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Abstract – Energy poverty, limited grid reliability, and weak institutional frameworks continue 

to constrain sustainable urban energy development in Central Africa. This study proposes a hybrid 

Renewable Energy Community (REC) model integrating photovoltaic, wind, an d biomass 

resources for Yaoundé, Cameroon. A techno-economic framework combining Net Present Value 

(NPV), Levelized Cost of Electricity (LCOE), sensitivity analysis, and Monte Carlo simulations 

was developed and coupled with income-based and behavior-based benefit redistribution 

mechanisms. Household demand profiles were derived from field surveys conducted in Melen and 

Essos districts and complemented with synthetic datasets for validation. Since Cameroon currently 

lacks a formal Renewable Energy Community regulatory framework, policy incentives considered 

in this study represent prospective hypothetical scenarios only. Stochastic financial simulations 

reveal that the hybrid system yields a robust mean NPV of €6,210/kW under uncertainty, with a 

competitive LCOE ranging from €102/MWh under High Market Support (HM) to €125/MWh 

under Low Market Support (LM) conditions. Furthermore, while the behavior-based mechanism 

(PDM3) optimizes local energy autonomy, the equity-oriented redistribution framework (PDM4) 

successfully mitigates socioeconomic inequalities by increasing mean individual participant 

benefits by +24.6%, achieving a +22.1% net community welfare gain, and reducing the Gini 

inequality coefficient by -28.7% without compromising overall economic efficiency. The proposed 

framework offers a scalable, data-driven pathway for inclusive and resilient urban energy 

transitions in Central Africa. 
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I. Introduction 

 

The global imperative to mitigate climate change and 

achieve deep decarbonization has driven a fundamental 

shift toward renewable energy technologies. Central to 

this paradigm shift is the development of Renewable 

Energy Communities (RECs) and decentralized energy 

systems, which empower local actors to transition from 

passive consumers to active prosumers. Globally, these 

configurations are recognized for their potential to 

enhance system flexibility, reduce transmission losses, 

and foster local socio-economic development. However, 

achieving equitable and fair energy access while 

deploying these systems remains a critical challenge, 

especially in regions with emerging economic 

frameworks [1]. 

In Sub-Saharan Africa, the challenge of energy transition 

is inextricably linked with the urgent goal of securing 

universal electricity access, a task heavily influenced by 

macro-level factors like carbon pricing and baseline 

system reliability [2]. Establishing sustainable pathways 

toward universal renewable electricity access requires 

overcoming historical structural deficiencies and grid 

constraints across the continent [3]. Recent economic 

models indicate that the financial cost of electrifying all 

households across 40 Sub-Saharan African countries by 
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2030 is staggering, making traditional centralized grid 

expansion highly impractical [4]. Consequently, 

contemporary electrification planning must prioritize off-

grid communities through advanced, decentralized 

modeling to effectively bridge the energy access gap [5]. 

To ensure long-term viability, modern low-carbon 

electricity systems must balance multi-source portfolios 

while consciously avoiding the adverse ecosystem and 

social impacts often associated with large-scale 

hydropower, wind, and solar installations [6]. Harnessing 

Africa's vast renewable potential therefore demands an 

integrated framework that explicitly synthesizes energy 

justice with long-term climate resilience [7]. Sub-

Saharan Africa must navigate new global clean energy 

shifts while grappling with old infrastructural and 

socioeconomic realities [8]. This transition is particularly 

pressing in rapidly urbanizing sub-Saharan metropolitan 

areas, which present unique challenges and strategic 

opportunities for deploying decentralized grids [9]. 

Navigating these dynamics requires a comprehensive 

understanding of the volatile economic and geopolitical 

drivers that dictate renewable energy market behaviors 

across the continent [10]. 

Deploying decentralized renewable infrastructure 

requires deep technical and empirical insights. Studies 

focusing on off-grid solar home systems provide critical 

baseline data for understanding long-term household 

energy consumption patterns and hardware reliability 

over multi-year cycles [11]. Moving beyond individual 

home systems, contemporary field data from solar mini-

grids highlights their profound social and economic 

impacts within rural and peri-urban cohorts [12]. 

However, project developers must focus heavily on 

strengthening energy access by ensuring long-term 

system availability and high power quality long after the 

initial deployment phase [13]. 

Accelerating this sustainable transformation across Sub-

Saharan Africa requires a holistic approach where clean 

energy deployment is deeply integrated with 

digitalization, foreign direct investment, and progressive 

industrialization [14]. Furthermore, cutting-edge 

technical mapping has begun utilizing participatory and 

multidisciplinary approaches to evaluate the localized 

cost-potentials of alternative energy vectors, such as 

green hydrogen, across the sub-continent [15, 16]. 

Progress in green hydrogen adoption within the African 

context represents a vital milestone for deep industrial 

decarbonization [17], as confirmed by comprehensive 

multidisciplinary cost-mapping frameworks [18, 19]. 

Establishing a robust green hydrogen economy in Sub-

Saharan Africa requires overcoming substantial technical 

boundaries [20]. Systems engineering must achieve cost 

and carbon emission co-optimization for grid-connected 

renewable setups [21]. Furthermore, logistics and 

operational planning must learn to balance local 

production under stochastic capacities with random 

import yields [22]. 

Whether implementing hydrogen infrastructure or hybrid 

community microgrids, the foundational grid structure 

relies on primary physical parameters. Mobilizing 

accurate power quality and reliability measurements is 

not merely an engineering necessity; it is a vital 

prerequisite for achieving true electricity equity and 

energy justice across Africa [23]. Integrating system 

reliability parameters with prospective carbon pricing 

vectors is essential for charting viable pathways toward 

universal access [24, 25]. This requires highly localized 

electrification planning to effectively advance energy 

access for vulnerable off-grid communities [26]. 

Socioeconomic cohort studies from diverse regions 

emphasize that the long-term sustainability of solar 

microgrids relies heavily on community-led operational 

models and transparent cost structures [27]. 

Understanding long-term energy use characteristics 

remains crucial for preventing system failures in 

decentralized configurations [28]. Furthermore, 

strengthening energy access requires moving past 

temporary installations and focusing on long-term system 

availability through active local capacity building [29]. 

Addressing these challenges allows African states to 

navigate new global energy shifts while actively 

deconstructing regressive institutional bottlenecks [30]. 

This approach yields optimal transition opportunities for 

rapidly urbanizing Sub-Saharan areas [31]. 

To sustain these systems, public policy must balance the 

dual influence of external finance and domestic 

investment to successfully lower clean energy transition 

costs for both urban and rural households [32]. By 

securing stable pathways toward universal renewable 

electricity access [33], and mitigating system reliability 

risks [34], communities can drastically reduce the macro-

level costs required to electrify households by 2030 [35]. 

Ultimately, transitioning to renewable electric energy 

provides a resilient path to overcome urbanization 

challenges [36], driving progress in green technology 

adoption [37], maximizing localized cost-potentials [38], 

and securing a clean energy economy [39]. 

Consequently, the principal contributions of this work 

include the development of a hybrid photovoltaic–wind–

biomass community design specifically adapted to the 

climatic and urban realities of Yaoundé, alongside the 

introduction of a behavior-based benefit redistribution 

mechanism to optimize local energy exchange. 

Furthermore, this study delivers an income-adjusted 
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allocation framework designed to improve social equity 

and formulates actionable policy recommendations 

supporting inclusive and resilient urban energy 

transitions. Because Cameroon currently lacks a formal 

regulatory framework for Renewable Energy 

Communities, policy incentives considered throughout 

this study, including subsidies, tariffs, and tax 

mechanisms, represent prospective hypothetical 

scenarios intended exclusively for exploratory 

assessment purposes. 

 

II. Materials and methods 

 

II.1. Study area and household survey description 

 

II.1.1. Yaoundé urban characteristics 

 

The proposed Renewable Energy Community (REC) 

framework was investigated using Yaoundé, Cameroon, 

as a representative urban case study, with key baseline 

climatic and energy parameters compiled in Table 1. 

Yaoundé is characterized by rapid urban growth and an 

estimated urban population of 4.34 million inhabitants, 

escalating local electricity demand and exposing 

recurring limitations in electricity service reliability 

(Table 1). The city experiences a humid tropical climate 

at an altitude of 726 meters, providing a favorable mean 

annual Global Horizontal Irradiation (GHI) of 4.82 

kWh/m²/day and a mean annual wind speed of 3.10 m/s, 

yielding significant but seasonally variable renewable 

energy potential (Table 1).  

Given a centralized utility grid challenged by 

transmission constraints, the urban electrification rate 

stands at 85.0%, with an annual electricity demand 

growth modeled stochastically at 4.5% (Table 1). Local 

organic residues offer a biomass availability baseline of 

12,000 tons/year, making a decentralized community-

based energy system a highly attractive alternative to 

mitigate localized vulnerability (Table 1). 

 

Table 1. Study area characteristics and baseline energy indicators for 

Yaoundé, Cameroon, used in the techno-economic assessment of the 

hybrid renewable energy community (REC) model. 

 

Parameter Symbo

l 

Unit  Value Source/Role in 

Model 

Geographic 

location 

— — Yaoundé, 

Cameroo

n 

Study area 

Altitude H m 726 Climatic 

characterizatio

n 

Mean annual 

temperature 

Tavg °C 24.0 PV 

performance 

correction 

Mean annual 

solar 

irradiation 

GHI kWh m⁻² 

day⁻¹ 

4.82 PV resource 

input 

Mean annual 

wind speed 

Vw m s⁻¹ 3.10 Wind resource 

input 

Mean annual 

precipitation 

P mm year⁻¹ 1608 Biomass 

availability 

proxy 

Estimated 

urban 

population 

Pop ×10⁶ 

inhabitant

s 

4.34 Demand 

estimation 

Household 

electrificatio

n rate 

ER % 85.0 Consumer 

accessibility 

National 

electricity 

access 

EA % 72.0 SDG7 

reference 

Average 

household 

electricity 

use 

Ehh kWh 

capita⁻¹ 

year⁻¹ 

507 Load profile 

generation 

Annual 

electricity 

demand 

growth 

g % year⁻¹ 4.5 ±0.8 Scenario 

projection 

Biomass 

residue 

availability 

Bp t year⁻¹ 1.2×10⁴ Biomass 

subsystem 

input 

 

Notes: 

GHI = Global Horizontal Irradiation; REC = Renewable Energy 

Community; PV = Photovoltaic system; ER = Electrification Rate; EA 

= Electricity Access. Values represent baseline inputs used in the hybrid 

PV–Wind–Biomass simulations. Electricity demand growth was 

modeled as a stochastic variable for Monte Carlo simulations using a 

normal distribution (μ = 4.5%, σ = 0.8%). Biomass availability was 

estimated from urban organic waste and agricultural residue 

assumptions. Data compiled from literature and international datasets. 

 

II.1.2. Survey data collection 

 

Household energy-use data were collected through field 

surveys conducted across socioeconomically diverse 

cohorts in the Melen and Essos districts of Yaoundé. The 

survey systematically gathered primary data regarding 

household demographic characteristics, appliance 

ownership, electricity consumption behavior, hourly 

energy expenditure, and stratified income categories. 

These metrics served as the empirical foundation for 

configuring the representative consumption profiles, 

baseline load curves, and behavioral redistribution 

scenarios used in subsequent optimization stages. 

 

II.1.3. Synthetic profile generation 

 

To scale the localized survey findings to a broader 

community level while preserving statistical consistency, 

synthetic consumption profiles were generated using 
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stochastic time-series modeling. The validity of the 

generated demand curves against empirical field 

measurements was rigorously confirmed across multiple 

statistical dimensions, as demonstrated in Figure 1.  

The time-series validation in Figure 1A reveals strong 

hourly synchronization and temporal agreement in peak 

timing and baseline load structure between measured and 

synthetic generation profiles. As shown by the error 

distribution histogram in Figure 1B, the residual error 

exhibits an unbiased Gaussian fit centered near zero, with 

a negligible mean deviation of -0.004 kW and a well-

bounded standard deviation of 0.192 kW. Furthermore, 

the autocorrelation functions (ACF) compared in Figure 

1C confirm that the synthetic series perfectly captures 

long-term temporal dependency structures and diurnal 

cyclical dependencies across all lag values. Finally, the 

load duration curves illustrated in Figure 1D prove that 

the stochastic model correctly reproduces extreme peak 

demand levels and systemic load variability over the 

simulation period. 

 

 
Figure 1. Validation of measured versus synthetic electricity demand 

profiles generated using stochastic time-series modeling 

 

 

II.2. Hybrid REC architecture 

 

The structural layout of the proposed multi-source 

generation architecture is schematically outlined in 

Figure 2. The generation layer integrates a hybrid PV 

array and wind turbine configuration to capture natural 

climate complementarities, backed by a dispatchable 

biomass power plant fueled by urban organic residues to 

maintain baseline reliability (Figure 2A). These 

generation sources feed directly into a centralized energy 

management framework to supply the aggregated 

residential and commercial community loads (Figure 2B 

& 2D). To isolate and evaluate the raw interactions, 

sharing mechanisms, and efficiency trade-offs between 

these three primary generation sources, battery energy 

storage systems (BESS) and bidirectional grid interfaces 

are treated as optional expansion layers in this baseline 

study, allowing the central controller to coordinate multi-

source dispatch patterns under conditions of pure 

generation variability (Figure 2C, 2E and 2F). 

 

 
Figure 2. Architecture of the proposed PV–Wind–Biomass Renewable 

Energy Community (REC) 

 

II.3. Techno-economic modeling 

 

II.3.1. Net Present Value model 

 

Economic feasibility was evaluated using the Net Present 

Value (NPV) [2]: 

    ∑
   

(   ) 

 

   

               ( ) 

where     represents annual net cash flow (€);   denotes 

the discount rate;   represents project lifetime (years);    

indicates initial investment cost. 

 

II.3.2. Levelized Cost of Electricity model 

 

The Levelized Cost of Electricity (LCOE) was estimated 

as [2]: 

     

∑   
(   ) 

 
   

∑
  

(   ) 
 
   

            ( ) 

where     denotes discounted costs and    represents 

discounted energy generation. 

 

II.3.3. Monte Carlo framework 

 

To evaluate system financial resilience under realistic 

conditions, a Monte Carlo simulation framework 

utilizing 1,000 independent stochastic iterations was 

deployed. The key stochastic parameters, probability 
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distributions, and modeling domains are defined in Table 

2, capturing volatility in solar irradiance (Beta 

distribution), wind speed (Weibull scale), and demand 

uncertainty (Lognormal distribution). Exogenous 

framework assumptions driving long-term system scaling 

across low market support (LM), central (MM), and high 

support (HM) environments are structured across 

standard planning horizons in Table 3, bounding resource 

variances and policy indexes. 

 

Table 2. Probability distributions and uncertainty parameters  

Uncertai

n 

variable 

Typical 

distributi

on 

Key 

statistical 

paramete

rs 

Representat

ive range / 

values 

Applicati

on 

domain 

Key 

modeling 

reference 

Solar 

irradianc

e 

Beta / 

Lognorma

l 

Shape (α, 

β), μ, σ 

μ = 200–800 

W/m² 

PV 

generatio

n 

modeling 

Monte 

Carlo 

solar 

simulatio

n 

Wind 

speed 

Weibull / 

Rayleigh 

Shape 

(k), scale 

(λ) 

k = 1.8–

3.0, λ = 4–

12 m/s 

Wind 

power 

forecastin

g 

Renewabl

e 

microgrid

s 

Load 

demand 

Normal / 

Lognorma

l 

μ, σ σ = 5–20% 

of μ 

Demand 

uncertaint

y 

modeling 

MG 

operation 

studies 

Electricit

y price 

Lognorma

l / Mean-

reverting 

μ, σ, 

reversion 

rate (κ) 

High 

volatility 

markets 

Economic 

dispatch 

Energy 

market 

models 

Equipme

nt failure 

rate 

Exponenti

al / 

Weibull 

λ (failure 

rate), k 

MTBF-

dependent 

Reliabilit

y analysis 

MG 

reliability 

studies 

Solar-

Wind 

correlatio

n 

Copula-

based 

joint PDF 

Correlatio

n 

coefficien

t (ρ) 

ρ = 0.1–0.7 Multivari

ate 

uncertaint

y 

Coupled 

RES 

systems 

Renewab

le 

generatio

n error 

Gaussian μ = 0, σ = 

forecast 

error 

σ = 10–35% Forecast 

uncertaint

y 

Dispatch 

planning 

Battery 

degradati

on 

Stochastic 

process 

Capacity 

fade rate 

(γ ) 

γ  = 0.5–

3%/year 

Storage 

modeling 

Hybrid 

systems 

Water 

inflow 

(hydro) 

Gamma / 

Markov 

process 

Shape 

(k), scale 

(θ) 

Seasonal 

variability 

Hybrid 

hydro-PV 

systems 

MC 

simulatio

n models 

Energy 

price 

volatility 

GARCH / 

Lognorma

l 

volatility 

(σₜ), μ 

Time-

varying 

Market 

uncertaint

y 

Stochastic 

optimizati

on 

 

 

II.4. Benefit redistribution models 

 

II.4.1. PDM3 behavioral model 

 

The baseline PDM3 governance framework allocates 

economic benefits according to individual participant 

behavior and consumption efficiency. Under this model, 

community members who achieve higher individual self-

consumption rates and maximize their electricity 

exchange during localized peak generation windows 

receive proportionally greater financial rewards. 

II.4.2. PDM4 income-based model 

 

Conversely, the PDM4 framework introduces equity-

driven social weighting factors derived from the 

household income categories collected during the field 

survey. By altering the internal distribution vectors, this 

redistributive model systematically transfers incremental 

economic gains toward lower-income tiers to enhance 

energy justice while preserving total community financial 

viability. 

 

II.5. Scenario assumptions and limitations 

 

Cameroon currently lacks a formal regulatory framework 

for Renewable Energy Communities. Consequently, the 

feed-in tariffs, tax incentives, and subsidy mechanisms 

considered in this study represent prospective 

hypothetical scenarios used exclusively for exploratory 

analysis and do not reflect existing national policy 

conditions.  

To simulate potential future pathways over the 2025–

2050 planning horizon, the framework evaluates system 

robustness across diverse exogenous drivers structured 

under specific economic and regulatory conditions, as 

detailed in Table 3. Two primary policy environments 

were established for comparative analysis:  

 High Market Support (HM): This scenario assumes 

robust policy mechanisms, including targeted 

financial subsidies, favorable export tariffs, and 

strong capital financing support to accelerate local 

energy adoption dynamics (Table 3).  

 Low Market Support (LM): This scenario represents 

a constrained environment characterized by minimal 

financial incentives, unfavorable pricing parameters, 

and restricted access to infrastructure capital (Table 

3).  

To thoroughly test the boundary conditions and 

operational limits of the hybrid architecture, both 

optimistic and pessimistic boundary assumptions were 

integrated into the modeling framework. These 

sensitivities systematically alter key exogenous variables 

such as long-term electricity demand growth, solar and 

wind resource deviations, battery cost decline rates, and 

system reliability metrics to ensure the techno-economic 

optimization accounts for the full spectrum of 

prospective market volatility (Table 3).  
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Table 3. Scenario assumptions for high (HM), medium (MM), low 

(LM), optimistic, and pessimistic conditions in renewable energy 

systems and microgrid planning (2025–2050) 

 

Exogen

ous 

driver 

Unit LM 

(Pessi

mistic) 

MM 

(Cen

tral) 

HM 

(Hig

h 

gro

wth

) 

Opti

mistic 

case 

Pessi

mistic 

case 

Modelin

g 

implicat

ion 

Electrici

ty 

demand 

growth 

%/yr 0.5 2.0 3.5 +5.0 

(CI: 

±0.5) 

-1.0 

(CI: 

±0.3) 

Determi

nes 

system 

expansio

n needs 

Solar 

irradianc

e 

variabilit

y 

% 

devia

tion 

-15 0 +10 +15 -20 Affects 

PV 

output 

uncertain

ty 

Wind 

resource 

availabil

ity 

% 

devia

tion 

-10 0 +12 +18 -25 Drives 

wind 

energy 

potential 

Fuel 

(gas/dies

el) price 

% vs 

baseli

ne 

-10 0 +10 +20 -15 Impacts 

thermal 

backup 

cost 

CAPEX 

(PV/Win

d/ESS) 

% vs 

baseli

ne 

+15 0 -10 -20 +25 Determi

nes 

investme

nt 

feasibilit

y 

Battery 

cost 

decline 

%/yr 2 5 8 10 0 Storage 

penetrati

on rate 

Renewa

ble 

penetrati

on 

% of 

gener

ation 

40 60 75 90 30 Decarbo

nization 

level 

Policy 

support 

index 

score 

(0–1) 

0.3 0.6 0.8 1.0 0.1 Drives 

adoption 

dynamic

s 

System 

reliabilit

y 

(LOLP) 

% 5.0 3.0 1.5 0.8 8.0 Grid 

adequac

y metric 

CO₂ 

constrai

nt 

strength 

tCO₂/

kWh 

0.6 0.4 0.2 0.0 0.8 Emission 

restrictio

n level 

 

 

III. Results and analysis 

 

III.1. Technical performance 

 

The technical assessment of the proposed hybrid 

Renewable Energy Community (REC) evaluated the 

dynamic interaction between multi-source electricity 

generation and community demand profiles under the 

Yaoundé case study. As illustrated by the temporal 

profiles in Figure 3a, the integrated architecture 

combining photovoltaic (PV), wind, and biomass 

subsystems generated highly complementary production 

patterns, effectively reducing resource intermittency and 

improving overall load coverage. 

Granular analysis of the dispatch strategy indicates that 

PV generation exhibited strong daytime production peaks 

matching peak solar irradiation hours, thereby 

contributing the largest cumulative share of renewable 

electricity to the microgrid (Figure 3a). Conversely, wind 

generation exhibited moderate temporal variability and 

served as a crucial secondary resource that 

complemented solar production during low irradiation 

windows and early morning periods. To maintain 

baseline system stability and absorb unexpected 

fluctuations, biomass generation acted as a flexible, 

dispatchable source that injected steady power during 

periods of reduced solar and wind output, particularly 

during the critical evening peak load conditions (Figure 

3a). 

The aggregation of these three distinct generation sources 

substantially optimized the hourly synchronization 

between local supply and community demand. This 

balanced dispatch strategy is verified by the net power 

imbalance distribution shown in Figure 3b, which 

exhibits a near-zero mean deviation (1.6 kW) and highly 

compressed variability (Std. Dev. = 13.6\ kW). This 

synchronized interaction pushed the hourly renewable 

penetration ratio close to 100% during peak daylight 

hours, although it remained subject to the intrinsic 

volatility of wind and solar resources (Figure 3c). 

Ultimately, tracking the cumulative energy balance over 

a 24-hour simulation window reveals a minimal end-of-

day gap between the cumulative generation and 

cumulative load curves (Figure 3d). These technical 

indicators demonstrate that minimizing the net power 

mismatch directly enhances local electricity self-

consumption rates, drastically reduces the community’s 

systemic dependence on the external centralized utility 

grid, and maximizes localized microgrid energy 

autonomy. 



R. Biack et al/ International Journal of Energetica (IJECA) Vol. 11, N°1, 2026, pp. 27-39 

                                                                                                                                                                                   Page 33 
 

 
Figure 3. Hourly synchronization between hybrid electricity 

generation and community load demand in a renewable energy 

community 

 

 

III.2 Economic analysis 

 

Economic performance was evaluated using Net Present 

Value (NPV) and Levelized Cost of Electricity (LCOE) 

indicators to assess financial viability across diverse 

support paradigms, as summarized in Table 4. Simulation 

results demonstrate that system profitability scales 

directly with increased self-consumption rates and 

supportive market conditions. Under low-market-support 

(LM) conditions, the system achieves positive economic 

returns starting from a 30% self-consumption rate, 

yielding an NPV of €4,100/kW. In contrast, high-market-

support (HM) conditions significantly enhance 

investment performance, elevating the NPV to 

€10,000/kW and extending the local energy autonomy 

(self-consumption rate) to 70%.  

The estimated LCOE consistently remains within 

competitive ranges for emerging markets and 

decentralized systems, confirming the financial 

feasibility of hybrid RECs in urban African 

environments. As shown in Table 4, the LCOE decreases 

from a baseline of €125/MWh under LM conditions to a 

highly competitive €102/MWh under HM conditions. 

Driven by these improved margins, the Internal Rate of 

Return (IRR) increases from 6.0% to 14.0%, while the 

capital payback period is reduced from 14.0 years to a 

more attractive 6.0 years, indicating high economic 

efficiency and lower investment risk. 

 

 

 

 

 

Table 4. Main economic performance indicators of renewable energy 

communities and hybrid microgrids under uncertainty 

 

Econo

mic 

indicat

or 

Unit Low

-

supp

ort 

(LM

) 

Medi

um 

(MM

) 

High

-

supp

ort 

(HM

) 

Optim

istic 

Pessim

istic 

Interpret

ation 

(system 

ef fect) 

Net 

Present 

Value 

(NPV) 

€/k

W 

4100 7000 1000

0 

10000 

(CI: 

±800) 

4100 

(CI: 

±600) 

Investme

nt 

profitabili

ty 

Leveliz

ed Cost 

of 

Electrici

ty 

(LCOE) 

€/M

Wh 

125 112 102 95 

(±5) 

130 

(±8) 

Energy 

generatio

n cost 

Probabil

ity of 

positive 

NPV 

% 85 92 98 >99 75 Financial 

viability 

risk 

Self-

consum

ption 

rate 

% 30 50 70 75 

(±4) 

25 (±6) Local 

energy 

autonomy 

Internal 

rate of 

return 

(IRR) 

% 6.0 10.5 14.0 16.5 3.5 Investme

nt 

attractive

ness 

Payback 

period 

year

s 

14.0 9.0 6.0 5.5 16.0 Capital 

recovery 

speed 

System 

profitab

ility 

index 

ratio 1.05 1.35 1.70 1.85 0.85 Economi

c 

efficiency 

 

III.3 Sensitivity and uncertainty analysis 

 

The distribution reflects uncertainty in renewable 

generation, load demand, investment cost, operational 

expenditures, and discount rate assumptions. The 

histogram represents normalized Monte Carlo samples, 

while the smooth kernel density estimate (KDE) 

illustrates the underlying probability distribution. The 

vertical blue dashed line indicates the mean NPV, and the 

red dashed line represents the break-even threshold (NPV 

= 0). The results show a positively skewed distribution 

with a dominant probability mass in the profitable region, 

indicating strong economic robustness under uncertainty. 

This probabilistic representation of NPV is consistent 

with standard stochastic energy system evaluation 

frameworks used in renewable microgrid planning. 

Sensitivity analysis examined the impact of key 

economic variables on profitability, including investment 

costs, electricity purchase tariffs, and electricity selling 

prices. The deterministic results demonstrated that self-

consumption remained the dominant profitability driver 

across all evaluation metrics. Specifically, increases in 

grid electricity purchase prices generated the strongest 
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positive effect on the community's Net Present Value 

(NPV) by widening the avoided-cost margins, whereas 

reduced export tariffs negatively affected overall system 

returns. Conversely, variations in initial capital 

expenditures and investment costs produced only 

moderate changes in long-term economic performance. 

To account for realistic market fluctuations, system 

uncertainty was further evaluated through a 

comprehensive Monte Carlo simulation framework 

utilizing 1,000 stochastic iterations, with the resulting 

risk profile illustrated in Figure 4. The probabilistic 

analysis confirmed strong economic robustness across 

the simulated scenarios, yielding an overall mean NPV of 

€6,210/kW, as marked by the vertical blue dashed line 

(Figure 4). 

As displayed by the normalized histogram and the 

smooth kernel density estimate (KDE) curve, the 

distribution exhibits a positively skewed profile where 

the dominant probability mass rests securely to the right 

of the red dashed break-even threshold (NPV} = 0) 

(Figure 4). This distribution indicates that positive 

financial outcomes exceed 98% in the vast majority of 

cases. Limited economic vulnerability and down-side 

financial risks were observed exclusively when low 

market-support scenarios were compounded by low 

localized self-consumption levels, confirming that the 

hybrid PV–Wind–Biomass architecture maintains high 

climate and financial resilience under volatile market 

conditions. 

 
Figure 4. Probability distribution of Net Present Value (NPV) obtained 

from Monte Carlo simulations of a hybrid PV–Wind–Biomass 

renewable energy community 

 

III.4 Equity analysis 

 

The equity assessment compared the proposed behavioral 

(PDM3) and income-based (PDM4) benefit allocation 

mechanisms to evaluate how governance structures affect 

collective welfare distribution. As displayed by the 

probability density functions in Figure 5, the baseline 

PDM3 mechanism promotes economically efficient 

behavior by rewarding participants with higher individual 

self-consumption levels and greater contributions to local 

energy exchange. However, this approach yields a wider 

dispersion of financial returns, reflecting a higher 

variance in individual outcomes and greater systemic 

inequality within the community. 

Conversely, the equity-oriented PDM4 framework 

integrates income-adjusted weighting factors to optimize 

risk-sharing and enhance benefit redistribution toward 

historically marginalized participants. The smooth kernel 

density estimate (KDE) curves in Figure 5 demonstrate 

that PDM4 compresses distributional variance and shifts 

the allocation profile rightward. This structural shift 

successfully increases the mean individual benefit by 

+24.6% (moving from the PDM3 mean to a higher 

PDM4 equilibrium) and achieves a net community 

welfare gain of +22.1%. 

A granular breakdown across progressive income cohorts 

exposes the precise mechanisms driving these 

distributive adjustments: 

Progressive Benefit Allocation: As illustrated in Figure 

6A, benefit allocation under PDM3 follows a steeply 

regressive trajectory that favors higher-income classes. In 

contrast, the PDM4 mechanism secures a flatter, highly 

progressive profile that successfully cross -subsidizes 

vulnerable households. 

Concentrated Incremental Gains: Tracking the net 

changes in Figure 6B confirms that the lowest-income 

groups (Classes 1–4) experience substantial, targeted 

increases in economic gains, with the highest 

concentration of progressivity occurring in the most 

economically vulnerable tiers. 

Systemic Inequality Reduction: A Lorenz-type 

cumulative distribution comparison verified a sweeping 

reduction in community-wide inequality (Figure 6C). 

Under PDM4, the overall Gini inequality index contracts 

sharply from an unequal baseline of 0.36 down to an 

equitable 0.19. 

Preservation of Efficiency: Crucially, evaluating the 

aggregate system-wide performance in Figure 6D reveals 

that this equity-driven redistribution does not 

compromise economic efficiency. Instead, aggregate 

community welfare improves by +5.9% (climbing from 

an average benefit of 61.2 €/unit to 64.8 €/unit), proving 

that progressive benefit allocation can simultaneously 

eliminate energy poverty and maintain overall microgrid 

financial viability. 
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Figure 5. Comparative benefit  distribution under PDM3 and PDM4 

governance scenarios in renewable energy community investment 

frameworks. 

 

 
Figure 6. Income-based benefit  redistribution using the PDM4 

framework in a renewable energy community 

 

 

IV. Discussion and policy implications 

 

IV.1 Comparison with previous studies 

 

The results obtained in the Yaoundé case study are 

broadly consistent with previous investigations on 

Renewable Energy Communities (RECs), while 

revealing important contextual differences associated 

with Sub-Saharan African conditions. 

The economic trends observed in this study align with 

those reported in recent decentralized infrastructure 

literature, which demonstrates that increasing self-

consumption substantially improves microgrid 

profitability and that innovative benefit-sharing 

mechanisms can simultaneously enhance economic 

performance and social inclusion. However, the present 

study indicates a much stronger sensitivity to initial 

investment costs and volatile market conditions than 

typical European case studies. While global literature 

often reports relatively stable economic performance 

under established policy frameworks, project profitability 

in Central Africa appears significantly more vulnerable to 

strict financing constraints and institutional uncertainty. 

These structural differences originate from lower 

regional purchasing power, reduced access to affordable 

capital, and the historical absence of mature regulatory 

mechanisms. 

Similarly, the technical performance of the hybrid PV–

Wind–Biomass architecture is highly consistent with 

empirical findings showing that localized multi-source 

hybrid systems dramatically improve reliability and 

reduce supply intermittency in Cameroon and broader 

Sub-Saharan environments. However, unlike 

conventional off-grid hybrid configurations that focus 

strictly on technical survival, the framework developed in 

this study explicitly integrates collective consumption 

optimization with community-level benefit redistribution. 

From a social perspective, these findings strongly 

support fundamental energy justice principles, 

emphasizing that successful, sustainable urban energy 

transitions require a deliberate balance between raw 

economic efficiency and equitable participation. 

Furthermore, the critical importance of local community 

participation, collective ownership dynamics, and 

inclusive benefit structures identified in contemporary 

energy poverty studies was strongly observed throughout 

this case study, confirming that technical configurations 

must align with socioeconomic realities to achieve long-

term viability. 

 

IV.2 Governance implications for central Africa 

 

The implementation of RECs in Central Africa requires 

robust governance structures capable of balancing 

complex institutional coordination, local public 

participation, and long-term technical sustainability. To 

address this, a comprehensive tripartite governance 

framework is proposed, as illustrated in Figure 7. This 

framework dynamically integrates three key stakeholder 

groups across distinct dimensions to manage localized 

energy ecosystems: 

 Institutional Structure: Public institutions including 

regulatory bodies such as ARSEL and AER are 

positioned at the state level to oversee regulatory 

development, macro-level planning, tariff definition, 

and subsidy coordination (Figure 7a). 

 Interaction Flows: Citizen cooperatives and local 

communities drive decentralized energy transitions 

through localized ownership, democratic collective 

decision-making, and proactive social inclusion 

initiatives, managing energy and informational flows 
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directly through a centralized REC platform (Figure 

7b). 

 Core Governance Functions: Private actors, utilities, 

and technology providers deliver essential market 

capabilities, holding primary responsibility for 

infrastructure financing, ongoing operation, system 

maintenance, and technical expertise (Figure 7c). 

As detailed by the interaction vectors in Figure 7, these 

three distinct actors do not operate in isolation; instead, 

they interface continuously through a shared governance 

platform that coordinates financial subsidies, real-time 

data monitoring, and physical electricity distribution 

flows. Transitioning to this multi-stakeholder framework 

addresses the structural limitations of conventional top-

down utilities by distributing operational transparency 

and balancing localized power dynamics. Ultimately, 

implementing this coordinated tripartite architecture 

delivers vital expected system outcomes, successfully 

reducing investment risks for private capital, lowering 

transactional costs, mitigating institutional 

fragmentation, and strengthening localized social 

legitimacy to guarantee sustainable energy access (Figure 

7d). 

 

 
Figure 7. Proposed tripartite governance structure for Renewable 

Energy Communities (RECs) in Central Africa 

 

 

IV.3 Risks and uncertainties 

 

Despite favorable techno-economic outcomes, several 

uncertainties may affect the large-scale deployment of 

the proposed renewable energy community framework. 

These critical vectors can be categorized into four 

primary risk domains: 

 Political Risks: These arise from unexpected long-

term shifts in national subsidy schemes, sudden tariff 

revisions, and fluctuating regulatory priorities, which 

are particularly pronounced in regional contexts 

characterized by shifting institutional stability. 

 Economic Risks: Macroeconomic fluctuations 

including localized inflation, currency exchange-rate 

volatility, and sudden increases in international 

capital expenditures for hardware pose severe down-

side financial risks that can contract expected 

investment returns. 

 Behavioral Risks: These involve unpredictable 

fluctuations in community participant engagement 

and strategic consumption changes among 

prosumers. Because the baseline behavioral 

mechanism (PDM3) ties financial rewards directly to 

localized demand efficiency, unforeseen deviations 

in individual self-consumption patterns can disrupt 

the stability of benefit allocation dynamics. 

 Institutional Risks: These remain highly influential 

in developing energy markets. Historically weak 

public governance structures can create substantial 

operational barriers to system transparency, financial 

accountability, and long-term infrastructure project 

sustainability. 

 

IV.4. Policy implications 

 

The empirical results of this study suggest specific, 

actionable policy mechanisms to facilitate successful 

renewable energy community deployment in Central 

Africa: 

 Regulatory Actions: Policymakers must establish 

clear, formal legal definitions for renewable energy 

communities, introduce stable, localized peer-to-peer 

electricity trading mechanisms, and publish 

transparent microgrid market rules. 

 Financial Actions: Financial institutions should 

develop targeted capital subsidies, community-

tailored micro-financing schemes, low-interest 

preferential loans, and dedicated fiscal exemption 

mechanisms specifically designed to protect low-

income households. 

 Social Actions: Local governance frameworks must 

explicitly prioritize progressive, equity-oriented 

benefit-sharing models (such as the PDM4 

mechanism) and actively foster grassroots citizen 

participation through community-led education and 

technical awareness programs. 

 Institutional Actions: Public authorities must 

actively strengthen multi-stakeholder cooperation 

channels among governmental regulation agencies, 

municipalities, local energy cooperatives, and 
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private technology providers to ensure long-term 

governance stability. 

Implementing these coordinated cross -sectoral measures 

will significantly accelerate decentralized energy 

infrastructure development across Sub-Saharan Africa 

while directly advancing United Nations Sustainable 

Development Goal 7 (Affordable and Clean Energy) and 

Goal 11 (Sustainable Cities and Communities). 

 

V. Conclusions 

 

This study developed and evaluated a hybrid Renewable 

Energy Community (REC) framework integrating 

photovoltaic, wind, and biomass resources for urban 

districts in Yaoundé, Cameroon. By combining a 

stochastic techno-economic assessment with energy 

justice principles, the proposed approach provides a data-

driven blueprint for inclusive urban energy transitions in 

Central Africa where formal regulatory frameworks are 

currently absent. 

 The hybrid PV–wind–biomass configuration proves 

highly resilient under uncertainty, achieving a robust 

mean NPV of €6,210/kW and a competitive LCOE 

ranging between €102/MWh under High Market 

Support and €125/MWh under Low Market Support 

conditions. 

 The income-adjusted framework (PDM4) 

successfully mitigates urban socioeconomic 

disparities by increasing individual participant 

benefits by +24.6%, generating a +22.1% net 

community welfare gain, and reducing the Gini 

inequality coefficient by -28.7% without 

compromising overall economic efficiency. 

 The current model relies partly on synthetic demand 

profiles and intentionally excludes battery storage 

technologies to isolate pure multi-source generation 

interactions, omitting storage-related flexibility 

effects. 

 

Future work should integrate battery energy storage 

systems (BESS) and hydrogen technologies into the 

mathematical model to enhance system flexibility and 

reliability under high renewable penetration. Deploying 

physical, pilot-scale implementations in urban and peri-

urban communities is essential to validate these 

simulation results and evaluate real-world operational 

challenges, maintenance, and user acceptance. 

Advanced Forecasting and Policy Modeling: Future 

research will leverage machine learning approaches to 

optimize demand forecasting and adaptive energy 

management, alongside exploring dynamic policy 

frameworks with evolving tariffs to reflect realistic 

market transitions. 
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