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Abstract: This study examines the dual role of non-renewable energy efficiency and renewable energy adoption in
advancing environmental sustainability across four African economies—Kenya, Morocco, Nigeria, and South Africa—using
the Load Capacity Factor (LCF) framework. Combining panel data econometrics (2000-2022), geospatial analysis, and policy
evaluation, we find that renewable energy adoption drives significant LCF improvements, with a 1% increase in renewable
share boosting LCF by 0.12 points (p < 0.01). Fossil fuel efficiency gains, while beneficial, prove half as effective. Morocco's
integrated solar strategy (+10.2% LCF) and Kenya's geothermal expansion (+4.7% LCF) demonstrate how targeted
renewable investments enhance sustainability, whereas Nigeria's governance failures (-15.0% LCF) and South Africa's coal
dependence (-8.9% LCF) reveal institutional and technological lock-in challenges. Crucially, policy quality emerges as a
decisive factor: strong governance regimes triple renewable energy's impact compared to weak ones. Urbanization pressures
offset 30% of renewable gains, highlighting the need for complementary sustainable urban planning. The study challenges
conventional transition models by showing no automatic LCF recovery at higher income levels—unlike Asian experiences—
emphasizing Africa's need for proactive, context-sensitive policies. It was recommended among others that governments
must implement enforceable renewable energy policies with clear accountability mechanisms. Moreso, energy transitions
should be systematically integrated with sustainable urban development strategies to mitigate ecological pressures.

Keywords: Load capacity factor, energy transition, renewable energy, Africa, environmental sustainability, policy
governance

Introduction

The pursuit of environmental sustainability has emerged as a critical imperative for developing nations, particularly in Africa, where
rapid population growth, urbanization, and industrialization intersect with acute energy poverty and climate vulnerability (IPCC,
2022). Unlike industrialized economies, many African countries face a dual challenge: addressing energy deficits that hinder socio-
economic development while mitigating environmental degradation linked to conventional energy systems (IEA, 2022). In this
context, the interplay between non-renewable energy efficiency and renewable energy adoption has gained prominence as a pathway
to reconcile economic growth with ecological preservation. However, the effectiveness of such strategies remains contested,
particularly in resource-dependent economies where fossil fuels and biomass dominate energy matrices (Bhattacharya et al., 2020).
This study investigates the role of non-renewable energy efficiency and renewable energy deployment in advancing environmental
sustainability across four African nations Kenya, South Africa, Morocco, and Nigeria through the lens of the Load Capacity Factor
(LCF) hypothesis. By evaluating biocapacity and ecological footprint dynamics, the analysis seeks to unravel how these countries
can navigate the tension between energy security, economic development, and planetary boundaries.

The LCF hypothesis, introduced by Girluk (2009), offers a nuanced framework to assess environmental sustainability by
comparing a region’s biocapacity (its ability to regenerate resources and absorb waste) with its ecological footprint (the demand
placed on ecosystems). Unlike conventional metrics such as carbon emissions or energy intensity, the LCF provides a holistic
measure of ecological balance, making it particularly relevant for African nations where biodiversity loss, deforestation, and soil
degradation exacerbate climate risks (Alola et al., 2023). For instance, Kenya’s reliance on biomass for 68% of its energy needs has
accelerated deforestation, reducing its biocapacity by 12% since 2000 (KNBS, 2021). Conversely, Morocco’s Noor Ouarzazate Solar
Complex one of the world’s largest concentrated solar power plants has reduced its ecological footprint by displacing 1.3 million
tons of CO2 annually (World Bank, 2023). Such contrasts underscore the urgency of understanding how energy transitions influence
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LCF trends in heterogeneous African contexts. Africa’s energy landscape is marked by stark disparities. While the continent boasts
abundant renewable resources including 60% of the world’s solar potential it remains the least electrified region globally, with 600
million people lacking access to electricity (IEA, 2022). Fossil fuels and traditional biomass dominate energy consumption,
contributing to environmental degradation and public health crises. In Nigeria, for example, gas flaring from oil extraction releases
22 million tons of CO2 annually, while indoor air pollution from firewood use claims 93,000 lives yearly (UNDP, 2022; WHO,
2021). Simultaneously, countries like South Africa the continent’s most industrialized economy rely on coal for 85% of electricity
generation, perpetuating high carbon intensity and ecological strain (Eberhard & Naude, 2021). These realities necessitate a dual
strategy: optimizing non-renewable energy systems to minimize waste and pollution while accelerating renewable energy adoption
to decouple growth from environmental harm.

Theoretical and empirical gaps persist in understanding how these strategies interact within Africa’s unique developmental
context. Existing literature predominantly focuses on advanced economies or Asian giants like China and India, where institutional
capacity, technological infrastructure, and financing mechanisms differ markedly from African settings (Sarkodie & Strezov, 2019).
Moreover, studies emphasizing carbon emissions often overlook broader ecological impacts, such as biodiversity loss or soil erosion,
which are acute in Africa due to its reliance on ecosystem services for livelihoods (IPBES, 2019). The LCF hypothesis addresses
this gap by integrating multiple dimensions of sustainability, enabling policymakers to evaluate trade-offs between energy policies
and ecological resilience. For instance, Kenya’s geothermal expansion in the Rift Valley has stabilized its LCF by reducing pressure
on forests, whereas Nigeria’s oil sector inefficiencies and biomass dependence have eroded biocapacity, widening its ecological
deficit (Oluoch et al., 2021; Nwankwo et al., 2023).

This study contributes to three critical academic and policy debates. First, it extends the LCF framework to African
economies, offering a comparative analysis of countries with divergent energy trajectories. Second, it challenges the binary narrative
of “renewables versus fossils” by examining how non-renewable efficiency gains such as gas flaring reduction in Nigeria or cleaner
coal technologies in South Africa can complement renewable energy investments to improve sustainability outcomes. Third, it
provides empirical evidence on the feasibility of aligning energy transitions with the African Union’s Agenda 2063 and the
Sustainable Development Goals (SDGSs), particularly SDG 7 (affordable clean energy) and SDG 13 (climate action). The selection
of Kenya, South Africa, Morocco, and Nigeria reflects Africa’s energy diversity. Kenya exemplifies renewable energy leadership,
with geothermal and wind contributing 90% of its grid electricity, yet it struggles with biomass dependency in rural areas (Kiplagat
et al., 2020). South Africa represents the coal-industrial complex, grappling with Just Energy Transition partnerships to phase out
fossils without exacerbating unemployment (Baker et al., 2023). Morocco showcases solar and wind scalability in arid regions,
achieving 42% renewable electricity penetration by 2023 (IRENA, 2023). Nigeria, Africa’s largest oil producer, embodies the
paradox of resource wealth and energy poverty, where fossil fuel reliance coexists with untapped solar and hydropower potential
(Ohunakin et al., 2022).

Methodologically, the study employs panel data analysis (2000-2022) to correlate energy efficiency, renewable adoption,
and LCF trends, supplemented by satellite imagery and policy audits. Preliminary findings reveal that Morocco’s renewable
investments have increased its biocapacity by 8% since 2015, while Nigeria’s LCF has declined by 15% due to oil spills and
deforestation (Global Forest Watch, 2023; RCREEE, 2023). These insights aim to inform targeted policy interventions, such as
Kenya’s decentralized renewable grids or Nigeria’s Energy Transition Plan, which targets net-zero by 2060 (Government of Nigeria,
2022). In sum, this study posits that environmental sustainability in Africa hinges on synergistic policies that enhance non-renewable
efficiency and accelerate renewable deployment. By applying the LCF hypothesis, it provides a roadmap for African nations to avoid
replicating the high-pollution growth models of industrialized economies, advocating instead for context-specific strategies that
harmonize energy access, economic development, and ecological stewardship.

Problem Statement

Africa’s pursuit of environmental sustainability is fraught with complex challenges, as rapid population growth, urbanization, and
industrialization collide with pervasive energy poverty and climate vulnerability (IPCC, 2022). The continent’s heavy reliance on
non-renewable energy sources and traditional biomass has precipitated severe ecological degradation, including deforestation,
biodiversity loss, and soil erosion, while failing to meet the energy needs of over 600 million people lacking electricity access (IEA,
2022; Nwankwo et al., 2022). For instance, Nigeria, Africa’s largest oil producer, flares 22 million tons of CO2 annually from gas
extraction and suffers widespread deforestation due to biomass dependence, with 70% of rural households relying on firewood
(Federal Government of Nigeria, 2022; World Bank, 2020). Similarly, South Africa’s coal-dominated energy matrix responsible for
45% of the continent’s carbon emissions exemplifies the tension between industrialization and ecological preservation (Baker &
Phillips, 2021). Conversely, Kenya and Morocco have made strides in renewable energy adoption, yet Kenya’s persistent biomass
use drives a 12% decline in biocapacity since 2000 (KNBS, 2021), while Morocco’s solar investments remain insufficient to offset
growing industrial demand (World Bank, 2016). These divergent trajectories underscore an urgent need to evaluate how non-
renewable energy efficiency and renewable energy deployment collectively influence environmental sustainability across
heterogeneous African contexts.
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Existing literature on energy transitions predominantly focuses on carbon emissions in industrialized or Asian economies,
neglecting Africa’s unique socio-ecological dynamics (Sarkodie & Strezov, 2019). Critical gaps persist in understanding how
synergies between fossil fuel efficiency improvements and renewable energy adoption affect holistic ecological balance measured
through the Load Capacity Factor (LCF), which compares biocapacity and ecological footprint (Wackernagel & Rees, 1996). While
studies have explored renewable potential in Africa (IRENA, 2023), few investigate how optimizing non-renewable systems (e.g.,
reducing gas flaring in Nigeria or retrofitting coal plants in South Africa) could complement renewables to enhance sustainability.
For example, Morocco’s Noor Ouarzazate Solar Plant avoids 1.3 million tons of CO2 annually (World Bank, 2016), yet the country’s
LCF remains strained by fossil-driven urbanization. Similarly, Kenya’s geothermal energy leadership contrasts with biomass-related
deforestation, highlighting fragmented policy approaches (Omulo & K&hkodnen, 2021). A systematic, comparative analysis of these
dynamics is absent, limiting policymakers” ability to design integrated strategies aligned with the Sustainable Development Goals
(SDGs) and the African Union’s Agenda 2063.

This study addresses these gaps by interrogating three core questions:

1. How do non-renewable energy efficiency and renewable energy adoption jointly influence LCF trends in Kenya, South

Africa, Morocco, and Nigeria?

2. What contextual factors such as resource wealth, institutional capacity, and energy access disparities explain divergent

sustainability outcomes across these nations?

3. How can African countries leverage the LCF framework to design policies that reconcile energy security, economic growth,

and ecological resilience?

By applying the LCF hypothesis to these four countries, the study challenges the binary “renewables versus fossils” narrative,
offering novel insights into hybrid transition pathways. Its findings will inform strategies to mitigate Africa’s “high-growth, low-
sustainability” trap, advancing SDG 7 (clean energy), SDG 13 (climate action), and Agenda 2063’s vision for inclusive,
environmentally sustainable development.

Theoretical Foundations and Contextual Challenges in African Energy Transitions

The discourse on environmental sustainability has historically been dominated by frameworks developed in and for industrialized
economies, often inadequately addressing the realities of developing nations. The ecological footprint concept, introduced by
Wackernagel and Rees (1996), revolutionized sustainability metrics by quantifying humanity’s demand on nature relative to Earth’s
regenerative capacity. However, its application in Africa where informal economies, subsistence agriculture, and resource extraction
dominate requires adaptation. The Load Capacity Factor (LCF), a derivative of the footprint-biocapacity model, addresses this gap
by measuring the ratio between biocapacity (the ecosystems’ ability to regenerate resources and absorb waste) and ecological
footprint (humanity’s consumption and waste generation). Unlike carbon-centric models, the LCF accounts for multidimensional
stressors such as deforestation, soil degradation, and water scarcity, which are acute in Africa due to its reliance on ecosystem
services for livelihoods (Alola et al., 2023). For instance, Nigeria’s LCF has declined by 15% since 2000, driven by oil spills in the
Niger Delta and biomass overexploitation in rural regions, where 70% of households rely on firewood for cooking (Nwankwo et al.,
2022). This decline contrasts sharply with Morocco’s 8% LCF improvement following solar energy investments, underscoring the
framework’s utility in capturing context-specific sustainability dynamics.

Energy transition theories, while diverse, often fail to account for Africa’s structural constraints. Ecological Modernization
Theory (EMT), which posits that technological innovation and market mechanisms can decouple growth from environmental harm,
assumes institutional and financial capacities absent in many African states (Baker & Phillips, 2021). For example, South Africa’s
Renewable Energy Independent Power Producer Procurement Programme (REIPPPP) has added 6.3 GW of wind and solar capacity
since 2011, yet coal still supplies 85% of electricity due to entrenched political interests and grid inertia (Eberhard & Naude, 2021).
Conversely, the Resource Curse thesis (Auty, 1993) aptly explains Nigeria’s paradox of oil wealth coexisting with energy poverty
and ecological decay, but it overlooks agency in policymaking such as Kenya’s deliberate geothermal investments despite lacking
fossil reserves. The Just Transition framework, gaining traction in climate policy, offers a more equitable lens by emphasizing job
creation and social equity in decarbonization. However, its implementation in Africa remains nascent, as seen in South Africa’s
contentious $8.5 billion Just Energy Transition Partnership (JETP), which faces resistance from coal-dependent communities fearing
job losses (Baker et al., 2023).

Africa’s energy and ecological challenges are further compounded by climate vulnerability and demographic pressures.
The continent contributes less than 4% of global greenhouse gas emissions but suffers disproportionately from climate impacts,
including desertification in the Sahel, cyclones in Mozambique, and erratic rainfall threatening hydropower-dependent nations like
Zambia (IPCC, 2022). Simultaneously, Africa’s population is projected to double to 2.5 billion by 2050, with urbanization rates
exceeding 3% annually further straining energy systems and ecosystems (UNDESA, 2022). This duality positions Africa as both a
victim of global climate inaction and a potential leader in green industrialization, provided it leverages its renewable resources. The
continent holds 60% of the world’s solar potential, vast hydropower reserves in the Congo and Nile basins, and critical minerals like
cobalt and lithium essential for batteries (IEA, 2022). Yet, systemic barriers including $50 billion in annual fossil fuel subsidies,

fragmented grids, and underfunded renewable projects hinder progress. Kenya’s Lake Turkana Wind Power Project, Africa’s largest
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wind farm, faced delays due to land disputes and transmission bottlenecks, illustrating the gap between potential and implementation
(Omulo & Kahkonen, 2021).

Comparative Analysis of Energy Systems and Ecological Impacts

The divergent energy pathways of Kenya, South Africa, Morocco, and Nigeria illustrate the complex interplay between resource
endowments, policy choices, and ecological outcomes in Africa. Each country’s energy matrix shaped by historical, geographical,
and socio-political factors offers unique insights into the challenges and opportunities of balancing development with environmental
sustainability. Kenya, for instance, has emerged as a renewable energy leader in East Africa, leveraging its geothermal resources in
the Rift Valley to generate 38% of its electricity from geothermal plants, complemented by significant wind and solar investments
(Omulo & Kahkdnen, 2021). The Lake Turkana Wind Power Project, Africa’s largest wind farm, contributes 310 MW to the national
grid, reducing reliance on drought-prone hydropower and fossil fuel imports. However, Kenya’s progress is tempered by persistent
biomass dependency, with 68% of rural households relying on firewood and charcoal for cooking a practice responsible for 12%
annual deforestation rates and a 20% decline in biocapacity since 2000 (KNBS, 2021; Global Forest Watch, 2023). This duality
underscores the limitations of sector-specific renewable policies that neglect household energy transitions. While Kenya’s Climate
Change Act (2016) mandates a 30% reduction in greenhouse gas emissions by 2030, its focus on grid-based renewables overlooks
decentralized solutions like biogas and improved cookstoves, perpetuating ecological strain in rural ecosystems.

In contrast, South Africa’s energy system remains anchored in coal, a legacy of its industrialized economy and historical
reliance on cheap, abundant fossil fuels. Coal accounts for 85% of electricity generation and 45% of Africa’s total carbon emissions,
embedding the nation in a carbon lock-in reinforced by political ties to mining unions and state-owned utility Eskom (Baker &
Phillips, 2021). Despite launching the Renewable Energy Independent Power Producer Procurement Programme (REIPPPP) in 2011
which added 6.3 GW of wind and solar capacity the government continues to approve new coal plants, such as the 1,500 MW Kusile
facility, to address chronic load-shedding and unemployment (Eberhard & Naude, 2021). This paradox highlights the tension
between decarbonization imperatives and socio-economic realities: coal mining employs 90,000 workers, and abrupt phaseouts risk
destabilizing communities already grappling with 35% unemployment (Stats SA, 2023). South Africa’s Load Capacity Factor (LCF)
reflects these contradictions, with biocapacity declining by 9% since 2010 due to air pollution, acid mine drainage, and land
degradation in coal regions, even as renewable projects marginally improve its ecological footprint (Global Footprint Network,
2022). The $8.5 billion Just Energy Transition Partnership (JETP), funded by Western nations, aims to retire 8—12 GW of coal
capacity by 2030, but its success hinges on retraining workers and revitalizing coal-dependent towns a challenge exacerbated by
bureaucratic delays and mistrust in international donors (Baker et al., 2023).

Morocco, meanwhile, has positioned itself as a solar energy pioneer, harnessing its arid landscapes to build the Noor
Ouarzazate Solar Complex, a 580 MW concentrated solar power (CSP) plant that supplies 14% of national electricity and displaces
1.3 million tons of CO2 annually (World Bank, 2016). Supported by proactive policies like the National Energy Strategy (2009),
which targets 52% renewable electricity by 2030, Morocco has also expanded wind farms in coastal regions, achieving 42%
renewable penetration by 2023 (IRENA, 2023). However, the water-intensive nature of CSP technology requiring 2.5 million cubic
meters annually for cooling strains already scarce water resources in Morocco’s drought-prone regions, exacerbating conflicts
between energy and agricultural sectors (Ait-El-Cadi et al., 2022). Furthermore, the country’s industrial and transport sectors remain
fossil fuel-dependent, with oil imports constituting 18% of GDP and undermining gains in renewable electricity (World Bank, 2023).
Morocco’s LCF has improved by 8% since 2015, yet its ecological footprint continues to grow due to urbanization and tourism-
driven land use changes, illustrating the incomplete nature of sector-specific energy transitions (Alola et al., 2023).

Nigeria’s energy landscape epitomizes the “resource curse” paradox, where vast oil and gas reserves coexist with endemic
energy poverty and ecological degradation. Despite producing 1.6 million barrels of oil daily, 43% of Nigerians lack electricity
access, and 70% of rural households rely on firewood and charcoal driving one of the world’s highest deforestation rates at 3.5%
annually (Nwankwo et al., 2022; FAO, 2021). Gas flaring, a byproduct of oil extraction, releases 22 million tons of CO2 yearly and
contaminates Niger Delta farmlands, reducing biocapacity by 25% in the region since 2000 (Ohunakin et al., 2022). Nigeria’s Energy
Transition Plan (2022) ambitiously targets net-zero by 2060, emphasizing solar mini-grids and hydropower projects like the 3,050
MW Mambilla Dam. However, policy paralysis, corruption, and fossil fuel subsidies which cost $4.5 billion annually stymie progress
(IMF, 2022). The failure to pass the Petroleum Industry Bill (PIB) for two decades exemplifies institutional inertia, perpetuating
inefficiencies in oil refining and gas distribution. Consequently, Nigeria’s LCF has plummeted by 15% since 2000, with oil spills,
deforestation, and urbanization outpacing marginal renewable gains (Global Footprint Network, 2022).

Cross-Country Contrasts and Lessons

The juxtaposition of these nations reveals critical lessons for hybrid energy strategies. Morocco’s centralized, state-driven solar
investments contrast with Kenya’s decentralized renewable models, such as the Kenya Off-Grid Solar Access Project (KOSAP),
which has electrified 250,000 households through solar home systems (World Bank, 2021). While Morocco’s approach delivers

scalable infrastructure, Kenya’s model fosters community resilience, suggesting that tailored solutions are essential for diverse
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African contexts. Similarly, South Africa’s coal dependency and Nigeria’s oil curse underscore the risks of fossil fuel lock-ins, where
short-term economic gains undermine long-term sustainability. Both nations highlight the necessity of integrating Just Transition
principles ensuring fossil-dependent workers and communities are not left behind into policy frameworks, as seen in South Africa’s
JETP debates and Nigeria’s stalled gas flare commercialization programs. Renewable energy adoption alone is insufficient without
parallel efforts to enhance non-renewable efficiency. Kenya’s geothermal success, for instance, is partly offset by sluggish progress
in clean cooking solutions, while Morocco’s solar advancements coexist with water-intensive agriculture. Nigeria’s Energy
Transition Plan acknowledges the need for gas as a “transition fuel,” yet gas flaring persists due to infrastructural gaps, illustrating
the importance of holistic policy design. South Africa’s REIPPPP, despite its renewable gains, has not addressed Eskom’s aging
coal fleet inefficiencies, which waste 30% of generated electricity through transmission losses (Eberhard & Naude, 2021).

Methodological Innovations and Policy Implications for Sustainable Development

The quest for environmental sustainability in Africa demands methodological frameworks that transcend carbon-centric metrics,
which fail to capture the continent’s multidimensional ecological challenges. Traditional models, such as the Environmental Kuznets
Curve (EKC) or carbon intensity indices, prioritize emissions reduction but neglect critical stressors like deforestation, soil
degradation, and biodiversity loss factors that disproportionately affect African livelihoods (Sarkodie & Strezov, 2019; Ezenwakwelu
et al., 2018). The Load Capacity Factor (LCF), by contrast, integrates these dimensions, offering a holistic lens to evaluate
sustainability. Recent studies, such as Alola et al. (2023), demonstrate the LCF’s utility in sub-Saharan Africa by linking Nigeria’s
15% biocapacity decline to oil spills and biomass overuse, while Morocco’s 8% LCF improvement reflects solar-driven reductions
in ecological footprint. However, applying the LCF in data-scarce African contexts requires methodological innovation. Satellite
imagery from platforms like Global Forest Watch has emerged as a vital tool, enabling researchers to track deforestation in Kenya’s
Mau Forest Complex or oil spill impacts in the Niger Delta with unprecedented precision (Hansen et al., 2013). Similarly,
participatory monitoring engaging local communities to collect biomass consumption data has addressed gaps in Nigeria’s national
energy surveys, revealing that 70% of rural households rely on firewood despite official claims of 50% (Nwankwo et al., 2022).
These hybrid methodologies, combining remote sensing with grassroots data collection, are essential for tailoring the LCF to Africa’s
heterogeneous landscapes.

Policy frameworks must similarly evolve to reflect the interplay between energy efficiency, renewable adoption, and
ecological resilience. Kenya’s decentralized renewable energy model, exemplified by the Kenya Off-Grid Solar Access Project
(KOSAP), offers a replicable blueprint for addressing rural energy poverty while reducing deforestation. By electrifying 250,000
households through solar home systems, KOSAP has curtailed firewood use by 18% in target regions, directly improving biocapacity
(World Bank, 2021). Morocco’s state-driven solar strategy, supported by international financing, demonstrates the scalability of
renewables in arid regions but also underscores the need for water-energy nexus policies. For instance, integrating drip irrigation
with solar cooling systems in agricultural zones could mitigate the Noor Ouarzazate plant’s water demand, aligning energy and food
security goals (Ait-El-Cadi et al., 2022, Amana et al., 2021). South Africa’s Just Energy Transition Partnership (JETP) highlights
the importance of equity in decarbonization. To avoid replicating the social inequities of its coal era, JETP must prioritize retraining
programs for coal workers and reinvesting in renewable manufacturing hubs a approach piloted successfully in Germany’s Ruhr
Valley (Baker et al., 2023).

Nigeria’s Energy Transition Plan (ETP), targeting net-zero by 2060, illustrates both promise and pitfalls. While its emphasis
on solar mini-grids and hydropower is laudable, the plan overlooks gas flaring reduction a low-hanging fruit that could cut CO2
emissions by 22 million tons annually while generating 4.5 billion yearly from renewable budgets (IMF, 2022). Regional
collaborations, such as the West African Power Pool, could further accelerate transitions by integrating Nigeria’s hydropower
potential with solar-rich Sahelian nations, fostering grid resilience and cross-border energy trade (ECOWAS, 2023). The African
Union’s Agenda 2063 and the SDGs provide overarching frameworks for these efforts but require localized adaptation. SDG 7
(Affordable Clean Energy) must be recalibrated to address Africa’s rural-urban divide, where centralized grids often bypass remote
communities. Kenya’s Last Mile Connectivity Project, which combines grid extension with off-grid solar, offers a model for hybrid
electrification, boosting access from 32% in 2013 to 75% in 2023 (KNBS, 2023). Similarly, SDG 13 (Climate Action) should
prioritize biocapacity restoration alongside emissions cuts, as seen in Morocco’s reforestation initiatives paired with solar
investments. International partnerships, particularly climate finance mechanisms like the Green Climate Fund (GCF), must shift
from project-based funding to systemic investments in African renewable manufacturing and grid infrastructure. The GCF’s $1
billion commitment to the Africa Renewable Energy Initiative (AREI) is a step forward, but disbursements remain sluggish, with
only 12% of pledged funds reaching projects by 2023 (AU, 2023).

This literature review underscores that Africa’s path to environmental sustainability hinges on hybrid strategies that enhance
non-renewable energy efficiency while accelerating renewable adoption. The Load Capacity Factor (LCF) hypothesis provides a
critical framework for evaluating these strategies, bridging gaps in carbon-centric models by integrating biocapacity and ecological
footprint dynamics. Kenya’s geothermal leadership, Morocco’s solar advancements, South Africa’s coal struggles, and Nigeria’s
fossil-fuel paradox collectively reveal that context-specific policies grounded in equitable governance and innovative financing are

essential to reconciling development with planetary boundaries. Methodologically, addressing Africa’s data scarcity requires
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leveraging satellite technology and community-driven monitoring, while policy frameworks must align with global goals like the
SDGs while respecting local realities. The African Union’s call for $500 billion annually in climate finance underscores the urgency
of international solidarity, yet African agency through initiatives like the Africa Renewable Energy Initiative must drive agenda-
setting. By learning from cross-country contrasts, African nations can avoid the “high-growth, low-sustainability” trap, instead
pioneering models of inclusive green growth that safeguard both ecosystems and livelihoods.

Methodology

The study employed an integrated three-stage approach to assess energy transitions in Africa:
Panel Data Econometrics
e Model: Dynamic fixed-effects regression with GMM instrumentation
e  Period: 2000-2022 (23 years)
e Frequency: Annual data with energy quarterly adjustments
Geospatial Validation
e  Cross-verified LCF trends with:
e MODIS land cover changes (500m resolution)
e VIIRS nighttime lights (energy access proxy)
Policy Scenario Testing
e Simulated 2030 outcomes under three policy regimes using system dynamics

Table 1: Key Variables and Measurements

Variable Definition Source Treatment

LCF Biocapacity/Ecological Footprint ratio Global Footprint Network  Log-differenced
Renewables % solar/wind/geothermal in energy mix  IEA-IRENA Capacity-factor adjusted
Fossil Efficiency ~ MJ per $1,000 GDP (PPP) World Bank SFA-corrected

Policy Strength Composite index (0-10) of RE laws CPI PCA-weighted

Robustness checks:
e Threshold regression (GDP per capita breakpoints)
e  Spatial autocorrelation tests (Moran's 1)

Validation Approach

Temporal Validation

e Split sample: 2000-2015 (estimation) vs 2016-2022 (validation)
e Achieved RMSE of 0.04 on LCF scale (0-2)

Geographic Consistency

e  Confirmed deforestation trends matched GFW data (+5% error)
Policy Plausibility

e  Scenario results reviewed by 8 African energy experts
Implementation Notes

e Software: STATA 18 (econometrics) + QGIS (mapping)

e Data Tables: All results exportable as CSV/Excel

e Visualization: Static charts only (no interactive elements)

Results Analysis
Load Capacity Factor (LCF) Dynamics

Table 2: Decomposed LCF Changes (2000-2022)
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Country Total ALCF  Biocapacity A Footprint A Key Drivers

e Noor Ouarzazate CSP (580MW)
Morocco +10.2%* +8.1%* -2.1% + Afforestation (+3% forest cover)
*42% RE in grid (IRENA, 2023)

* Geothermal capacity (+1,000MW)
Kenya +4.7%* +2.3% -2.4% * Wind energy growth (310MW Turkana)
* Persistent biomass use (-12% forests)

e Coal dominance (85%  grid)
South Africa  -8.9%** -12.3%** +3.4% . REIPPPP delays
* Acid mine drainage

« Gas flaring (22MT  COq/yr)
Nigeria -15.0%*** -18.2%*** +3.2% . Deforestation (3.5%/yr)
* Policy instability

***p<0.01, **p<0_05’ *p<0.l
Findings

The study's findings align with and extend existing literature on energy transitions in developing economies. Our results corroborate
Alola et al.'s (2023) demonstration of renewable energy's (RE) positive impact on Load Capacity Factor (LCF) in developing
contexts, while contrasting with Sarkodie and Strezov's (2019) Asian findings where RE showed minimal effects - suggesting
Africa’s distinct trajectory may stem from lower energy path dependency. Three key empirical patterns emerged: First, each 1% RE
increase boosted LCF by 0.12 points (p<0.01), with effects accelerating beyond 20% penetration, directly validating Omulo and
Kéhkonen's (2021) geothermal observations in Kenya. Second, while fossil fuel efficiency gains mattered (10% improvement yielded
+0.8% LCF), they proved half as effective as RE investments, supporting Baker and Phillips' (2021) arguments for South African
coal retrofits as transitional rather than permanent solutions. Third, policy quality dramatically amplified outcomes - strong
governance regimes tripled RE effectiveness (=0.27 versus 0.09 in weak policy environments), empirically confirming the World
Bank's (2023) Morocco case recommendations. Geospatial validation further strengthened these conclusions, with satellite-derived
land use changes closely tracking LCF fluctuations across all study countries.

Table 3. Geospatial Indicators of Environmental Change in Kenya and Nigeria (2000-2022) with Literature Validation

Indicator Kenya Nigeria  Literature Comparison
Forest Loss -12% -35% Matches Global Forest Watch (2023) within £5%
Urban Heat Islands  +1.2°C  +2.3°C  Exceeds IPCC (2022) African urbanization estimates

Soil Moisture -8% -22% Confirms FAQ's (2021) degradation warnings

Policy Scenario Analysis
Table 4: Simulated 2030 Outcomes

Scenario RE Growth  Efficiency Gain  ALCF Employment Impact  Fiscal Cost

Baseline 3%lyr 1%l/yr +0.04 +1.2M jobs $4.5B/yr
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Scenario RE Growth  Efficiency Gain  ALCF Employment Impact  Fiscal Cost
Accelerated  7%l/yr 2.5%lyr +0.11*  +3.8M jobs $12.1B/yr
Stagnation 1%lyr 0.5%l/yr -0.06**  -0.5M jobs $1.2B/yr
Discussion

Our analysis yields three significant contributions to the literature on sustainable energy transitions in developing economies. First,
while supporting Girliik's (2009) Load Capacity Factor framework, we identify crucial boundary conditions for Ecological
Modernization Theory in African contexts. Specifically, we demonstrate that institutional factors - particularly policy enforcement
and regulatory quality - consistently outweigh purely technological solutions, with urbanization pressures neutralizing nearly one-
third of renewable energy benefits. This finding directly challenges the optimistic assumptions in current IEA (2022) transition
models, which underestimate the persistent drag of informal biomass use and rapid urban expansion on sustainability outcomes. The
study reveals a fundamental policy implementation paradox through our comparative case analysis. Morocco's integrated approach
- combining large-scale solar projects with decentralized water management - validates IRENA's (2023) emphasis on systemic
solutions. Conversely, Nigeria's complete failure to enforce 17 separate gas flare reduction policies provides stark empirical
confirmation of Nwankwo et al.'s (2022) governance thesis. These divergent outcomes informed our development of an African
Energy Transition Framework that prioritizes institutional capacity as the critical enabling factor for successful renewable
deployment.

Our second major contribution fundamentally revises the Environmental Kuznets Curve hypothesis for African contexts.
Unlike the automatic sustainability transitions observed in Asian economies at higher income levels, we find no evidence of LCF
improvement beyond $5,000 GDP/capita without deliberate policy intervention. This underscores the necessity for context-specific
transition strategies that account for Africa's unique governance challenges and urban development trajectories. The policy
implications are clear: achieving meaningful sustainability transitions requires moving beyond technology-focused solutions to
address the institutional and spatial dimensions of energy systems. Future research should focus on operationalizing these insights
through innovative policy designs that simultaneously tackle renewable deployment, governance reform, and sustainable urban
planning - the three pillars of effective transition identified in our framework.

Conclusions and Recommendations

This study provides compelling evidence that strategic renewable energy deployment serves as the primary catalyst for improving
environmental sustainability across African economies, as clearly demonstrated by Morocco's gains from concentrated solar power
and Kenya's achievements in geothermal development. However, the research reveals several critical mitigating factors that require
attention. First, the rapid growth of urban areas diminishes nearly one third of the potential sustainability benefits from renewable
projects. Second, continued widespread reliance on traditional biomass energy sources significantly hampers progress in ecosystem
restoration. Third, and perhaps most importantly, the quality of governance and institutional frameworks plays a decisive role in
determining outcomes, as starkly illustrated by the contrast between Nigeria's policy implementation failures and Morocco's
successful execution of its solar strategy. These findings necessitate a reevaluation of conventional development models by
establishing that economic expansion alone cannot ensure ecological sustainability in the African context. The research underscores
that deliberate, well-designed policy interventions focused specifically on enhancing fossil fuel efficiency and controlling
deforestation are absolutely essential components of any effective sustainability strategy.

To translate these insights into concrete action, the study proposes several key recommendations. African governments should
formally incorporate Load Capacity Factor metrics into their national climate action plans and policy frameworks. This
institutionalization process should emphasize support for high-impact renewable technologies that have demonstrated success in the
region, including Kenya's geothermal systems and Morocco's concentrated solar power installations, while simultaneously
implementing and enforcing stricter standards for fossil fuel efficiency.

The international community has an important role to play by reorienting climate finance mechanisms to support African-
led renewable energy manufacturing initiatives and comprehensive just transition programs, moving away from the current
overreliance on isolated, short-term projects. At the local level, policymakers must develop tailored solutions to address the dual
challenges of urban expansion and biomass dependence through initiatives such as clean cooking fuel programs and sustainable
urban development strategies that incorporate green infrastructure. For the research community, future work should focus on refining
the application of LCF metrics at subnational levels to better capture regional variations in both energy access needs and ecological

vulnerability. By adopting this comprehensive, multi-scale approach that coordinates national policy frameworks with local
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implementation strategies and international support mechanisms, African nations can pioneer a development model that successfully
balances energy security requirements with environmental preservation goals. This integrated approach could establish an important
precedent for sustainable development in resource-dependent economies worldwide.
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