agricultural transformation within the East African Community. In this context, climate stress refers to the pressures exerted on energy and production systems by variability in temperature and rainfall, which are modeled through climate sensitivity coefficients to capture how changes in these variables influence electricity access and agricultural performance. Rural–urban electrification disparities represent the persistent difference in household electricity access between urban and rural areas, expressed as the absolute gap in electrification rates across time and countries. Agricultural transformation describes the ongoing shift toward higher productivity and more energy-dependent agricultural systems, reflected in improvements in agricultural value added and the integration of electricity in irrigation, processing, and storage. Together, these concepts form the basis for understanding how climate variability can reinforce or reduce spatial inequality and influence the trajectory of agricultural change in the region.

While development theory generally anticipates long-run convergence in infrastructure access, emerging evidence indicates that this pattern is not guaranteed. In the context of energy access, rural areas are expected to gradually catch up with urban centers as electrification expands. However, climate-related shocks, weak institutional capacity, and uneven policy focus often disrupt this process, reinforcing spatial inequality instead (Hallegatte et al., 2018; Sun et al., 2024; Zhao et al., 2025). This study examines these dynamics empirically, assessing how climate variability interacts with rural–urban electrification gaps across the East African Community. This divergence is particularly consequential for the estimated 365 million people across Eastern and Southern Africa still living without electricity, many of whom reside in rural regions most exposed to climate hazards (International Energy Agency (IEA), 2020; World Bank, 2024a). In addition to environmental and institutional factors, political stability remains a critical determinant of infrastructure development. Countries such as Burundi illustrate how prolonged political and economic fragility can suppress investment and disrupt energy access expansion, further amplifying climate and development vulnerabilities (World Bank, 2024b).

The motivation for this research lies in the growing need to understand how climate variability influences infrastructure performance and development outcomes in vulnerable regions. Current electrification strategies often assume climatically neutral infrastructure rollouts, overlooking the role of environmental stress in shaping spatial patterns of access and resilience. Acknowledging the compounding effects of climate on spatial development is essential to formulating policies that simultaneously expand energy access, enhance adaptive capacity, and support agricultural transformation (Bazilian and Pielke, 2013; Hallegatte et al., 2018).

This study empirically examines the climate-electricity-agriculture nexus in five EAC countries Kenya, Tanzania, Uganda, Rwanda, and Burundi, spanning the years 2000 to 2024. It tests four interrelated hypotheses concerning rural climate vulnerability, spatial divergence, agricultural development constraints, and the buffering role of electricity against climate impacts. Through the integration of climate science, energy policy, and agricultural economics, this research offers new insights into how climate-induced infrastructure fragility produces compounding disadvantages for rural populations.

This study makes two principal contributions to the existing literature. First, it provides a cross-national, longitudinal analysis of how climate variability differentially affects rural and urban electricity systems across the East African Community. Second, it advances the conceptualization and empirical validation of electricity as a form of climate adaptation infrastructure, positioning energy access not merely as a development input, but as a foundational mechanism for building resilience. While prior research has documented the general benefits of electrification, (Dinkelman, 2011; Lee et al., 2020), and outlined key principles of adaptation planning (Thornton and Herrero, 2014), this study addresses a critical gap by examining how climate variability mediates spatial disparities in energy access and evaluating whether dominant electrification strategies remain robust under climate stress.



2 Literature review

The intersection of climate variability, electricity access, and agricultural transformation represents a critical research frontier for sub-Saharan Africa. This region faces a dual burden which are chronic energy poverty and intensifying climate risks, both of which disproportionately affect rural populations that depend on rain-fed agriculture and lack reliable infrastructure (Bazilian and Pielke, 2013; Umair et al., 2024). These interlinked challenges fundamentally shape development trajectories, particularly where adaptation capacity is constrained by uneven access to essential services.

Rural areas remain structurally disadvantaged in terms of electrification, receiving fewer investments than urban centers despite facing higher climate exposure (Jessel et al., 2019; Zhao et al., 2025). Such spatial inequalities in infrastructure provision undermine adaptive capacity and exacerbate vulnerability, challenging traditional convergence theories that predict narrowing regional disparities over time. Recent studies demonstrate that climate shocks can instead reinforce divergence, particularly where institutions are weak or biased toward urban priorities (Cai et al., 2024).

Electricity access is increasingly recognized as critical for enabling climate-smart agriculture (CSA). Electrification supports essential adaptive technologies such as irrigation, cold storage, and mechanized processing, which reduce vulnerability to climate shocks (Okoronkwo et al., 2024; Thornton and Herrero, 2014). Finizola e Silva et al. (2024) emphasize that while farmer education enhances CSA adoption, access to energy infrastructure mediates whether knowledge translates into practice. Similarly, Makate et al. (2019) show that multiple CSA strategies improve resilience among smallholders, but their effectiveness depends on energy availability and affordability.

Beyond the technical functions of electrification, energy access supports broader dimensions of adaptive capacity, including digital connectivity, financial inclusion, and access to climate information (Blimpo and Cosgrove-Davies, 2019; Mhlanga and Ndhlovu, 2023). However, the benefits of distributed energy systems like mini-grids and solar home systems are uneven. While they offer promise for rural transformational progress, their limitations in reliability, scale, and productive use hinder widespread transformation (Carabajal et al., 2024).

Climate change also interacts with longstanding agricultural vulnerabilities. Agyekum et al. (2024) and Omotoso et al. (2023) document how shifting climate patterns intensify the risks to food security, labor productivity, and income stability in African agriculture. These impacts are even greater when adaptation infrastructure, such as electricity, is inadequate or unevenly distributed. At the same time, vulnerable agricultural systems often struggle to support the very investments needed to strengthen that infrastructure. Low farm incomes, weak rural markets, and limited public resources can all make it harder to expand or maintain energy systems. As a result, poor infrastructure and agricultural vulnerability feed into each other, creating a cycle that deepens both exposure and inequality (Cai et al., 2024; Hallegatte et al., 2018).

The effectiveness of CSA programs is also shaped by governance and institutional alignment. Chevallier (2023) highlights that while African policy frameworks increasingly recognize energy-agriculture-climate linkages, implementation is often hampered by fragmented coordination. Djido et al. (2021) add that weather and climate information services can promote CSA uptake, but only when coupled with energy and financial services that enable action.

Despite the growing policy and academic recognition of electricity as a form of adaptation infrastructure, few empirical studies have explored how climate variability differentially affects rural versus urban electricity systems. Even fewer assess whether improved electricity access buffers agricultural output from climate shocks or whether spatial gaps are narrowing or widening over time.

This study fills three critical gaps. First, it examines whether climate variability generates differential impacts on rural versus urban electricity systems. Second, it investigates whether these disparities constrain agricultural modernization and exacerbate spatial inequality. Third, it assesses whether electricity access moderates climate-agriculture interactions, framing electricity as not only a development input but also a core adaptation mechanism. Addressing these questions requires a spatially and temporally disaggregated analysis, an approach this study applies to five East African Community members over the period 2000–2024.


2.1 Theoretical review

This study is grounded in development theory, particularly the convergence hypothesis, which posits that poorer or less-developed regions should experience faster growth than wealthier ones as capital, technology, and infrastructure diffuse over time (Barro and Sala-i-Martin, 1992; Solow, 1956). Under this framework, infrastructure such as electricity access is expected to converge across regions as investment expands and institutions mature. However, recent studies suggest that convergence is not automatic. External shocks, including climate variability, and differences in institutional capacity can slow or even reverse convergence trends (Hallegatte et al., 2018; Zhao et al., 2025).

This theoretical lens provides the foundation for examining whether climate stress contributes to divergence in electricity access within the East African Community. By assessing how changes in temperature and rainfall influence rural–urban electrification patterns and agricultural transformation, the study tests the extent to which climate-sensitive infrastructure dynamics align with or deviate from the expectations of convergence theory.



2.2 Conceptual framework

The conceptual framework in Figure 1, illustrates the theoretical relationships between climate variability, electricity infrastructure, and agricultural transformation that guide our empirical investigation in East African Community members.

[image: Flowchart illustrating relationships between climate variability, electricity, spatial gaps, and development. Climate variability impacts rural and urban electricity, influencing spatial gaps and agricultural transformation. Country-specific moderators and development outcomes provide feedback loops.]

FIGURE 1
 Conceptual framework.


Unlike standard development theory, which assumes that infrastructure and economic growth follow relatively linear and climate-neutral paths toward convergence (Barro and Sala-i-Martin, 1992; Solow, 1956), the literature informing this framework emphasizes the disruptive role of climate variability and institutional capacity. Recent studies argue that environmental stress can reshape or even reverse expected development trajectories by amplifying existing inequalities in access to infrastructure and adaptive resources (Chevallier, 2023; Hallegatte et al., 2018; Zhao et al., 2025). This perspective shifts the focus from purely economic accumulation to resilience and adaptive capacity, highlighting how climate shocks interact with governance and energy systems to produce either convergence or divergence in agricultural transformation outcomes.

The framework proposes that climate shocks create differential impacts on rural versus urban electricity systems due to fundamental infrastructure and institutional differences, leading to persistent spatial gaps that constrain agricultural transformation and rural adaptive capacity. The core theoretical logic suggests that rural electricity infrastructure will demonstrate higher climate sensitivity than urban systems because of design limitations, maintenance constraints, and investment priorities that favor urban areas.

The framework anticipates that these differential climate vulnerabilities will create or widen rural–urban electricity gaps over time, rather than the convergence predicted by standard development theory. These spatial inequalities are expected to constrain agricultural transformation by limiting rural communities’ access to adaptation technologies such as irrigation, processing, and mechanization that require reliable electricity. Country-specific factors, including institutional capacity, policy frameworks, and geographic characteristics, are theorized to moderate these relationships, explaining potential variation in outcomes across EAC members. The framework also incorporates feedback mechanisms where agricultural productivity improvements could generate resources for infrastructure investment, creating either virtuous development cycles or poverty traps depending on initial conditions and institutional capacity.



2.3 Research hypotheses

Based on our theoretical framework, we propose four core hypotheses examining the climate-electricity-agriculture nexus in East African Community members:


Hypothesis 1 (H1): Rural Climate Vulnerability. Rural electricity systems demonstrate significantly higher climate sensitivity than urban electricity systems due to infrastructure design differences and lower investment priority.
Hypothesis 2 (H2): Spatial Gap Dynamics. Climate variability creates or widens rural–urban electricity gaps over time rather than promoting convergence, with countries experiencing greater climate stress developing larger spatial disparities.
Hypothesis 3 (H3): Agricultural Transformation Constraints. Larger rural–urban electricity gaps constrain agricultural transformation by limiting rural access to adaptation technologies that require reliable electricity infrastructure.
Hypothesis 4 (H4): Electricity as Climate Buffer. Countries with better electricity access demonstrate weaker correlations between climate variability and agricultural performance, indicating electricity’s role as climate adaptation infrastructure.





3 Methodology


3.1 Data and study design

We analyze panel data from five East African Community members (Kenya, Tanzania, Uganda, Rwanda, and Burundi) spanning 2000–2024 to test four hypotheses about climate-electricity-agriculture interactions. The methodology combines climate anomaly analysis, correlation assessment, and performance indexing to examine how climate variability differentially affects rural versus urban electricity systems and constrains agricultural transformation. Our identification strategy leverages climate anomalies as exogenous shocks to establish causal relationships between infrastructure vulnerability, spatial gaps, and development outcomes. The original variables used in constructing our key measures include rural electricity access (ELCR), urban electricity access (ELCU), total electricity access (ELC), annual rainfall (RFL), annual temperature (TMP), and agriculture as a percentage of GDP (AGR). Electricity access and economic indicators were obtained from the World Bank’s World Development Indicators (WDI), while rainfall and temperature data were sourced from Our World in Data.



3.2 Variable construction

Rural–Urban Electricity Gap is the core dependent variable measuring spatial disparities.
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where RUGit represents the rural–urban gap, ELCUit urban electricity access, and ELCRit rural electricity access for country i in year t.

Gap closure performance is measured as:
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where positive values indicate successful closure.

Climate variability is measured through anomalies calculated as deviations from country-specific historical means:
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where T represents 25 years. This approach captures climate deviations while controlling for systematic cross-country differences. Rainfall and temperature variability affect electricity access primarily through their impact on hydropower generation and grid reliability. In the East African context, reduced rainfall lowers inflows to reservoirs and limits generation, while extreme rainfall can damage transmission systems and disrupt distribution (Sridharan et al., 2019; Wei et al., 2020). Rising temperatures intensify evaporation losses from reservoirs and reduce generation efficiency, while higher cooling demand in urban areas can strain grids and reduce rural supply reliability (International Energy Agency (IEA), 2020). These mechanisms justify using rainfall and temperature as proxies for climate stress on electricity systems in this study.

Climate sensitivity indices quantify the strength of relationships between climate anomalies and electricity access indicators using Pearson correlation coefficients calculated separately for rural and urban electricity access:
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Where r represents the Pearson correlation coefficient and absolute values ensure positive sensitivity measures regardless of correlation direction. The rural vulnerability index is calculated as the difference between rural and urban climate sensitivity:
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Positive values indicate rural electricity access is more climate-sensitive than urban access within country i, while negative values indicate urban areas are more climate-sensitive. This measure provides a standardized indicator of within-country spatial differences in climate vulnerability.

Agricultural transformation is measured through: (1) Declining agricultural GDP shares:
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and (2) Electricity-Agriculture Intensity ratios:
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where rising ratios indicate faster electrification relative to agricultural decline.



3.3 Analytical methods

The analytical framework employs multiple complementary approaches to examine climate-electricity-agriculture interactions while addressing potential endogeneity and measurement concerns.


3.3.1 Trend analysis and temporal patterns

Temporal trend analysis employs country-specific linear regression models to identify systematic changes in key variables over the study period:
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where Yit represents the outcome variable, αi captures country-specific intercepts, βi represents country-specific trend coefficients, and Ɛit is the error term. This specification allows for heterogeneous temporal patterns across countries while controlling for unobserved country characteristics through fixed effects.

Gap evolution analysis utilizes this framework to test for systematic convergence or divergence patterns:
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where negative βi coefficients indicate gap closure over time while positive coefficients indicate gap widening. Cross-country variation in trend coefficients tests convergence hypotheses.



3.3.2 Climate-electricity correlation analysis

Climate-electricity relationships are quantified through Pearson correlation analysis with robust standard errors to account for potential heteroskedasticity and temporal correlation. The correlation estimation follows a two-stage procedure to separate climate effects from broader development trends:

Stage 1: Detrending
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Stage 2: Correlation of Residuals
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This approach isolates climate-electricity relationships from systematic development trends that might spuriously inflate correlation estimates. Partial correlations control for agricultural transformation, GDP growth, and renewable energy transitions to ensure robustness. Both Pearson and Spearman correlations are calculated to verify results are not driven by outliers or non-linear relationships.



3.3.3 Performance evaluation and cross-country comparison

Country performance evaluation employs standardized indices that enable comparison across different measurement scales and baseline conditions. Each performance indicator is standardized using z-score transformations:
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Composite performance indices aggregate multiple standardized indicators using equal weighting:
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where n represents the number of indicators and j indexes different performance dimensions. This approach ensures that no single indicator dominates composite measures while maintaining interpretability through standardization. Rankings are validated through alternative weighting schemes and principal component analysis to ensure robustness.



3.3.4 Regional convergence testing

Regional convergence is tested through standard deviation calculations of rural electricity access rates across countries for each year:
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where N represents the number of countries (5) and ELCRt represents the regional average rural electricity access in year t. Decreasing t over time indicates sigma-convergence, while increasing values suggest divergence.

Beta-convergence is tested through cross-sectional regression of electricity access growth rates on initial levels:
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Where ΔELCRᵢ represents the average annual growth rate from 2000–2024. Negative β coefficients indicate convergence (countries with lower initial access experience faster growth).



3.3.5 Climate-agriculture interaction models

To examine climate adaptation mechanisms, we estimate climate-agriculture relationships conditional on electricity access levels:
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where the interaction term β2 captures how electricity access moderates, climate impacts on agriculture. γXit includes control variables such as GDP per capita, population density, and time trends. This specification tests whether electricity access serves as climate adaptation infrastructure by buffering agricultural systems from climate variability.




3.4 Data quality

Missing observations (4% electricity, under 2% climate) are addressed through linear interpolation for electricity data and country-specific means for climate variables. All variables undergo validation with realistic ranges, and identified anomalies are corrected based on regional patterns.




4 Results


4.1 Rural climate vulnerability patterns

Our climate sensitivity analysis reveals striking differences in how rural and urban electricity systems respond to climate shocks across East African Community members. Rural electricity infrastructure demonstrates consistently higher vulnerability to climate variations, with sensitivity indices ranging from moderate levels in Kenya to extreme vulnerability in Burundi.

Figure 2 illustrates the systematic pattern of rural climate vulnerability across all five EAC countries studied. Burundi exhibits the most severe rural vulnerability with a climate sensitivity index of 1.234, indicating that rural electricity access fluctuates more than twice as much with climate variations compared to urban areas. Kenya shows the lowest rural vulnerability, reflecting more resilient infrastructure design and better institutional support systems. The consistent pattern across countries, where rural systems invariably show higher climate sensitivity than urban counterparts, provides strong evidence for our first hypothesis that infrastructure design and institutional differences create systematic spatial vulnerabilities.

[image: Bar chart comparing rural and urban climate sensitivity in East African countries. Kenya has similar sensitivity for both. Tanzania and Uganda show higher urban sensitivity. Rwanda has slightly higher urban sensitivity. Burundi shows higher rural sensitivity.]

FIGURE 2
 Climate sensitivity index.




4.2 Spatial gap evolution and divergence

Contrary to expectations from convergence theory, rural and urban electricity access in the East African Community has followed sharply different paths over the past two decades. Instead of converging toward equality, member states have experienced widening or uneven gaps that mirror deeper institutional and policy contrasts.

Figure 3 highlights this divergence clearly. Kenya stands out as the only country that has achieved sustained convergence, with a 15.2-percentage-point reduction in its rural–urban electricity gap. This progress reflects the consistent implementation of coordinated rural electrification initiatives, including the Last Mile Connectivity Project and the policy reforms introduced through the Energy Act of 2019, which strengthened regulation and financing for low-income and remote communities (AfDB, 2014; Republic of Kenya, 2019). In contrast, Tanzania’s experience shows how ambitious plans can stall without aligned funding and institutional coordination. The country’s Rural Energy Agency framework and electrification master plan faced recurring resource shortages and implementation delays, limiting the pace of rural access expansion despite widespread grid coverage (World Bank, 2024a).

[image: Line graph depicting the rural-urban gap percentages from 2000 to 2024 for Kenya (red), Tanzania (blue), Uganda (green), Rwanda (orange), and Burundi (brown). Burundi shows an upward trend, while Kenya, Uganda, and Rwanda initially rise then decline. Tanzania steadily increases throughout the period.]

FIGURE 3
 Rural–urban electricity gap evolution.


Other EAC members have shown mixed results. Burundi recorded a 14-percentage-point widening of its gap, while Tanzania’s increased by 23.5 points. Burundi’s prolonged political instability and structural economic fragility have constrained public investment and weakened institutional capacity, limiting progress in electrification and resilience-building (World Bank, 2024b). Uganda and Rwanda made modest progress, though their trends remain uneven.

Rwanda’s pattern in Figure 3 stands out from the other countries. While overall access to electricity has grown steadily, the rural–urban gap has fluctuated rather than closing consistently. This reflects the sequencing of national electrification efforts, where early phases focused on rapid grid expansion in urban areas, while rural access relied more on smaller, donor-supported off-grid projects that progressed unevenly. Government plans under the Energy Sector Strategic Plan aimed to combine these two approaches, yet implementation delays and funding gaps occasionally slowed rural gains (Ministry of Infrastructure (MININFRA), 2018; Tomei and Gent, 2015). These shifts help explain why the gap widened temporarily even as national access improved.

These outcomes suggest that institutional capacity alone is not enough; deliberate and sustained policy attention to spatial equity is essential to ensure that electrification benefits reach rural populations consistently.



4.3 Regional electricity access divergence

The cumulative effect of these different trajectories has created unprecedented inequality in rural electricity access across EAC members by 2024, challenging fundamental assumptions about regional integration and shared development. Figure 4 demonstrates the dramatic widening of rural electricity access disparities across the region. The spread between Kenya’s 67.9% rural access rate and Burundi’s dismal 2.3% represents a staggering 65.6 percentage point gap—a level of inequality that extends far beyond simple infrastructure differences to reflect fundamental variations in development capacity. This systematic divergence over time, shown by the increasing dispersion of country performance, provides compelling evidence against automatic convergence assumptions and highlights how initial advantages or disadvantages can become self-reinforcing without deliberate intervention.

[image: Line chart showing rural access percentages from 2000 to 2024 for Kenya, Tanzania, Uganda, Rwanda, and Burundi. Kenya leads with a sharp increase, followed by Rwanda and Uganda. The regional average is moderately rising, while Burundi remains low.]

FIGURE 4
 Rural electrification divergence.


The quantitative analysis of regional dispersion confirms this divergence pattern. Figure 5 shows the coefficient of variation in rural electricity access rates increasing systematically from 2000 to 2024, providing statistical evidence that countries are not converging but rather following “club divergence” dynamics where strong institutional performers pull ahead while weaker states fall further behind. This challenges fundamental assumptions in development economics about automatic convergence and suggests that without deliberate intervention, spatial inequalities become self-reinforcing rather than self-correcting.

[image: Area chart showing the dispersion measure from 2000 to 2024. It starts near zero and rises steadily, reaching about 28.0 by 2024. The chart has a red shaded area under the line.]

FIGURE 5
 Regional dispersion over time.




4.4 Climate-agriculture interactions and adaptation

The relationship between climate variability and agricultural output varies dramatically across EAC members, with electricity access playing a crucial moderating role that demonstrates its function as climate adaptation infrastructure.

Figure 6 reveals how electricity access serves as a buffer against climate impacts on agriculture. Countries with better rural electrification, exemplified by Kenya, show weak correlations between climate variability and agricultural output, suggesting that reliable electricity enables farmers to adapt to climate shocks through irrigation, storage, processing, and other technologies. Burundi represents the opposite extreme, with a strong negative correlation of −0.678 between rainfall and agricultural output, reflecting the compound vulnerabilities facing farmers without access to basic adaptation infrastructure.

[image: Bar chart showing correlation coefficients for rainfall with agriculture and rural electricity across five countries: Kenya, Tanzania, Uganda, Rwanda, and Burundi. Green bars represent agriculture, red bars represent rural electricity. Kenya and Rwanda have negative correlations for agriculture, while Tanzania and Uganda have positive correlations for electricity. Burundi shows the highest positive correlation for electricity.]

FIGURE 6
 Climate-agriculture nexus.


The adaptation capacity analysis in Figure 7 reveals stark contrasts in countries’ ability to use electricity infrastructure for climate resilience. Burundi exhibits the lowest rural adaptation capacity (28 index points) combined with the highest climate vulnerability (72 points), while Kenya demonstrates the highest adaptation capacity (75 points) with the lowest vulnerability (25 points). This inverse relationship validates arguments that energy infrastructure must be coupled with adequate institutional capacity to yield effective adaptation outcomes, with electricity serving not merely as a development input but as critical climate adaptation infrastructure.

[image: Bar chart comparing adaptation capacity and climate vulnerability indices for Kenya, Tanzania, Uganda, Rwanda, and Burundi. Kenya shows the highest adaptation capacity at over 75, whereas Burundi has the highest climate vulnerability, nearly reaching 75.]

FIGURE 7
 Adaptation capacity vs. climate vulnerability.




4.5 Agricultural transformation and electricity integration

The relationship between electricity access and agricultural modernization reveals systematic patterns that support our theoretical framework about infrastructure-enabled transformation.

Figure 8 shows the electricity-agriculture intensity ratio trajectories across EAC members from 2000 to 2024. Kenya demonstrates a steep upward trajectory indicating successful integration of electricity into farming systems and agricultural modernization. In contrast, Burundi’s flat trajectory reflects persistent energy poverty that constrains both agricultural mechanization and economic diversification. The divergent patterns provide compelling evidence that electricity access is essential for agricultural transformation and structural economic change, supporting our third hypothesis about infrastructure constraints on rural development. Synthesizing performance across multiple dimensions reveals distinct country typologies that capture the complex interactions between electrification progress, climate resilience, and agricultural transformation outcomes.

[image: Line chart showing the electricity-agriculture intensity ratio from 2000 to 2024 for five countries. Kenya leads with a steep rise, followed by Rwanda, Tanzania, and Uganda with gradual increases. Burundi shows minimal change over time.]

FIGURE 8
 Electricity-agriculture intensity ratio.


Figure 9 presents a comprehensive assessment of country performance across four key dimensions: electrification progress, gap closure effectiveness, climate resilience, and agricultural transformation. Kenya emerges as the clear regional leader, demonstrating superior performance across all dimensions through coordinated policy interventions and sustained institutional commitment. Burundi occupies the opposite position, trapped in compound disadvantages across all performance measures. Uganda and Rwanda show mixed results with moderate progress in some areas but continued challenges in others, while Tanzania’s intermediate position masks concerning deterioration in spatial equity despite reasonable overall electrification progress.

[image: Radar chart comparing electrification in 2024 and climate resilience across Kenya, Tanzania, Uganda, Rwanda, and Burundi. Electrification is represented in blue and climate resilience in green.]

FIGURE 9
 Country performance dashboard.


The detailed analysis of gap closure effectiveness in Figure 10 illustrates the dramatic variation in rural–urban electricity gap performance across EAC members. Kenya’s gap closure effectiveness (15.2 percentage points) stands in stark contrast to Tanzania’s deterioration (23.5 percentage points), highlighting how different policy approaches and institutional capacities produce dramatically different outcomes even among countries facing similar geographic and climatic challenges. This demonstrates the critical importance of deliberate policy intervention rather than relying on market forces or general development strategies to address spatial inequalities.

[image: Bar chart showing gap change percentages for five countries. Kenya and Uganda have positive green bars, indicating increases, with Kenya around 20% and Uganda under 5%. Tanzania, Rwanda, and Burundi have negative red bars, indicating decreases, with Tanzania and Burundi around negative 20% and negative 30%, respectively.]

FIGURE 10
 Gap closure effectiveness.




4.6 Electrification and climate resilience integration

The final component of our analysis examines the systematic relationship between electrification progress and climate adaptation capacity across EAC members.

Figure 11 demonstrates the systematic relationship between electrification levels and climate adaptation capacity across EAC members. Countries with higher electrification rates consistently show superior climate resilience indicators, with Kenya’s position indicating particularly successful integration of development and adaptation objectives. The strong positive correlation supports arguments for integrated development-adaptation planning that recognizes co-benefits between infrastructure investment and climate resilience, challenging conventional approaches that treat electrification and climate adaptation as separate policy domains.

[image: Bar chart showing 2024 electrification percentages and a line graph depicting the Climate Resilience Index in five countries: Kenya, Tanzania, Uganda, Rwanda, and Burundi. Kenya leads in electrification at nearly 80 percent, while Burundi has the lowest. The Climate Resilience Index decreases from Kenya to Burundi.]

FIGURE 11
 Electrification vs. climate resilience.





5 Discussion

This study offers new empirical insight into how climate variability intersects with infrastructure inequality to shape development trajectories in the East African Community (EAC). Our findings clearly demonstrate that rural electricity systems are systematically more sensitive to climate anomalies than their urban counterparts, challenging the long-held assumption that infrastructure development operates independently of environmental stressors. These results align with a growing body of research indicating that climate risk disproportionately affects low-capacity, underinvested systems—particularly in rural regions (Hallegatte et al., 2018; Zhao et al., 2025). The trend of increasing rural–urban electricity divergence observed across most EAC countries directly contradicts the expectations of convergence theory. Rather than narrowing, spatial gaps have widened under climate pressure, echoing patterns seen in other contexts where institutional capacity and governance structures determine adaptation outcomes (Blimpo and Cosgrove-Davies, 2019; Sun et al., 2024). Kenya’s success in narrowing its electricity access gap stands in stark contrast to countries like Burundi, where institutional fragmentation, limited infrastructure, and high climate vulnerability have reinforced marginalization.

One of the most significant findings of this study is the clear relationship between electricity access and agricultural resilience. Countries with higher rural electrification, such as Kenya, displayed weaker correlations between climate anomalies and agricultural output, suggesting that electricity access functions as a protective buffer against climate-induced yield loss. This confirms prior work emphasizing electricity’s role in enabling climate-smart technologies, such as irrigation, processing, and cold storage (Okoronkwo et al., 2024; Thornton and Herrero, 2014). Conversely, countries with persistent electricity deficits, like Burundi, exhibited strong negative climate-agriculture correlations, revealing compounded vulnerability from both environmental and infrastructural constraints. This pattern reflects the broader concept of “adaptation apartheid” a condition in which those most exposed to climate risks are systematically excluded from the technological systems needed to adapt (Chevallier, 2023; Omotoso et al., 2023). It is not simply the presence of climate variability that shapes outcomes, but the degree to which populations can access infrastructure that mediates those shocks. Our findings confirm that rural infrastructure deficits are not only a barrier to development but also a driver of structural vulnerability under climate stress.

Beyond the physical infrastructure, our analysis highlights the critical role of governance. Kenya’s integrated performance across electrification, agricultural modernization, and climate resilience indicators reflects what Djido et al. (2021) describe as “nexus governance.” A coordinated policy approach recognizing the interdependence between energy, agriculture, and climate adaptation. In contrast, fragmented approaches in countries like Tanzania and Burundi have contributed to performance stagnation or decline.

The implications are both theoretical and practical. Theoretically, these findings support calls for a new development paradigm that explicitly incorporates environmental shocks into models of growth and inequality. Traditional theories that assume infrastructure development proceeds in climatically stable conditions may fail to explain, and even obscure, the dynamics shaping vulnerability today (Finizola e Silva et al., 2024; Makate et al., 2019). Practically, our evidence reinforces the need to reframe electricity not merely as a development good, but as climate adaptation infrastructure. In climate-exposed agricultural economies, access to electricity directly influences a household or community’s capacity to withstand and respond to climate stress. Where electricity is lacking, adaptation is constrained and where it is present and reliable, adaptive capacity improves. This study therefore contributes to a growing literature showing that infrastructure gaps shape the distribution of climate vulnerability (Jessel et al., 2019; Mhlanga and Ndhlovu, 2023). The findings demonstrate that addressing rural electrification is not just a development priority but essential for closing adaptation gaps and achieving spatial equity in resilience outcomes across the EAC.



6 Policy recommendations

The policy implications emerging from this study highlight the urgent need for an integrated, climate-informed approach to electrification and agricultural development in East Africa. Electrification strategies should be redesigned to account for climate vulnerability, especially in rural areas where infrastructure tends to be less robust and exposure to environmental stress is greatest. Rural electricity systems require climate-resilient design standards that incorporate decentralization, redundancy, and long-term maintenance planning to withstand the growing frequency and intensity of climate shocks. Climate-adjusted cost–benefit analyses should be employed to ensure that investment decisions reflect vulnerability differentials rather than generalized economic returns.

Recent policy experiences in the region show how different approaches can shape climate-resilient electrification outcomes. Kenya’s Last Mile Connectivity Project, implemented under the Energy Act of 2019, demonstrates how consistent financing, local participation, and integration of off-grid technologies can expand access and enhance system reliability in rural areas (AfDB, 2014; Republic of Kenya, 2019). Rwanda’s Energy Sector Strategic Plan illustrates the benefits of coupling renewable-energy goals with rural access programs, though implementation challenges remain where funding and technical capacity are limited (Ministry of Infrastructure (MININFRA), 2018). In contrast, Tanzania’s Rural Energy Agency framework achieved wide grid coverage but slower household connections due to coordination gaps and limited private-sector engagement (World Bank, 2024a). These experiences show that effective, climate-resilient electrification depends on coherent planning, stable financing, and design standards that safeguard both grid and off-grid systems from environmental shocks.

Equally critical is the need to reframe electricity access as core adaptation infrastructure. Development policies that treat energy and agriculture as separate sectors fail to account for the fact that many climate-resilient agricultural practices, such as irrigation, post-harvest processing, and cold storage, depend on reliable power. Agricultural extension programs and rural development investments should integrate energy planning components, ensuring that the technologies promoted are not only agronomically effective but also energy enabled. Financing instruments must evolve to support bundled investments in both agricultural systems and the electricity infrastructure that underpins their operation.

To close spatial gaps and prevent further divergence in resilience outcomes, governance frameworks must shift toward nexus-based integration. Institutions overseeing energy, agriculture, and climate policy must coordinate their strategies to address shared development and adaptation goals. Importantly, national, and regional planning must adopt spatial equity as a performance metric, targeting rural areas that are most underserved and most at risk. Kenya’s experience demonstrates that when institutional coordination aligns with targeted investment, resilience outcomes improve across multiple dimensions.



7 Limitations of the study

Despite the strength of the findings presented in this study, several limitations warrant careful consideration. The analysis is limited to five East African Community countries and may not capture the full heterogeneity of climate-infrastructure dynamics across the continent. National-level data, while valuable for cross-country comparisons, may obscure significant sub-national variations in electricity access, climate vulnerability, and agricultural performance. Finally, while the use of correlation-based methods and climate anomaly indices reveals meaningful patterns, the study cannot establish definitive causal relationships. Unobserved factors such as political instability, data inconsistencies, or unmeasured adaptation interventions may influence outcomes in ways not captured by the models.



8 Conclusion

This study provides compelling evidence that climate variability exacerbates spatial inequalities in electricity access, reinforcing rural vulnerability and constraining agricultural transformation. Rather than promoting convergence, climate stress appears to amplify existing disparities, undermining rural adaptive capacity and creating self-reinforcing cycles of disadvantage. Countries with stronger institutions and coordinated strategies, such as Kenya, have made measurable progress, while others have fallen further behind. These patterns underscore the need for electrification to be reconceptualized not only as a development goal but also as a critical form of climate adaptation infrastructure. When electricity access enables rural communities to mitigate and respond to climate stress—through irrigation, mechanization, or market access—the result is not only increased productivity but enhanced resilience. As the impacts of climate change intensify, achieving inclusive and sustainable development in East Africa will require policies that embed spatial equity, institutional coordination, and infrastructure resilience at the core of both national and regional planning.
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