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ABSTRACT

This study explores the techno-economic feasibility and optimal configuration of off-grid hybrid renewable energy
systems (HRES) for rural electrification in Ethiopia. The proposed systems integrate solar photovoltaic (PV), wind
turbines, and battery storage, with or without diesel backup, to ensure reliable and sustainable energy access in remote
areas. Using HOMER Pro software, various system combinations were simulated based on local resource availability,
load profiles, and economic parameters. The analysis reveals that optimized HRES configurations can significantly
reduce the levelized cost of electricity (LCOE), greenhouse gas emissions, and reliance on fossil fuels. Solar-wind-
battery systems, in particular, showed promising results in terms of cost-effectiveness and environmental
sustainability. This work supports Ethiopia’s energy access goals and provides a viable framework for clean energy
implementation in underserved rural regions.
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INTRODUCTION

Global energy demand continues to rise, driven by
population growth, industrialization, and technological
advancements. However, a significant portion of the
world's population, particularly in developing countries,
still lacks access to reliable and affordable electricity.
This energy poverty profoundly impacts socio-
economic development, health, and education,
hindering progress towards the United Nations
Sustainable Development Goals (SDGs), especially
SDG 7: "Ensure access to affordable, reliable,
sustainable and modern energy for all" [8, 9]. The
transition to sustainable energy systems, primarily
relying on renewable and low-carbon sources, is
paramount to address both energy access deficits and
climate change concerns [2, 3, 7].

Sub-Saharan Africa faces a severe electrification
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challenge, with a substantial portion of its rural
population remaining unelectrified. Ethiopia, despite its
vast renewable energy potential, particularly in hydro,
wind, and solar resources, struggles with a significant
electricity access gap, especially in its rural areas [10,
31, 36, 37]. Extending the national grid to these remote
and often sparsely populated regions is frequently
economically unviable due to high infrastructure costs,
challenging terrain, and low initial demand. This
economic barrier makes conventional centralized grid
expansion an impractical solution for achieving
universal energy access in the short to medium term [11,
12, 14, 15, 17].

In this context, decentralized, off-grid energy solutions,
such as standalone systems and mini-grids, offer a
promising alternative for rural electrification [11, 12,
14, 15, 16, 17, 19]. Among these, hybrid renewable
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energy systems (HRES) are gaining increasing
attention. HRES combine two or more renewable
energy sources, often supplemented by energy storage
systems  (typically  batteries) and  sometimes
conventional generators (like diesel generators), to
provide a more reliable and consistent power supply
than single-source systems [4, 5, 6, 20, 30]. The inherent
intermittency of individual renewable sources like solar
photovoltaic (PV) and wind power can be mitigated by
combining them, leveraging their complementary
generation profiles. For instance, wind resources may be
strong when solar irradiance is low, and vice versa. The
integration of energy storage further enhances reliability
by buffering supply-demand fluctuations, storing excess
energy during periods of high generation, and
discharging during periods of high demand or low
renewable output [4, 5].

Numerous studies have explored the feasibility of
standalone and hybrid renewable energy systems in
various regions, including different parts of Ethiopia
[20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 33, 41, 43, 45, 46,
47]. These studies often highlight the technical viability
of such systems, but a comprehensive techno-economic
analysis, including optimization for specific Ethiopian
rural contexts, is crucial for practical implementation.
This article aims to perform a detailed techno-economic
feasibility assessment and optimization of off-grid
hybrid renewable energy systems tailored for rural
electrification in Ethiopia. The study will evaluate
different hybrid configurations, analyze their economic
viability, reliability, and environmental impact, and
identify the most optimal solutions to inform decision-
making for sustainable rural energy development in the
country.

METHODS

The methodology for this techno-economic feasibility
and optimization study involved several key steps: site
selection (representative rural characteristics), resource
assessment, load profile estimation, system component
modeling, hybrid system configuration, optimization
using a specialized software tool, and detailed economic
and technical analysis.

Study Area and Load Profile Estimation

Since the study aims to provide a generalized techno-
economic analysis for rural Ethiopia, a specific village
was not selected. Instead, representative characteristics
of a typical remote Ethiopian rural community, lacking
access to the national grid, were considered. This
includes dispersed households, basic community
facilities (e.g., school, health post, water pumping
station), and a lack of existing electricity infrastructure.

The electrical load profile for a typical rural Ethiopian
household and community facilities was estimated
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based on common electrical appliances used, their
power ratings, and expected hours of operation. This
included lighting (LED bulbs), televisions, mobile
phone charging, small refrigeration units, and power for
community services like water pumping and health
clinics. A daily load profile with hourly variations was
developed, accounting for peak demand periods (e.g.,
evenings for lighting, specific hours for water pumping)
and off-peak periods. Seasonal variations in demand
were also considered, reflecting changes in daylight
hours and agricultural activities [10, 18, 32, 44, 48, 49,
50]. Total daily energy demand was aggregated to
represent the community's needs.

Renewable Resource Assessment

Accurate assessment of available renewable energy
resources is fundamental for the optimal design of
hybrid systems.

1. Solar Irradiance Data: Hourly global horizontal
irradiance (GHI) and clearness index data for a
representative location in rural Ethiopia were acquired
from reliable sources such as NASA's Surface
Meteorology and Solar Energy database or local
meteorological stations [21, 22, 26, 35, 45, 47, 50].
Long-term average daily and monthly values were used
to capture seasonal variations.

2. Wind Speed Data: Hourly wind speed data at a
standard hub height (e.g., 10 m or typical turbine hub
height) for the same representative location were
collected from similar databases or local measurements
[21, 22, 23, 24, 35, 39, 45, 46, 47]. This data was
analyzed to determine the wind speed distribution (e.g.,
Weibull parameters) and average wind power density.

System Components Modeling and Configuration

The hybrid energy system components were modeled
based on their technical specifications and cost
parameters.

. Photovoltaic (PV) Array: Modeled by its peak
power output (kWp), efficiency, degradation rate, and
temperature coefficients.

. Wind Turbine: Modeled by its power curve
(power output vs. wind speed), rated power (kW), and
hub height [39, 71].

. Battery Energy Storage System (BESS): Lead-
acid or Lithium-ion batteries were considered. Modeled
by their nominal capacity (Ah or kWh), nominal
voltage, round-trip efficiency, minimum state of charge
(MSC), and lifetime (cycles or years) [4, 5].

. Diesel Generator (DG): Included as a backup or
supplementary power source in some hybrid
pg. 19
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configurations. Modeled by its rated power (kW), fuel
consumption curve, and operational hours [20, 25, 28,
34].

. Inverter: Converts DC power from PV and
batteries to AC for loads. Modeled by its rated power
(kW) and efficiency.

. Converter: Manages power flow between DC
components and charges batteries.
Electrical AC modeled as

. Loads: loads,

described above.

Various hybrid system configurations were considered
for optimization, including:

. PV/Battery

. Wind/Battery

. PV/Wind/Battery

. PV/Diesel/Battery

. Wind/Diesel/Battery

. PV/Wind/Diesel/Battery ~ (most ~ common
HRES)

. Diesel-only (as a baseline for comparison)
Optimization Tool and Parameters

The Hybrid Optimization Model for Electric

Renewables (HOMER Pro) software was utilized for
system sizing and optimization. HOMER is widely used
for off-grid and grid-connected system design due to its
capability to simulate various configurations, perform
techno-economic analysis, and optimize systems based
on user-defined criteria [20, 25, 28, 48, 49].

The primary optimization objectives were:

. Minimizing the Net Present Cost (NPC): The
total cost of the system over its lifetime, including
capital costs, replacement costs, operation and
maintenance (O&M) costs, fuel costs, and penalties for
emissions, discounted to the present value [40, 48, 49].

. Minimizing the Levelized Cost of Electricity
(LCOE): The average cost per kilowatt-hour of useful
electrical energy produced by the system over its
lifetime [48, 49, 50].

Key economic input parameters included:
. Project Lifetime: Typically 20-25 years.

. Annual Real Interest Rate/Discount Rate:
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Reflecting the cost of capital.
. Inflation Rate.

. Component Costs: Capital costs (CAPEX) for
PV panels, wind turbines, batteries, diesel generators,
inverters, and associated balance-of-system (BOS)
components. These costs were gathered from market
data relevant to developing countries or international
benchmarks adjusted for local conditions [48, 49, 50].

. Operation and Maintenance (O&M) Costs:
Annual O&M costs for all components.

. Fuel Price: Cost of diesel fuel, considering local
market prices in Ethiopia.

. Emissions Penalties (optional): A cost
associated with CO2 emissions, to internalize
environmental impact [5, 7, 70].

Technical Constraints and Reliability Metrics

To ensure a reliable power supply, the following
technical constraints and reliability metrics were set:

. Loss of Power Supply Probability (LPSP) /
Capacity Shortage: This was set to a low value (e.g., 0%
to 1%) to ensure high reliability, indicating the
probability that the system will fail to meet the load
demand [40, 48, 49].

. Maximum Annual Capacity Shortage: Defines
the maximum allowed energy deficit in a year.

. Battery Minimum State of Charge (MSC): To
prevent deep cycling and extend battery life.

Sensitivity Analysis

A sensitivity analysis was conducted to evaluate how
changes in key uncertain parameters (e.g., solar
irradiance, wind speed, fuel prices, component costs,
load growth) would impact the optimal system
configuration, NPC, and LCOE. This provides insights
into the robustness of the optimal solution under varying
conditions [49].

RESULTS

The HOMER Pro simulation identified various techno-
economically feasible hybrid renewable energy system
configurations for the typical rural Ethiopian load
profile and resource availability. The results
consistently demonstrated the advantages of hybrid
systems over conventional diesel-only generation in
terms  of  cost-effectiveness, reliability, and
environmental impact.

Optimal System Configurations
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For the assumed load profile and resource data, the PV-
Wind-Battery hybrid system and the PV-Battery hybrid
system emerged as the most techno-economically
optimal solutions, depending on the specific site's wind
resource availability. In areas with moderate to high
wind speeds, the PV-Wind-Battery combination
typically yielded the lowest LCOE and NPC. Where
wind resources were limited, the PV-Battery system
proved more viable. A diesel generator was often
included as a backup in some optimal configurations,
especially for higher reliability targets or larger loads,
but its operational hours were significantly minimized
to reduce fuel consumption and emissions.

For a representative rural Ethiopian village, an optimal
PV-Wind-Battery system might include:

. PV Array: 20-50 kW (depending on load)

Wind Turbine: 5-15 kKW (1-3 units)

. Battery Bank: 50-200 kWh (to cover autonomy
for 1-2 days)

. Inverter:; 15-40 kW
Economic Metrics

The Levelized Cost of Electricity (LCOE) was the
primary economic indicator for comparison. The results
showed that the LCOE for the optimal hybrid renewable
energy systems ranged from approximately $0.25 to
$0.45 USD/kWh. This range is significantly lower than
the LCOE of a diesel-only system for similar remote
locations, which could easily exceed $0.60 USD/kWh,
primarily due to high fuel transportation costs and
fluctuating diesel prices. The Net Present Cost (NPC)
followed a similar trend, with hybrid systems showing a
lower total lifecycle cost.

A detailed cost breakdown revealed that the initial
capital expenditure (CAPEX) for renewable
components (PV panels, wind turbines, batteries)
constituted the largest portion of the NPC. However, the
long-term savings from reduced or eliminated fuel costs
and lower O&M expenses for renewable components
largely offset this initial investment over the project
lifetime. Batteries accounted for a significant portion of
the CAPEX, highlighting the importance of optimizing
their sizing and selecting cost-effective battery
technologies.

Reliability Performance

The optimized hybrid systems consistently met the
defined reliability targets, maintaining a Loss of Power
Supply Probability (LPSP) close to 0% (e.g., less than
0.1%). This high reliability was achieved through the
complementary nature of solar and wind resources and,
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critically, the effective energy buffering provided by the
battery storage system. The batteries ensured
continuous power supply during periods of low
renewable generation or high demand, demonstrating
their vital role in off-grid applications [4, 5].

Environmental Impact

In terms of environmental impact, the hybrid renewable
energy systems showed a drastic reduction in CO2
emissions compared to diesel-only generation. For the
optimal ~ PV-Wind-Battery  configuration, CO2
emissions were virtually zero during normal operation,
with minimal emissions only if a backup diesel
generator was occasionally required. This aligns with
Ethiopia's commitment to sustainable development and
global climate change mitigation efforts [5, 7]. The
ability to significantly reduce the carbon footprint while
providing energy access is a major advantage of these
systems.

Sensitivity Analysis Results

The sensitivity analysis provided crucial insights into
the robustness of the optimal solutions.

. Fuel Price: Increases in diesel fuel prices
significantly improved the economic competitiveness of
hybrid systems (especially PV-Wind-Battery) over
diesel-only systems, making the former even more
attractive. This is particularly relevant for landlocked
countries like Ethiopia, where fuel transportation costs
are high.

. Renewable Resource Availability: Higher
average solar irradiance and wind speeds naturally led
to lower LCOE for renewable-dominant hybrid systems,
reinforcing the importance of accurate site-specific
resource assessment.

. Component Costs: A decrease in the capital cost
of PV panels, wind turbines, and especially batteries,
had a substantial positive impact on the economic
viability of hybrid systems, making them more
affordable for rural communities. Continued global
trends of declining renewable energy technology costs
further enhance this outlook.

. Load Growth: While a higher load increased the
absolute cost, the LCOE remained relatively stable,
suggesting scalability. However, rapid, unpredictable
load growth could necessitate future system expansions.

DISCUSSION
The techno-economic feasibility assessment and
optimization results robustly confirm that off-grid

hybrid renewable energy systems are a viable and
sustainable solution for rural electrification in Ethiopia.
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The study's findings are consistent with previous
research demonstrating the benefits of hybrid systems in
other developing regions [20, 22, 25, 28, 48, 49]. The
competitive LCOE values, significantly lower than
those for diesel-only generation in remote areas,
highlight the economic attractiveness of these systems
over their lifecycle, despite potentially higher initial
capital investments. This long-term economic
advantage is crucial for attracting investment and
ensuring the sustainability of rural -electrification
projects.

The complementary nature of solar and wind resources,
coupled with efficient energy storage, proves to be the
cornerstone of system reliability. This combination
effectively addresses the intermittency challenges
inherent in individual renewable sources, ensuring a
stable and continuous power supply, which is critical for
meeting the diverse energy needs of rural communities
and supporting local economic activities. The flexibility
of including a small, optimally sized diesel generator as
a backup further enhances reliability while keeping fuel
consumption and emissions to a minimum. Such
integrated approaches are essential for reliable
decentralized energy models [6, 16].

The significant reduction in CO2 emissions associated
with hybrid renewable systems offers substantial
environmental benefits, aligning with Ethiopia's
national and international climate commitments [5, 7,
10]. Shifting away from fossil fuels not only reduces
greenhouse gas emissions but also improves local air
quality, contributing to better public health outcomes in
rural areas.

From a policy perspective, these findings underscore the
need for targeted support mechanisms to accelerate the
deployment of off-grid HRES in Ethiopia. This
includes:

1. Financial Incentives: Subsidies, low-interest
loans, and innovative financing models (e.g., pay-as-
you-go, community ownership models) to mitigate the
high upfront capital costs for rural communities.

2. Capacity Building: Investing in training local
technicians and engineers for the installation, operation,
and maintenance of these systems to ensure long-term
sustainability.

3. Standardization and  Quality  Control:
Developing clear standards for system components and
installation to ensure reliability and performance.

4. Resource Mapping: Conducting detailed, site-
specific renewable resource assessments across various
regions of Ethiopia to identify optimal locations for
HRES deployment. This can be integrated into national
electrification planning [13, 35, 36, 37, 45].
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5. Enabling Regulatory Frameworks: Policies that
support distributed generation and mini-grids, reducing
bureaucratic hurdles for private sector involvement.

While this study provides a robust techno-economic
analysis, certain limitations should be acknowledged.
The load profiles were estimated based on typical rural
consumption patterns and could be refined with more
granular, site-specific data. The economic analysis
relies on current cost data, which is subject to market
fluctuations and technological advancements; however,
sensitivity analysis helped address this. Future research
could incorporate detailed social impact assessments
(e.g., job creation, improved health outcomes) to
provide a more holistic understanding of the benefits.
Further dynamic modeling and real-time control
strategies, particularly for managing complex hybrid
systems with demand-side management, could also be
explored [1]. Additionally, investigating the integration
of other local renewable resources, such as micro-hydro
[24, 27, 41, 42] or biomass [25], could provide even
more diversified and resilient solutions for specific
regional contexts within Ethiopia.

CONCLUSION

In conclusion, off-grid hybrid renewable energy
systems represent a cornerstone for achieving universal
energy access in rural Ethiopia. Their demonstrated
techno-economic viability, coupled with significant
environmental benefits and high reliability, positions
them as a strategic pathway for sustainable rural
development. Continued research, policy support, and
investment are crucial to unlock the full potential of
these systems and bring clean, reliable electricity to
millions of underserved populations.
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