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Penyediaan akses listrik yang andal, ekonomis, dan berkelanjutan masih 

menjadi tantangan utama sistem ketenagalistrikan di Afrika Barat. 

Meskipun kawasan ini memiliki potensi energi terbarukan yang besar, 
fragmentasi perencanaan nasional serta keterbatasan interkoneksi transmisi 

lintas negara menghambat optimalisasi pemanfaatan sumber daya energi. 

Penelitian ini menganalisis integrasi pembangkitan energi terbarukan lintas 

negara dalam sistem tenaga regional ECOWAS dari perspektif teknis, 
ekonomis, dan kelembagaan. Pemodelan sistem tenaga dilakukan 

menggunakan perangkat lunak PyPSA dengan konfigurasi jaringan 14-bus 

regional yang disimulasikan selama satu tahun operasi penuh 
menggunakan profil beban dan pembangkitan beresolusi tinggi. Tiga 

skenario dianalisis, yaitu Business-as-Usual, skema Power Purchase 

Agreement (PPA) berbasis swasta, dan Coordinated Regional Integration. 
Evaluasi kinerja sistem dilakukan berdasarkan indikator biaya marjinal 

sistem, tingkat penetrasi energi terbarukan, utilisasi jaringan transmisi, 

serta indeks keandalan sistem. Hasil simulasi menunjukkan bahwa 

skenario Coordinated Integration memberikan performa terbaik dengan 
penurunan biaya marjinal sistem hingga 36%, tingkat penetrasi energi 

terbarukan melebihi 60%, serta peningkatan keandalan sistem melalui 

mekanisme load balancing dan reserve sharing antarnegara. Sebaliknya, 
skenario Business-as-Usual dan PPA menunjukkan keterbatasan kinerja 

akibat rendahnya efisiensi pemanfaatan jaringan dan ketidakterpaduan 

regulasi. Penelitian ini menegaskan bahwa keberhasilan integrasi sistem 
tenaga regional tidak hanya bergantung pada pembangunan infrastruktur, 

tetapi juga memerlukan harmonisasi standar operasi, keselarasan regulasi 

ketenagalistrikan, serta penguatan kelembagaan regional guna mendukung 

transisi energi berkelanjutan dan ketahanan sistem tenaga di Afrika Barat. 
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Achieving reliable, affordable, and sustainable electricity access remains 

a critical challenge for power systems in West Africa. Although the region 
possesses abundant renewable energy resources, fragmented national 

planning and limited cross-border transmission interconnections continue 

to restrict optimal resource utilization. This study investigates the 
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power system 

modeling 
technical, economic, and institutional implications of cross-border 

renewable power integration within the ECOWAS regional power system. 
Power system modeling was conducted using the PyPSA platform, 

representing a 14-bus regional network simulated over a full annual 

operating cycle with high-resolution demand and generation profiles. 

Three operational scenarios were assessed: Business-as-Usual, private-
led Power Purchase Agreements (PPAs), and Coordinated Regional 

Integration. System performance was evaluated using system marginal 

costs, renewable energy penetration, transmission utilization, and 
reliability indices. The results indicate that the Coordinated Integration 

scenario significantly outperforms the other scenarios, achieving up to a 

36% reduction in average system marginal costs, renewable energy 

penetration exceeding 60%, and improved grid reliability through 
enhanced load balancing and reserve-sharing mechanisms. In contrast, 

the Business-as-Usual and PPA-based scenarios exhibit lower 

performance due to inefficient transmission utilization and institutional 
fragmentation. The findings highlight that infrastructure expansion alone 

is insufficient to ensure optimal regional power system performance. 

Effective integration requires harmonized operational standards, 
consistent regulatory frameworks, and strengthened regional institutions. 

Enhancing the roles of the West African Power Pool (WAPP) and the 

ECOWAS Centre for Renewable Energy and Energy Efficiency 

(ECREEE), supported by performance-based regional investment 
mechanisms, is essential to unlock the full benefits of cross-border energy 

cooperation. This study provides a technically grounded and policy-

relevant framework to accelerate energy transition, improve power system 
resilience, and foster economic integration across West Africa. 

 

 

INTRODUCTION 

Access to reliable and affordable energy remains a persistent developmental 

barrier in West Africa. As of 2022, the regional electrification rate was approximately 

52%, with rural access falling below 30% in many member states of the Economic 

Community of West African States (ECOWAS) (International Energy Agency, 2022). 

The region possesses abundant renewable resources estimated at over 2,000 GW of 

solar potential, 5 GW of wind potential in select coastal areas, and 23 GW of 

hydropower potential (ECREEE, 2023). Yet, much of this remains untapped due to 

infrastructural, institutional, and financial constraints. The concept of cross-border 

power integration, particularly through renewables, has garnered increasing attention. 

Interconnected electricity markets reduce the need for redundant national generation, 

facilitate load balancing across borders, and optimize resource utilization (Olaniyi et al., 

2025). West Africa has made strides with the establishment of the West African Power 

Pool (WAPP), which aims to create a unified regional electricity market by 2030. The 

WAPP has initiated major transmission projects, such as the Côte d’Ivoire, Liberia, 

Sierra Leone, and Guinea (CLSG) line and the North Core Project, which collectively 

represent over 2,000 km of interconnection capacity (Bissiri, 2024). 
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These developments are nested within broader regional frameworks such as the 

ECOWAS Renewable Energy Policy (EREP) and the ECOWAS Energy Efficiency 

Policy (EEEP), which provide targets for 48% renewable penetration in electricity 

generation by 2030 (ECOWAS Commission, 2022a). These policy mechanisms reflect 

a paradigm shift toward shared infrastructure, cross-border energy trade, and integrated 

planning. 

Despite promising frameworks and significant investments, the integration of 

renewable energy systems across West African borders remains constrained. 

Operational bottlenecks include the lack of harmonized technical standards, 

asynchronous grid codes, and fragmented market structures (Katterbauer et al., 2024). 

Institutional weaknesses, such as limited regulatory capacity and non-alignment of 

national policies, compound these technical challenges. Moreover, political instability, 

weak inter-agency coordination, and slow project implementation timelines pose 

additional threats to cross-border initiatives (Nkansah, 2025). Power integration through 

renewables is further limited by inadequate forecasting capabilities, the absence of real-

time grid management systems, and underdeveloped energy storage infrastructure. 

These gaps result in stranded renewable assets, inefficient energy dispatch, and missed 

opportunities for climate-resilient economic transformation (Asogwa & Azu, 2024). 

This study investigates the opportunities and challenges involved in cross-border 

renewable energy integration within the West African region. It examines the policy, 

technical, economic, and institutional dimensions shaping regional energy cooperation 

and evaluates strategies to accelerate sustainable power sharing and market 

harmonization. Emphasis is placed on leveraging regional complementarities such as 

solar-rich Sahelian zones and hydro-abundant Guinea Highlands to facilitate 

cooperative and optimized energy transitions. The paper addresses the following 

questions: 

1. What are the core institutional, regulatory, and infrastructure-related enablers and 

constraints in cross-border renewable energy integration in West Africa? 

2. How do current regional initiatives align with best practices in integrated power 

markets globally? 

3. What policy, financial, and technological mechanisms can unlock greater synergy in 

West African renewable energy cooperation? 

The article contributes to a growing body of literature emphasizing regional 

energy transitions in the Global South. It adds empirical value through a 

multidisciplinary framework that integrates policy analysis, techno-economic 

assessment, and simulation-based modelling of regional interconnection scenarios. 

Findings are intended to inform ECOWAS regulators, WAPP stakeholders, regional 

financiers (e.g., AfDB, WB, IRENA), and private sector actors about actionable steps to 

scale renewable integration. The study also contextualizes the relevance of advanced 

grid technologies such as AI-based load balancing, blockchain-enabled power trading, 
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and regional battery banks, which are increasingly critical for next-generation regional 

energy systems (Katterbauer, 2023; IRENA, 2023a). 

The remainder of this paper is organized as follows: Section 2 reviews relevant 

theories and recent empirical studies on cross-border renewable energy systems. Section 

3 describes the methodology, including data sources and analytical models. Section 4 

presents simulated results based on realistic regional parameters. Section 5 discusses the 

implications for infrastructure, governance, and policy design. Section 6 concludes with 

strategic recommendations and avenues for future research. 

 

LITERATURE REVIEW 

Theoretical Perspectives on Energy Integration 

Energy integration is underpinned by theories of regionalism and 

interdependence. Neofunctionalism, as developed by Ernst Haas, suggests that technical 

cooperation in sectors such as energy often spills over into political and economic 

integration (Haas, 2020). Within West Africa, the vision of a unified electricity market 

is rooted in this idea, where shared infrastructure not only enhances reliability but also 

deepens economic ties. 

From a systems theory perspective, energy integration can reduce overall system 

costs, enhance resilience to local shocks, and promote energy justice across territories 

with unequal natural endowments (Scholten et al., 2021). Interdependence theory 

further posits that mutual energy flows incentivize peaceful relations and increase 

economic interconnectivity, which is crucial for regions with histories of political 

instability (Keohane & Nye, 2020) 

Global Best Practices in Renewable Energy Integration 

Successful international examples offer instructive models. The European 

Network of Transmission System Operators for Electricity (ENTSO-E) is a benchmark 

for continental grid coordination. It uses harmonized grid codes, centralized balancing 

platforms, and advanced data-sharing protocols to support renewable integration 

(ENTSO-E, 2023). Similarly, the Southern African Power Pool (SAPP) has 

operationalized competitive electricity trading with real-time dispatch systems and day-

ahead markets across 12 countries (Zeyringer et al., 2021). 

ASEAN’s integrated energy roadmap reveals that cross-border electricity trade 

success is contingent on synchronized regulatory frameworks and strong multilateral 

institutions (Nguyen & Kimura, 2020). These examples show that technological 

interoperability, aligned policy targets, and private sector engagement are foundational 

to regional success. 

Renewable Energy Development in West Africa 

West Africa is endowed with significant renewable energy potential. The region 

holds more than 2,000 GW of solar potential, particularly concentrated in the Sahelian 

countries, alongside vast hydropower capacities in the Guinea Highlands and parts of 

Nigeria (ECREEE, 2023). According to IRENA, ECOWAS member states had installed 
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over 8.5 GW of renewable energy by 2023, largely from hydropower and increasingly 

from solar PV (IRENA, 2023b). 

Ghana, Senegal, and Burkina Faso have demonstrated scalable solar projects, 

while Mali and Guinea continue to harness hydropower for national and cross-border 

export. The West African Power Pool (WAPP) has been instrumental in planning 

interconnections such as the CLSG line (Côte d’Ivoire, Liberia, Sierra Leone, Guinea), 

which aims to connect 14 countries into a single electricity market by 2030 (West 

African Power Pool, 2022). The ECOWAS Renewable Energy Policy (EREP) and 

ECOWAS Energy Efficiency Policy (EEEP) set targets for 48% renewable penetration 

and a 30% reduction in electricity losses by 2030, respectively (ECOWAS Commission, 

2022b). 

Challenges Identified in Regional Integration 

Despite these advancements, integration remains incomplete. Technical 

limitations persist due to differences in grid frequencies, outdated infrastructure, and 

weak data systems for real-time coordination (Olaniyi et al., 2025). Institutional 

misalignments also impede progress. National energy policies often lack coherence with 

regional plans, and utility companies in some countries face solvency issues that 

discourage private investment (Katterbauer et al., 2024). Political instability and conflict 

risks in parts of the Sahel further undermine long-term project financing, while 

procedural delays in regulatory approvals hinder grid investments (International Finance 

Corporation, 2021). Additionally, market mechanisms like power purchase agreements 

(PPAs) are underdeveloped for cross-border scenarios, with most trade still based on 

bilateral government-level arrangements rather than competitive trading frameworks 

(World Bank, 2020). 

Research Gaps and Emerging Opportunities 

Scholars have highlighted critical knowledge gaps. Bissiri (2024) emphasizes 

that existing capacity expansion models do not adequately incorporate institutional 

readiness or social acceptance dynamics, making implementation less viable in real-

world contexts (Bissiri, 2024). Most planning tools remain deterministic and lack 

stochastic modeling or scenario-based simulations that account for political and climate 

uncertainties. 

Furthermore, very few studies examine the role of emerging technologies such 

as artificial intelligence, blockchain in energy trading, and digital twins in managing 

interconnected grids in the ECOWAS context (Melo, 2025). There is also limited 

empirical research on how cross-border infrastructure affects local communities, 

particularly regarding displacement, land use conflicts, and equitable compensation. 

Contributions of This Study 

This study addresses these gaps through a multidisciplinary approach that 

integrates: 

1. Techno-economic simulation of cross-border energy flows. 

2. Institutional analysis using policy coherence diagnostics. 
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3. Social and governance risk modeling. 

4. Lessons from global case studies contextualized for West Africa. 

In doing so, it contributes a robust, actionable framework for decision-makers, 

development partners, and regional utilities working toward a harmonized energy 

future. 

 

METHODS 

Research Design and Approach 

This study adopted a mixed-methods, exploratory research design that integrated 

quantitative modeling with qualitative inquiry to assess the technical, economic, and 

institutional dimensions of cross-border renewable energy integration in West Africa. 

The design was structured to accommodate the complexity of energy planning across 

multiple jurisdictions, particularly given the diversity in grid infrastructure, policy 

maturity, and regulatory frameworks among the participating countries. 

The research was conducted over 12 months, from January to December 2023, 

and was structured into three iterative phases. The first phase focused on collecting 

baseline data and initializing the model. In this stage, energy demand projections, 

generation profiles, grid topology, and interconnection attributes were compiled and 

cleaned for simulation. The second phase involved scenario development, system 

simulation, and probabilistic evaluation. Here, technical models were run to simulate 

power exchanges under three policy-driven scenarios: Business-as-Usual, Coordinated 

Integration, and Private-led Power Purchase Agreements (PPAs). The final phase 

incorporated stakeholder engagement and institutional diagnostics, utilizing qualitative 

data to interpret model outputs in light of regulatory realities and market behavior. 

The study was conceptually grounded in the Integrated Energy Planning (IEP) 

paradigm, which emphasizes the alignment of infrastructure, policy, and social systems 

in long-term energy strategies. The analytical framework was operationalized using 

Multi-Criteria Decision Analysis (MCDA), which enabled structured prioritization of 

competing objectives: cost, reliability, emissions, and institutional coherence—across 

national and regional levels. This was complemented by a cross-border electricity trade 

modeling framework informed by recent peer-reviewed studies (Kaabeche et al., 2020; 

Deane et al., 2021), allowing for both spatially explicit power flow simulation and 

sensitivity analysis under policy uncertainty. 

Quantitative modeling incorporated power system simulations using a 

MATLAB-based linear optimization environment. Transmission losses, renewable 

intermittency, and hourly dispatch constraints were embedded into the model using 

stochastic and deterministic inputs. A Monte Carlo probabilistic framework was applied 

to assess volatility in cross-border trade outcomes under demand and supply 

uncertainty. These technical evaluations were complemented by policy diagnostics 

using institutional alignment matrices that captured the congruence between national 

policies and regional integration goals. 
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Data Collection Methods 

Data collection comprised both secondary and primary sources, ensuring a 

robust and triangulated evidence base. Secondary data were obtained from institutional 

repositories and publicly available datasets, including the West African Power Pool 

(WAPP), ECOWAS Centre for Renewable Energy and Energy Efficiency (ECREEE), 

International Renewable Energy Agency (IRENA), and OpenEI. Key datasets included 

transmission network configurations, country-level generation capacity profiles, hourly 

renewable resource availability (solar PV and wind), historic demand series, and 

investment cost benchmarks. Additionally, regional policy documents were 

systematically reviewed, including the ECOWAS Renewable Energy Policy (EREP), 

ECOWAS Energy Efficiency Policy (EEEP), and the 2023 WAPP Master Plan. These 

documents were analyzed to extract regulatory mandates, investment prioritization 

criteria, tariff harmonization strategies, and cross-border coordination mechanisms 

(ECOWAS Commission, 2023). 

Primary data collection involved a total of fourteen semi-structured interviews 

with key stakeholders directly engaged in cross-border electricity planning, 

infrastructure development, and regulatory governance. Participants were purposefully 

selected to ensure cross-institutional and cross-country representation. They included 

five senior grid operators from national utilities, four executives from private renewable 

energy firms involved in regional projects, three officials from WAPP's Planning and 

Operations Department, and two representatives from national energy regulatory 

commissions. The interviews were conducted either in person or via secure video 

conferencing platforms, with each session lasting between 45 and 90 minutes. All 

interviews were audio-recorded with participant consent, professionally transcribed, and 

imported into NVivo 12 for qualitative analysis. 

The transcribed data were coded thematically using an inductive approach to 

uncover latent patterns related to institutional readiness, regulatory bottlenecks, 

investment risk perceptions, and infrastructure interoperability. Emerging themes were 

used to triangulate simulation assumptions, validate scenario feasibility, and refine 

policy alignment indicators. The use of NVivo also facilitated the creation of 

stakeholder influence maps and institutional coordination matrices, which were 

integrated into the MCDA model as qualitative performance criteria. 

Case Study Selection 

The selection of Ghana, Nigeria, Côte d’Ivoire, and Burkina Faso as case studies 

was guided by both strategic relevance and methodological rigor. These countries were 

identified based on their active participation in ongoing regional interconnection 

projects such as the Côte d’Ivoire, Liberia, Sierra Leone, Guinea (CLSG) line, the North 

Core Transmission Project, and the Gambia River Basin Development Organization 

(OMVG) interconnection. These projects collectively represent key nodes in the 

evolving West African Power Pool (WAPP) architecture and are central to ECOWAS’s 

broader strategy for regional energy market integration. 
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Beyond their infrastructure involvement, the selected countries represent a 

diverse cross-section of the ECOWAS region in terms of energy endowments, policy 

maturity, and institutional capacity. Ghana and Côte d’Ivoire have relatively advanced 

renewable energy policies and grid stability metrics, while Nigeria offers significant 

scale but is challenged by regulatory fragmentation. Burkina Faso, although smaller in 

system size, has emerged as a frontier market for decentralized renewables and bilateral 

trading arrangements. This heterogeneity in technical characteristics, institutional 

environments, and political economy contexts provided a robust comparative platform 

for examining the enabling and constraining factors in regional integration. 

The comparative case design also allowed for the application of structured cross-

case synthesis techniques, whereby variations in modeling outcomes could be 

interpreted through the lens of policy coherence, stakeholder alignment, and 

infrastructure readiness (Agyekum et al., 2023). In doing so, the case selection 

supported both the external validity of simulation results and the contextual grounding 

of policy recommendations. 

Analytical Framework 

Power system modeling was undertaken using the Python for Power System 

Analysis (PyPSA) platform. A regionalized, node-based model was developed to 

simulate a 14-bus interconnected transmission system representing each ECOWAS 

country. Generation technologies modeled included hydroelectric, solar photovoltaic 

(PV), onshore wind, gas turbines, and heavy fuel oil. The hourly dispatch model was 

executed over a full 8,760-hour year for the base year 2023 using actual meteorological 

data from NASA POWER and IRENA datasets. The simulation incorporated spatial 

load balancing, temporal variability of renewable generation, and country-specific 

demand profiles, with cross-border transfer constraints imposed by known transmission 

limits (Brown et al., 2018). 

A Direct Current Optimal Power Flow (DC-OPF) approach was employed to 

solve for hourly generation dispatch and nodal prices. System operation was subject to 

energy balance, generator ramping constraints, reserve margins, and transmission 

capacity limits. Output metrics included nodal marginal prices, transmission line 

utilization, renewable curtailment rates, and total system cost. Model calibration was 

performed using historical SCADA logs from Nigeria's Transmission Company (TCN) 

and Ghana Grid Company (GridCo), ensuring realistic network performance 

assumptions (GridCo Ghana, 2023). 

Uncertainty analysis was conducted using a Monte Carlo simulation that 

evaluated operational risks under probabilistic input distributions. Solar irradiance, 

hydro inflow, hourly demand, and forced outage rates were modeled using Beta, 

Weibull, Normal, and Bernoulli distributions, respectively. The simulation was 

executed over 10,000 iterations for three scenarios: business-as-usual with minimal 

interconnection, coordinated regional integration with 50% renewable penetration, and a 

private-led PPA expansion strategy under moderate harmonization. Key indicators 
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analyzed included Loss of Load Probability (LOLP), Expected Energy Not Served 

(EENS), and frequency of congestion at interconnection points (Pillai et al., 2022). 

To assess the policy and institutional environment, a Policy Coherence Index 

(PCI) was constructed. This index evaluated the alignment of national energy 

frameworks with regional integration objectives using seven dimensions: regulatory 

independence, renewable portfolio mandates, tariff rationalization, transmission 

infrastructure planning, interconnection readiness, private sector facilitation, and 

participation in WAPP governance. Each dimension was scored on a four-point scale 

based on content analysis of national documents, regulatory instruments, and 

stakeholder interviews. PCI scores were normalized to a 0–1 scale and spatially mapped 

across the ECOWAS region. Countries with PCI above 0.75 were deemed highly 

aligned; those below 0.4 were classified as misaligned (Peters et al., 2020). 

Stakeholder analysis was undertaken using a power-interest grid derived from 

Freeman's stakeholder theory. Twelve stakeholders, including WAPP, ECOWAS 

Commission, AfDB, national energy commissions, and private independent power 

producers (IPPs), were assessed along four axes: influence on energy trade, institutional 

capacity, financial leverage, and alignment with integration objectives. Stakeholder 

behavior was classified as supportive, neutral, or resistant. Identified risks, technical, 

financial, regulatory, and political, were then subjected to qualitative heat mapping, 

assigning severity and likelihood scores based on both literature synthesis and expert 

assessments (Freeman et al., 2020). Figure 1 shows the schematic diagram for the 

framework. 

 

 
Figure 1. Schematic Diagram for The Analytical Framework 

 

Limitations and Assumptions 

The study acknowledged several limitations. Grid operational data, such as real-

time dispatch logs and dynamic line ratings, were not publicly available for all countries 

and had to be inferred or approximated using proxy values from comparable systems. 

Political risk factors such as regime instability and violent extremism in the Sahel were 

only modeled qualitatively, though they remain critically important to project execution 

and investor confidence. 
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Cost inputs for future scenarios were kept static based on current technology 

learning rates, potentially underestimating the future competitiveness of solar-plus-

storage systems. Demand growth was modeled using linear projections, which may not 

fully reflect urbanization surges or industrial shifts from regional economic policies 

such as the African Continental Free Trade Agreement (AfCFTA). Assumptions 

underpinning the model included the completion of WAPP Priority Projects by 2030, 

stable currency environments for tariff reconciliation, and continued donor support for 

transmission upgrades through blended financing from the World Bank, African 

Development Bank, and ECOWAS Investment Bank (Camargo et al., 2021). 

 

RESULT AND DISCUSSION 

System Marginal Costs and Economic Efficiency 

Simulation results (Table 1) revealed significant differences in average system 

marginal costs (SMC) across the three scenarios: Business-as-Usual, Coordinated 

Integration, and Private-led PPA. Under the Business-as-Usual scenario, countries 

exhibited high SMCs, with Nigeria reaching $112/MWh, reflecting continued reliance 

on costly thermal generation and inefficient bilateral trade arrangements. Ghana, Côte 

d’Ivoire, and Burkina Faso followed closely, showing values of $105/MWh, $98/MWh, 

and $110/MWh, respectively. In contrast, the Coordinated Integration scenario showed 

a substantial drop in costs, achieving $78/MWh in Nigeria and as low as $69/MWh in 

Côte d’Ivoire. This improvement stems from synchronized grid operations, optimized 

regional dispatch, and expanded access to low-cost hydro and solar generation assets. 

The Private-led PPA scenario presented moderately improved outcomes, with 

SMCs ranging from $83–92/MWh, largely due to the increased deployment of utility-

scale solar under bilateral agreements but limited by transmission inefficiencies and 

regulatory fragmentation. 

 

Table 1. Average System Marginal Cost (USD/MWh) under Each Scenario 

Scenario Nigeria Ghana 
Côte 

d’Ivoire 

Burkina 

Faso 

Business-as-Usual 112 105 98 110 

Coordinated 

Integration 
78 74 69 73 

Private-led PPA 92 88 83 90 

 

Figure 2 illustrates the comparative cost efficiency of coordinated regional 

integration, underscoring the economies of scale achieved through collective dispatch 

mechanisms. These results support Camargo et al. (2021), who argue that harmonized 

regional electricity markets typically deliver lower marginal costs than fragmented or 

bilateral systems. Similar findings in Deane et al. (2021) further validate that system-

wide planning enhances operational cost efficiency. 
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Figure 2. Average System Marginal Cost by Country and Scenario 

 

Renewable Energy Share 

Renewable penetration rates varied significantly across scenarios, as shown in 

Table 2. The Business-as-Usual model yielded minimal progress, with renewable shares 

between 22% (Côte d’Ivoire) and 28% (Ghana). This stagnation aligns with existing 

literature on inertia in national-level energy transitions when isolated from regional 

frameworks (Deane et al., 2021). In the Coordinated Integration scenario, countries 

achieved between 51% and 60% renewable generation. Burkina Faso, despite low hydro 

capacity, benefited from surplus imports of renewable energy from neighboring 

countries, particularly solar-rich Mali and hydro-endowed Ghana. This underscores the 

critical role of cross-border interconnection in aggregating geographically diverse 

renewable potentials. 

The Private-led PPA scenario produced intermediate values (38–41%) but 

demonstrated uneven deployment, with limited integration into national load curves due 

to regulatory constraints and the absence of balancing protocols. 

 

Table 2. Simulated Renewable Energy Share (%) under Each Scenario 

Scenario Nigeria Ghana 
Côte 

d’Ivoire 

Burkina 

Faso 

Business-as-Usual 23 28 22 25 

Coordinated 

Integration 
51 55 60 53 

Private-led PPA 38 41 40 39 

 

Figure 3 visualizes the sharp increase in renewable share under a coordinated 

planning regime, reinforcing IRENA’s assertion that regional energy pooling accelerates 

clean energy deployment (Peters et al., 2020). 
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Figure 3. Renewable Energy Share by Country and Scenario 

 

Transmission Network Utilization 

Transmission utilization offered insights into the operational efficiency of 

regional interconnections, as shown in Table 3. Under the Business-as-Usual condition, 

grid utilization remained low (44%–50%) due to limited operational coordination, 

underinvestment in regional dispatch centers, and continued national prioritization. 

In contrast, the Coordinated Integration scenario yielded peak utilization levels, 

with Côte d’Ivoire and Ghana recording over 85% utilization of installed cross-border 

capacity. This reflects optimal flow balancing and joint investment scheduling in high-

capacity corridors such as CLSG and the North Core project. The Private led PPA 

scenario saw moderate utilization (66%–70%), hindered by contractual bottlenecks and 

limited interoperability between national grid codes. 

 

Table 3. Simulated Transmission Utilization (%) under Each Scenario 

Scenario Nigeria Ghana 
Côte 

d’Ivoire 

Burkina 

Faso 

Business-as-Usual 45 50 47 44 

Coordinated 

Integration 
82 85 87 80 

Private-led PPA 66 70 69 68 

 

Figure 4 highlights the strategic importance of coordinated infrastructure 

investment in unlocking the full potential of regional energy assets. These outcomes are 

consistent with findings from the African Development Bank (2023), which emphasized 

underutilized transmission capacity as a critical bottleneck in ECOWAS due to 

institutional fragmentation. 

 



Jurnal Pengabdian KOLABORATIF  

Vol. 4 No. 1 (2026) pp.97-115 

DOI: 10.26623/kolaboratif.v4i1.12796 109  

  

 
Figure 4. Transmission Utilization by Country and Scenario 

 

Grid Reliability and Curtailment 

The results of the reliability analysis revealed stark differences across the three 

scenarios, highlighting the operational vulnerabilities of fragmented systems and the 

systemic resilience benefits of regional integration. Under the Business-as-Usual 

scenario, all countries recorded elevated reliability risks. Nigeria experienced the highest 

Loss of Load Probability (LOLP) at 2.8%, while Burkina Faso followed with 3.5%. 

These high LOLP values reflect chronic supply shortages, rigid national balancing 

arrangements, and inadequate reserve margins. Similarly, Expected Energy Not Served 

(EENS) was substantial, with Nigeria and Burkina Faso registering 1,240 GWh and 960 

GWh of unmet demand, respectively. These reliability gaps are further compounded by 

significant renewable curtailment rates, ranging between 4.8% and 6.9%, particularly in 

solar-rich Burkina Faso and Nigeria. 

In contrast, the Coordinated Integration scenario demonstrated superior 

performance across all reliability indicators. LOLP values were suppressed to below 

0.5% in every country, with Ghana and Côte d’Ivoire achieving near-zero values of 0.3% 

and 0.2%, respectively. EENS was drastically reduced by 75% in Nigeria and over 80% 

in Côte d’Ivoire, demonstrating the effectiveness of synchronized regional balancing and 

real-time surplus reallocation. Curtailment rates fell below 1% across the board, 

confirming that regional load balancing significantly mitigates both supply shortages and 

excess generation bottlenecks (Pillai et al., 2022). 

The Private-led PPA scenario provided moderate improvements over the 

baseline. LOLP values dropped modestly to between 0.9% and 1.5%, and curtailment 

rates remained between 2.0% and 3.3%. However, the absence of system-wide 

coordination meant that transmission constraints and localized demand spikes still led to 

suboptimal reliability performance. These results strongly support the premise that cross-

border operational coordination, shared reserve management, and harmonized grid 
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protocols are not optional add-ons but fundamental enablers of system reliability and 

renewable integration. 

 

Table 4. Grid Reliability and Curtailment Metrics 

Scenario 

LOLP_

NG 

(%) 

LOLP

_GH 

(%) 

LOLP

_CIV 

(%) 

LOLP

_BF 

(%) 

EENS_

NG 

(GWh) 

EENS_

GH 

(GWh) 

EENS_

CIV 

(GWh) 

EENS_

BF 

(GWh) 

Curt

_NG 

(%) 

Curt

_GH 

(%) 

Curt

_CIV 

(%) 

Curt

_BF 

(%) 

Business-as-
Usual 

2.8 2.1 1.7 3.5 1240 840 660 960 6.4 5.7 4.8 6.9 

Coordinated 
Integration 

0.4 0.3 0.2 0.5 315 190 125 260 0.8 0.6 0.5 0.9 

Private-led 
PPA 

1.2 1.0 0.9 1.5 680 420 305 540 3.1 2.4 2.0 3.3 

 

Summary of Comparative Scenario Outcomes 

The Coordinated Integration scenario outperformed both the Business-as-Usual 

and Private-led PPA models in nearly all key indicators: cost, renewable penetration, 

transmission usage, and reliability. It demonstrated that a harmonized policy 

environment and shared infrastructure planning could generate systemic benefits worth 

billions of dollars annually while accelerating ECOWAS’s transition toward a low-

carbon energy future. 

Discussion of Findings 

The findings from this study provide compelling evidence that coordinated 

regional integration in West Africa offers a superior strategy for achieving a low-cost, 

reliable, and decarbonized electricity system. The simulation results clearly highlight 

that the Coordinated Integration scenario outperforms both the Business-as-Usual and 

Private-led PPA frameworks across all key performance indicators. This section 

synthesizes these results within the broader institutional, economic, and regulatory 

contexts shaping the energy landscape of the ECOWAS region. 

System Marginal Cost Reductions through Regional Optimization 

The Coordinated Integration scenario yielded up to a 36% reduction in average 

system marginal costs (SMC) compared to the Business-as-Usual model. These savings 

were particularly pronounced in Nigeria and Burkina Faso, where the transition from 

predominantly thermal-based and islanded systems to regionally coordinated generation 

led to dramatic operational cost reductions. Nigeria's marginal cost fell from $112/MWh 

to $78/MWh, while Burkina Faso’s dropped from $110/MWh to $73/MWh. 

These findings align with previous cross-border trade models in sub-Saharan 

Africa, which have shown that joint dispatch and multi-country balancing reduce total 

system cost by optimizing generator efficiency, minimizing fuel consumption, and 

reducing reserve requirements. Camargo et al. (2021) demonstrated similar outcomes in 

Latin American regional integration models, emphasizing that economic efficiency is 

maximized when generation assets are scheduled at the regional level rather than 

bilaterally or nationally. 
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The Private-led PPA scenario, while showing moderate improvements, failed to 

fully capitalize on economies of scale and balancing diversity due to fragmented 

infrastructure use and limited system-wide coordination. Although PPAs can mobilize 

capital, their isolated nature often leads to redundancy, system imbalance, and higher 

cost volatility, as shown by Deane et al. (2021). 

Renewable Energy Penetration and Grid Synchronization 

One of the most important outcomes of the Coordinated Integration model was 

its ability to facilitate a significant increase in renewable energy penetration, reaching 

60% in Côte d’Ivoire and over 50% in the other three countries. These increases were 

largely driven by the optimized deployment of hydroelectric capacity in Ghana and 

Côte d’Ivoire, and high solar PV utilization in Burkina Faso and Nigeria. The 

integration enabled better spatial diversification of resources and allowed surplus 

renewable power to be exported across borders, smoothing the intermittency of variable 

renewables. 

This evidence supports IRENA’s analysis of African power pools, which shows 

that cross-border interconnectivity increases dispatchable renewable potential by 25–

40% by enabling real-time rebalancing across diverse resource zones (Peters et al., 

2020). Without such integration, countries with high solar potential, like Burkina Faso, 

are limited by domestic absorption capacity and end up curtailing generation during 

peak production hours. Importantly, the Business-as-Usual scenario saw renewable 

shares stagnate below 30% despite significant solar resource potential. This reflects 

policy disjunctions, underinvestment in balancing technologies, and the lack of a 

cohesive regional energy framework. As Peters et al. (2020) have noted, without 

institutional convergence and synchronized energy codes, national-level renewable 

expansion may plateau, even with financial support. 

Transmission Utilization and Infrastructure Efficiency 

Transmission utilization under Coordinated Integration surpassed 80% across all 

countries, indicating high operational efficiency and minimal transmission idle time. In 

contrast, the Business-as-Usual scenario exhibited widespread underutilization, with 

transmission usage falling below 50%, despite the existence of completed 

interconnection lines such as the CLSG and North Core projects. 

These findings mirror those reported by the African Development Bank, which 

noted that over $1.2 billion worth of transmission infrastructure in West Africa 

remained underutilized due to non-aligned dispatch procedures and fragmented grid 

codes [39]. In the simulation, high utilization in the Coordinated Integration scenario 

was driven by centralized dispatch algorithms and the establishment of a shared 

SCADA (Supervisory Control and Data Acquisition) framework, both of which enabled 

real-time cross-border power flow management. Moreover, the study’s Policy 

Coherence Index (PCI) showed that countries with stronger alignment to regional 

frameworks, such as Ghana and Côte d’Ivoire, had higher utilization rates, affirming 

that institutional readiness is a prerequisite for infrastructure efficiency. 
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Grid Reliability and Curtailment Minimization 

The Monte Carlo simulations demonstrated that Coordinated Integration was the 

only scenario capable of achieving grid reliability metrics consistent with international 

benchmarks. Specifically, the Loss of Load Probability (LOLP) fell below 0.5% in all 

cases, and Expected Energy Not Served (EENS) declined by over 65% compared to the 

baseline. These improvements were achieved through real-time power exchange, 

surplus sharing, and dynamic reserve allocation, all of which are characteristic of well-

integrated power pools (Pillai et al., 2022). 

Burkina Faso, historically a net energy importer with frequent blackouts, 

experienced the highest gains in reliability. Access to Ghana’s dispatchable hydropower 

and Côte d’Ivoire’s spinning reserves enabled Burkina Faso to eliminate over 70% of its 

simulated unserved energy events. These results reinforce the conclusions drawn by 

Pillai et al. (2022), who showed that regional balancing significantly enhances 

reliability, particularly in small, demand-vulnerable countries. Curtailment was also 

drastically reduced under Coordinated Integration from 6% to less than 1% in solar-

dominant regions by allowing real-time grid response and cross-border reallocation of 

surplus power. This further emphasizes the role of grid synchronization technologies 

and shared forecasting protocols in unlocking full renewable utilization. 

Institutional Gaps, Stakeholder Complexity, and Policy Implications 

Despite the demonstrated advantages of regional integration, the practical 

realization of these gains hinges on overcoming significant institutional barriers. The 

stakeholder analysis revealed a fragmented governance environment characterized by 

inconsistent tariff regimes, weak cross-border contract enforcement, and limited 

authority for regional bodies like WAPP and ECREEE. 

As shown in the literature, political economy factors such as national energy 

sovereignty, entrenched utility monopolies, and uneven reform agendas often inhibit the 

formation of functioning regional electricity markets (Freeman et al., 2020; African 

Development Bank, 2023). The Coordinated Integration model’s success depends on 

creating binding institutional frameworks that not only align national regulations but 

also empower regional entities with enforcement capacity and financial autonomy. The 

findings suggest that ECOWAS must move beyond voluntary coordination to a rules-

based governance structure, similar to the European ENTSO-E model. This would 

include the creation of a Regional Electricity Market Authority (REMA) with 

jurisdictional oversight, standardized grid codes, a dispute resolution mechanism, and 

real-time compliance monitoring. 

Incentivizing national alignment may also require financial instruments such as 

performance-based grants and blended finance packages, offered through multilateral 

institutions like AfDB, the World Bank, and the ECOWAS Investment and 

Development Bank. Such instruments can mitigate perceived risks and accelerate cross-

border project execution. 
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CONCLUSION 

This study provided a comprehensive assessment of the technical, economic, 

and institutional dimensions of cross-border renewable power integration in West 

Africa. Using a robust combination of simulation modeling, uncertainty analysis, and 

policy diagnostics, it evaluated three integration scenarios to determine the optimal path 

toward a cost-effective, resilient, and decarbonized regional energy system. The 

findings clearly demonstrate that coordinated regional integration presents the most 

effective strategy for achieving West Africa’s long-term energy goals. By synchronizing 

infrastructure development, harmonizing regulatory frameworks, and pooling renewable 

resources across borders, the Coordinated Integration scenario yielded superior 

outcomes in every performance metric, significantly lowering system marginal costs, 

enhancing transmission asset utilization, improving grid reliability, and enabling higher 

penetration of renewables. 

In contrast, the Business-as-Usual approach perpetuated systemic inefficiencies, 

underutilized infrastructure, and low renewable deployment, while the Private-led PPA 

model, though marginally better, lacked the systemic coherence necessary for sustained 

progress. These contrasts highlight the strategic imperative for member states to 

transition from fragmented national planning toward regionally optimized energy 

governance. At its core, cross-border integration is not merely a technical challenge; it 

is a governance endeavor. Unlocking its full benefits will require bold institutional 

reforms, strengthened regional coordination mechanisms, and long-term political 

commitment. Success depends on the willingness of member states to cede limited 

sovereignty in exchange for shared resilience, economic efficiency, and accelerated 

access to sustainable energy. 

As West Africa navigates a future shaped by climate imperatives, population 

growth, and rising demand for electricity, the region’s ability to act collectively will 

determine whether it can deliver affordable, clean, and reliable power to all. The 

insights from this study serve as both a blueprint and a call to action for realizing that 

collective energy future. 
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