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community. Local solar resources were assessed using a calibrated Angstrom-
Prescott model, while wind speed data across multiple heights were analyzed with
HOMER Pro to optimize system design. The proposed configuration is designed to
meet an average daily electricity demand of 1.5 MWh/day, with photovoltaic (PV)
panels providing approximately 75% (=1.125 MWh/day), wind turbines contributing
25% (=0.375 MWh/day), and a lithium-ion battery bank supplying short-term backup
and operational buffering. Resource assessment indicates an average solar potential
of 5.61 kWh/m?/day and a mean wind speed of 2.56 m/s at 10 m, corresponding to a
wind power density of approximately 12.46 W/m?. Simulation results demonstrate
that the hybrid system substantially reduces diesel dependence, achieving estimated
annual greenhouse gas savings of ~7.3 tCO»-eq. Economic evaluation reveals a net
present value (NPV) of USD 0.45 million, an internal rate of return (IRR) of 9.5%,
and a levelized cost of energy (LCOE) of 0.42 USD/kWh, which is competitive with
diesel-based electricity generation in remote areas. These findings confirm that a
battery-supported solar—wind hybrid system offers a technically reliable,
environmentally sustainable, and economically viable solution for rural electrification,
energy resilience, and fossil fuel reduction in northern Ethiopia.

Keywords: resources assessment; renewable energy; solar resource; wind resource;
hybrid system

1. Introduction

Access to electricity is a cornerstone of socio-economic development, yet rural electrification remains a
persistent challenge in many developing countries, including Ethiopia. Approximately 85% of Ethiopia’s
population resides in rural areas, but less than 30% have access to reliable electricity [1]. The country’s power
generation is heavily reliant on hydropower (~90% of installed capacity), with limited contributions from wind
(~8%) and thermal plants. This dependence on hydropower makes the energy sector vulnerable to seasonal rainfall
fluctuations, resulting in recurrent power shortages and blackouts. Northern communities, such as Kara Adishuho,
face particularly acute electricity access challenges due to limited grid coverage. Driven by climate change
concerns and global decarbonization commitments, the renewable energy sector has grown rapidly worldwide,
with total installed capacity increasing by 32% from 2023 to 2024, reaching approximately 4448 GW, including
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1600 GW of photovoltaic (PV) and 1021 GW of wind installations [2]. This global trend underscores the potential
of hybrid renewable energy systems (HRES) as reliable and sustainable alternatives to conventional energy
production [3-5].

Ethiopia possesses substantial renewable energy potential. The northern highlands, including Kara Adishuho,
receive abundant solar radiation (4.5-6.5 kWh/m?/day) and experience favorable wind speeds (5-8 m/s), providing
complementary resources for hybrid solar-wind systems. Large-scale projects like the Ashegoda Wind Farm
demonstrate the feasibility of harnessing wind energy in the region, while solar PV offers a decentralized option
suitable for off-grid communities [6]. Advances in photovoltaic technologies, declining installation costs, and a
high solar capacity factor of 4.8 further strengthen the case for hybrid system deployment in rural Ethiopia [7-9].
HRES combining solar PV, wind, batteries, and occasionally diesel backup have been shown to reduce the levelized
cost of electricity (LCOE) and improve reliability compared to diesel-only or single-source systems [10—13]. In such
configurations, solar PV typically provides the bulk of energy due to high irradiance, while wind complements it
intermittently, reducing dependency on batteries or generators [14—16]. Simulation and optimization tools,
including HOMER Pro, is essential for system sizing and design, ensuring technical feasibility and cost-
effectiveness under local climate and load conditions.

The integration of complementary resources, such as solar, wind, and pumped hydroelectric storage,
enhances the reliability of hybrid systems by mitigating the intermittency of individual energy sources [17-20].
Recent studies highlight that dynamic analysis and optimal sizing of PV/Wind-pumped hydro systems are critical
for sustainable electricity generation and economic viability in both rural and utility-scale applications [21,22].
Geographical conditions and topography further influence the technical and economic feasibility of hybrid
projects, while pumped hydropower storage has been shown to stabilize power delivery, improve system
reliability, and reduce long-term operational costs [23-26]. Investigations of standalone PV/Wind-pumped hydro
configurations confirm their potential as environmentally friendly, technically feasible, and cost-effective
alternatives to conventional energy solutions, particularly in regions with abundant renewable resources [27,28].

Beyond pumped hydro, hybrid systems incorporating diesel and battery storage (PV/Wind/Diesel/Battery
microgrids) have proven effective for enhancing rural electrification and off-grid access while reducing reliance
on fossil fuels [29,30]. Reviews of microgrid integration emphasize the importance of technical optimization and
advanced modeling approaches to maximize reliability and efficiency [31]. Additionally, hybrid systems have
demonstrated potential in mitigating power shortages in national grids through economically and environmentally
optimized designs [32-34]. Case studies on isolated renewable hybrid systems provide practical insights into
system layout, sizing, and operational challenges across diverse contexts [35]. Collectively, these findings indicate
that HRES whether pumped hydro-supported, microgrid-based, or grid-connected offer a critical pathway toward
resilient, sustainable, and cost-effective energy development.

Despite these global and regional advancements, a notable research gap remains for rural Ethiopian
communities. Many existing studies rely on generalized meteorological data and lack comprehensive techno-
economic optimization, limiting their applicability to local contexts such as Kara Adishuho. Addressing this gap
requires site-specific assessments that integrate measured meteorological data, load profiles, and optimization tools
to ensure reliable, cost-effective, and scalable solutions.

This study aims to evaluate the techno-economic feasibility of a solar-wind hybrid system for the Kara
Adishuho community. By combining field-collected solar and wind data with HOMER Pro and PVsyst
simulations, the research seeks to design an optimized hybrid configuration capable of delivering continuous,
affordable, and sustainable electricity. The outcomes are expected to inform rural electrification strategies, support
Ethiopia’s transition to clean energy, and provide a replicable framework for similar underserved communities
across Sub-Saharan Africa.

2. Methodology

The study follows a systematic approach to assess and design the hybrid energy system for Kara Adishuho,
structured into distinct phases: resource data gathering, load estimation, system modeling, and techno-economic
analysis. The proposed methods encompass a wide variety of generation technologies applicable to both centralized
and distributed power systems, while also addressing relevant social and environmental constraints. Data for this
research were gathered from both primary and secondary sources to evaluate the viability of a solar PV-wind hybrid
system in the Kara Adishuho community. Primary data comprised onsite measurements of solar radiation and wind
speed collected through installed sensors, ensuring localized and precise information. Supplementary data were
acquired from NASA’s database and the National Meteorological Service Agency (NMSA) of Ethiopia. The
integration of these diverse datasets facilitated a comprehensive assessment of the energy resource potential, as
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illustrated in Figure 1. The study utilized Geographic Information System software (ArcGIS version 10.5, available
at https://www.esri.com/en-us/arcgis (accessed on 1 September 2025) for managing, analyzing, and visualizing
geospatial data. Additionally, HOMER Pro 3.16 (available at https:/www.homerenergy.com (accessed on 1
December 2025) was employed to model and optimize microgrid configurations, enabling the simulation and
evaluation of various system designs. Microsoft Office 365 Excel served as a tool for data organization and detailed
analysis. Collectively, these tools formed a robust framework for spatial analysis, microgrid optimization, and data
management, significantly contributing to the accuracy and effectiveness of the study.
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Figure 1. Flow chart of methods and methodology.

2.1. Geographical Locations of Study Area and Data Settings

Ethiopia is geographically positioned within the solar belt, spanning latitudes from 3° to 15° north and
longitudes between 33° and 48° east. To assess solar resource potential, a suitability analysis was conducted over
the entire Kara Adishuho community area, located in northern Ethiopia. The local temperature at the station varies
between 1 °C and 35 °C, with predominantly clear skies for nearly all months throughout the year. The broader
Tigray region holds notable energy resource potential due to its location within recognized territorial boundaries.
Specifically, Raya Azebo Wereda, and more precisely Kara Adishuho, lies in northern Ethiopia at GPS coordinates
ranging from 12°46"27" to 12° 51'8" N latitude and 39°34'6" to 39°55'19" E longitude, as illustrated in Table 1.
The Wereda sits at an elevation between 1500 and 2300 m above sea level, experiencing average temperatures
between 15 °C and 35 °C. the location of the study area is illustrated in Figure 2.

Table 1. Geographical details of the selected village.

No. Name of the Village Description
1 District Tigray
2 Country Ethiopia
3 Population 5525
4 Households 921
5 Average family Size 6
6 Longitude 39°38.754' E (39.6459° E)
7 Latitude 12°48.17' N (12.8028° N)
8 Altitude 2479 m (8133 feet) above sea level
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Figure 2. Geographical locations of study area.

2.2. Potential Resource Assessment

For the simulation, both wind and solar energy resources were incorporated in the design of a hybrid
renewable energy system. The selected village experiences substantial solar radiation throughout the year. During
the summer months, solar insolation is available for approximately 10—12 h per day, whereas in winter, it decreases
slightly to around 8—10 h. The maximum ambient temperature at the site during summer reaches 15 °C to 35 °C.
Solar radiation data were obtained from the National Aeronautics and Space Administration (NASA) database.
For the region under study, the annual average solar radiation and clearness index are 5.71 kWh/m?%day and 0.634,
respectively. As illustrated in Figure 2, the monthly solar radiation profile confirms the high potential of the site
for solar energy applications and its suitability for electrification through solar-based systems.

2.3. New Estimation Model of Solar Radiation for Kara Adishuho Stations

A modified Angstrom relation was selected for use in the region after reviewing several methods applied in
Ethiopia and other countries, based on their suitability for the local conditions. This modified approach offers an
improved, topography-dependent model [36,37], that serves as an effective initial input formulas are summarized
in Table 2.

Table 2. Numerical formulas and data for solar radiation estimation at Kara Adishuho.

No Formula/Parameter Description/Notes
1 H=H, [ a+b Nl] . Classic Angstrom Linear Relation for daily global solar radiation
° (kWh/m?/day).
2 a=-0.309 +0.539cosp — 0.0693h + 0.29(N/N,) . Regression coefficient ‘a’, latitude- and topography-dependent.
3 b=1.529 = 1.027cose + 0.0926h — 0.359(N/N,) . Regression coefficient ‘b’ & latitude.
4 N, = 2;4 X W= 12—5 X cos” [~ tan (¢) X tan (3)] . Maximum possible daylight hours in a day (hours).
5 o, =cos™" [~ tan (¢) x tan (3)] . Sunset hour angle (radians or degrees).
6 §=23.49" x sin [360” x (%)] . Solar declination angle (°), n? = day of year.
7 8=0.409 xsin [32?115 * nd—1.39] . Alternative declination formula (radians).
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Table 2. Cont.

No Formula/Parameter Description/Notes
H,= % X Gy X Dr [%u)s % sin(@) X sin(8) +
cos() X cos(8) X sin (wy)]

360xnd

Extraterrestrial daily solar radiation (kWh/m?/day).

. H, = 223805 4 0.033c0s ()] x
[cos(e) cos(8) sin (m5)+n :&Oms sin(@) sin(8)] Detailed formula including Earth-Sun distance correction.
_ 360 x Nd . . .
11 Gon = G [1 +0.033c0s [———] . Extraterrestrial solar radiation on a plane normal to radiation (W/m?).
H
12 Epy = Porc [1+ Bp(Teen — Tsec)] f:c . PV module energy output (W), adjusting for irradiance and temperature.
13 Teen = Too+ 7.8 X 1072H, . Empirical PV cell temperature estimation (°C).

2.4. Wind Energy Resource Potential

Wind resources are as important as solar resources for designing hybrid power systems, and accurate data
were obtained from Ethiopian national meteorological stations. Wind speed, caused by air movement from high-
to low-pressure areas, is a key meteorological parameter affecting weather forecasting, construction, aviation,
maritime activities, and plant growth. The cup anemometer, valued for its simplicity and reliability, measures wind
speed by tracking cup rotations, with the anemometer factor (ratio of actual wind speed to shaft speed) typically
ranging from 1.5 m/s to 3.0 m/s at 2m height. These measurements, calculated using standard equations, provide
essential data for assessing and utilizing wind energy. Wind speed calculations are performed using eqns are
summarized in Table 3.

Table 3. Numerical formulas for wind energy and battery storage modeling.

No Formula Description
_ . Instantaneous wind speed, where AF is the anemometer factor and o is
1 Vinst =AFxo
shaft speed.
2 Vavg = AF x (N/t) . Average wind speed based on number of rotations per unit time.
3 WPD =0.5 x p x V* . Wind power density (W/m?), where p is air density and V is wind speed.
4 Py, =£(V 7,1) . Wind turbine power output as a function of hub-height wind speed and
turbine characteristics (cut-in, rated, cut-off).
hz\*
5 Ve = Vor (E) . Wind speed at hub height, where a = 1/7 is the wind shear coefficient.
6 Wind energy = 0.5 x @ x A x V? . Overall wind energy

7 SoCp;s(t) = SoC(t —AY(1 — 0) — Eyuv(Omp  » Battery state of charge during discharge mode.

e}

Ps(t)
S0Cen (1) = SoC(t—AD)(1 —0) + <71 Mo . Battery state of charge during charging mode.

nv

2.5. Effective Modeling Software

Several software tools are available for the feasibility assessment of energy generation systems, including
HOMER, iHOGA, RETScreen, and Hybrid2 [21]. Each modeling platform offers distinct capabilities in terms of
application scope, analytical approach, and power range. In this study, HOMER Pro software was selected due to
its widespread adoption, user-friendly interface, and strong capability for off-grid system modeling. In addition,
the software enables system sizing based on both technical feasibility and economic viability [22]. HOMER Pro
was developed by the National Renewable Energy Laboratory (NREL), USA, specifically for the analysis and
optimization of renewable energy systems. The software allows users to define detailed component specifications
and evaluates various cost metrics, including life-cycle cost, operation and maintenance cost, net present cost, and
levelized cost of energy. In this work, the hybrid system comprises wind turbines, solar photovoltaic (PV) modules,
batteries, and power converters of different capacities. HOMER Pro was employed to identify the most feasible
system configuration that satisfies the load demand while minimizing overall system cost.
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2.6. Electricity Load Assessment

The electrical load demand of the selected village was reasonably estimated based on the existing load profile
of a comparable rural village within the same region. In addition, the lifestyle and energy-use preferences of local
residents were taken into account. Seasonal variations in electricity demand were evaluated by considering both
winter and summer conditions, accounting for differences in appliance usage duration and power ratings typical
of rural households. The residential load demand includes common household appliances such as televisions,
radios, refrigerators, compact fluorescent lamps (CFLs), and other essential electrical devices widely used in
rural communities. The detailed load profile of the selected village is presented in Table 4. The village comprises
335 households, each with an average family size of six members. The estimated average daily electricity
consumption is 1505.49 kWh/day in summer, and a peak load demand of 1059.27 kWh/day. The influence of
seasonal variations on load demand during winter and summer was incorporated into the analysis to ensure
accurate system sizing and performance evaluation.

Table 4. Estimated load demand of the village.

. Summer Winter
No. Appliances Qty Wattage (W) hrs./Day Wh/Day hrs./Day Wh/Day
1 Small refrigerator (fridge) 1 90 24 2160 18 1620
2 CFL lamps (AC) 5 12 7 252 9 324
3 Ceiling fans 3 36 8 864 0 0
4 Water pumps 1 500 1 500 1 500
5 Washing machine 1 500 1 500 1 500
6 Mobile charge 2 8 3 48 3 48
7 Radio Charger 1 10 2 20 2 20
8 TV with receiver 1 50 3 150 3 150
Total energy demand load for 1 household 4494 3162
Total energy demand load for 335 households 1,505,490 1,059,270

3. Details of the Designed Model

The techno-economic evaluation and optimal design of the proposed system require comprehensive technical
specifications and cost data for all components involved in the modeling process. In this study, the analysis was
carried out using HOMER Pro software, which is widely used for assessing the feasibility and performance of
hybrid energy systems. Detailed descriptions of the system components and the overall system configuration are
presented in the subsequent sections.

3.1. Details of the System Components

The proposed system for the selected village integrates wind and solar resources as the main sources of
renewable energy generation. The system configuration includes wind turbines, photovoltaic (PV) panels, energy
storage batteries, and a power converter. The technical specifications and cost-related information for each system
component were collected through a comprehensive review of relevant literature and detailed market surveys.

3.1.1. The Wind Turbine Components

A generic wind turbine was selected for the proposed system, and its technical characteristics are summarized
in Table 5. The initial investment and replacement costs of the wind turbine were both assumed to be USD 4000,
while the annual operation and maintenance cost was estimated at USD 200. Consistent with previous studies, the
wind turbines were connected to the AC load [38].

Table 5. Technical parameters of the wind turbine used in the proposed system.

No. Parameter Specification
1 Turbine model Generic with rated capacity 3 kW
2 The Hub height 10 m
3 The Manufacturer Generic type
4 The Design lifetime 25 years
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3.1.2. Battery Energy Storage System

To maintain supply reliability during evening hours and other periods of reduced generation, battery storage
was included as a supporting element of the system design. The proposed hybrid configuration employs a 1 kWh
lead-acid battery, with detailed technical characteristics summarized in Table 6. For modeling purposes, the
upfront investment cost per battery was taken as USD 62, while the replacement cost was assumed to be USD 50.
Annual operation and maintenance expenses were estimated at USD 6 per unit, and the battery lifetime was
assumed to be five years [39].

Load Demand (MWh) x Backup Duration (hours)
Depth of Discharge (DoD) X Efficiency Factor x (1 — loss cofficient) (1

Figure Battery Capacity =

Table 6. Technical specifications of the storage battery.

No. Parameter Specification
1 Storage model BAE PVS Block
2 The nominal capacity voltage 12 Volts
3 The nominal capacity energy 0.869 kWh
4 The maximum capacity current 72.4 Ah
5 The round-trip system efficiency 85%
6 The maximum capacity charge—discharge current 11.2-119 A respectively

3.1.3. The Solar PV Panels Components

The solar photovoltaic (PV) array was integrated into the DC bus of the proposed hybrid energy system. For
modeling purposes, the capital and replacement costs of the PV modules were each assumed to be USD 350 per
kW, reflecting current market conditions. Owing to the minimal maintenance needs of PV technology, the annual
operation and maintenance cost was set at USD 5 per kW. To represent real-world performance losses arising from
factors such as temperature variation, dust accumulation, and wiring inefficiencies, a derating factor of 88% was
applied to the PV modules [25]. The complete technical parameters of the PV system are summarized in Table 7.

Table 7. Technical specifications of the solar PV panels.

No. Parameter Description
1 Module model CS6K-290MS (All-Black series)
2 PV technology Flat-plate photovoltaic module
3 Nominal power rating 1 kW
4 Manufacturer Canadian Solar Inc.
5 Expected operational lifetime 25 years

3.1.4. The Converter Components

An ideal power converter with a rated capacity of 30 kW (model 30B3-4DF) was incorporated into the system
to facilitate AC-DC power conversion. For simulation purposes, both the initial investment cost and the
replacement cost were taken as USD 104 per kW, while the operational lifetime of the converter was assumed to
be 15 years as illustrated in Table 8. The conversion efficiency of the inverter stage was set at 96%, consistent
with typical performance values reported in the literature [26]. The complete technical specifications of the
converter are summarized in Table 9.

Table 8. Technical characteristics of the power converter.

No. Converter Specification
1 Maximum power rating 30 kW
2 Rated current capacity 39A
3 Operating voltage range 480 VACS to 400 VACS
4 Operating frequency 60Hz or 50Hz
5 Nominal—Peak conversion efficiency 96-97% respectively
7 Expected service lifetime 15 years
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Table 9. Overall cost breakdown of the system.

No. System Component Initial Investment Cost ($) Replacement Cost ($) Annual Operating Cost ($)

1 Wind turbine 4000.00 $ 4000.00 $ 200.00 $
2 Solar PV modules 350.00 $ 350.00 $ 5008
3 Power converter 104.00 $ 104.00 $ 0.00$
4 Battery storage 62.00 $ 50.00 $ 6.00 $

3.2. The Hybrid System Model Configuration

The hybrid renewable energy system combines wind, solar, battery storage, and a power converter to
supply reliable electricity to a rural community. PV modules, batteries, and the converter connect to the DC
bus, while the wind turbine feeds the AC load. Excess energy charges the batteries, ensuring continuous supply
during low-generation periods. System optimization in HOMER Pro considered technical and economic
metrics, showing the chosen configuration achieves the lowest NPC, COE, and O&M costs, with illustrating
component cost contributions.

Load Demand (MWh) x Backup Duration (hours)
Depth of Discharge (DoD) x Efficiency Factor x (1 — loss cofficient)

Figure Battery Capacity = (2)

Photovoltaic (PV) panels typically achieve efficiencies of 15% to 22% and have a lifespan of 25 to 30 years,
with performance influenced by factors such as temperature and shading [40,41]. Wind turbines vary in rated
power, often exceeding 2 MW, with capacity factors of 30% to 50% depending on local wind conditions. They are
generally mounted at heights between 80 and 120 m, which enhances energy capture [42]. For sizing optimization
in hybrid renewable energy systems, the primary objective is to minimize the Levelized Cost of Energy (LCOE)
while maximizing energy output. Constraints include technical limits on power output, financial budgets, and
environmental regulations, alongside reliability concerns like Loss of Power Supply Probability. The Levelized
Cost of Energy (LCOE) and the payback time money (PBTM). The cost of environmental damage produced by
carbon dioxide (Cco2) may be used to compute LCOH using the following Equation [43]:

r(1+n" )
(—n_ X C+ Cogm — Ceo
LCOE = (1+r) 1 ) 2 (3)
t
PBTM = ¢
T(@+nr-1 4)

T+ 00 (Cco, = Cosm)
The cost of environmental damage (Cco,) caused by CO, gas can be calculated by the following Equation [44].
Ccoz = EFcoz2 X Et X @co, (5)

where: EF¢q, represents the CO, emission factor of the electric power generation system (kg CO»/kWh) [45],
Dco, represents the carbon social cost ($/ton CO»), which may be considered as $70/ton CO» [46].

The environmental and social impacts of PV solar fields are well addressed in Assessment of
Environmental and Social Impacts of Photovoltaic Solar Fields [47]. The study highlights both the ecological
considerations, such as land use and habitat alteration, and the social benefits, including job creation and
improved local energy access.

3.3. Economic Analysis

The economic viability of the proposed hybrid renewable energy system was assessed using key financial
indicators, including the net present cost (NPC), cost of energy (COE), initial capital investment, and operation
and maintenance (O&M) expenses. These metrics provide a comprehensive evaluation of both the short-term and
long-term financial performance of the system. The analysis helps determine the most cost-effective configuration
while ensuring reliable energy supply throughout the year.

3.4. System Constraints and Uncertainty Analysis

The isolated HRES is designed to supply the Governorate’s load independently, with reliability evaluated via
the PSROC [48]. Key uncertainties arise from PV module characteristics (irradiance, temperature, technology),
conversion chain losses (inverter/transformer efficiency, MPPT, module mismatch, design/workmanship), and
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long-term degradation, collectively defining the overall uncertainty in predicted energy yield, which will be
quantified at the end of the section.

The total uncertainties = /3, (individual uncertainty) 2 (6)

4. Results and Discussion

The assessment of renewable resource potential in Kara Adishuho was carried out through the application of
a modified Angstrom model for solar radiation estimation, coupled with measured wind data extrapolated to
turbine hub height. The results were integrated into a hybrid PV-wind-battery energy system simulation using
HOMER Pro, and subsequently analyzed in terms of energy potential, techno-economic performance, and
environmental implications.

4.1. Solar Energy Resource Potential

The modified Angstrom relation was applied to the sunshine duration data collected from Raya Azebo
Wereda, producing the monthly average daily global solar radiation values. Solar radiation, as detailed in Section
2.1 and summarized in Figure 3, exhibits a distinct seasonal pattern. The site receives a high annual average of
5.61 kWh/m?day, with peak insolation of 6.5 kWh/m?/day in November during the dry season. The minimum
radiation of 4.1 kWh/m?/day occurs in August, coinciding with the rainy season and increased cloud cover. This
variation underscores the need for a complementary energy source or robust storage to ensure supply continuity
during periods of low solar availability.

Average wind power density at [2m, 10m, and 50m] (m/s)

Jan Feb  Mar Jul Nov  Dec

Apr  May Jun Aug Sep  Oct Avg
W Hestimated 5.6 6 6.2 6.1 6.1 5.5 4.2 3.8 4.4 5.8 5.9 5.4 5.4

W Hmeasured 5.9 6.2 6.4 6.2 6.2 5.5 4.4 4.1 4.5 6 6.5 5.6 5.6
m NASA 5 5.1 5.1 5.2 5.2 4.9 4.5 4.5 4.9 5.1 5 5 5

Average Solar Radiation (kWh/m? /day
o = N w i~ (9] (o)} ~

Number of months in a years

Figure 3. Monthly average solar radiation data.

4.2. Wind Energy Resource Potential

Measured wind speeds at 2 m, 10 m, and 50 m were extrapolated to an 80 m hub height using the wind shear
law with an exponent of 1/7, yielding an average speed of 2.73 m/s and a corresponding wind power density of
12.46 W/m?2. While this limits the feasibility of utility-scale projects, small-scale turbines could still contribute to energy
diversification. Interestingly, the wind resource exhibits an inverse correlation with solar availability Figure 4), with
monthly average wind speeds peaking in March and July and dropping to their lowest in September and October
across all measured heights. Power density follows this pattern, reaching maxima of 10.55 W/m? at 2 m, 19.85 W/m?
at 10 m, and 37.34 W/m? at 50 m, with 10 m identified as the most practical design height, balancing infrastructure
feasibility and energy yield as shown in Figure 5. To further characterize the resource, the Rayleigh probability
distribution was applied to model wind speed frequency, estimating equivalent power densities between 150-200 W/m?
at 10 m height. For an 80 m? swept area and air density of 1.225 kg/m?, the potential wind power at the observed
2.73 m/s average speed.
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Wind energy = 0.5 x ¢ x A x V3 @)
Wind energy = 0.5 x 1.225 kg/m? x 80 m?x (19.85 m/s)* = 375205 Wh/day = 375 kWh/day

Average wind speed at [2m, 10m, and 50m] (m/s)

~~
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N
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& 25
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B .
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8 00
% Apr  May Aug  Sep

m2m 216 244 257 242 203 228 256 209 154 187 203 205 2.21
m10m 268 301 320 3.00 252 278 317 261 188 230 252 255 273
m50m 333 373 392 371 3.09 344 389 321 236 284 3.09 313 3.36

Number of months in a years

Figure 4. Monthly average wind Speed.

Average wind power density at [2m, 10m, and 50m] (m/s)

40
35
30
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m2m 6.25 891 10.55 8.83 5.14 7.06 1030 572 224 396 513 536 6.62

®10m 11.77 16.76 19.85 16.61 9.68 13.29 19.39 10.77 4.22 7.45 9.65 10.08 12.46
m50m 22.14 31.54 37.34 31.24 18.20 25.00 36.47 20.26 7.94 14.01 18.17 18.97 23.44

S

Average wind power density (w/m?)

Number of months in a years

Figure 5. Monthly average wind power density.

4.3. Solar-Wind Hybrid Energy Generation

The hybrid solar-wind system combines PV panels and wind turbines to exploit their complementary output.
The design process includes site assessment, energy modeling, component sizing, integration, storage planning,
and economic analysis, aiming to generate 1.5 MWh/day (75% solar, 25% wind). PV and wind components are
selected to meet energy targets, while battery storage mitigates variability. Simulations consider local irradiance,
wind, and storage needs, ensuring component compatibility and cost-effectiveness. This integrated system
improves reliability and efficiency compared to standalone sources, as shown in Figure 6.

A lithium-ion battery bank with a nominal capacity of 40 kWh was assumed to evaluate system storage.
Considering an inverter efficiency of 90%, a round-trip battery efficiency of 85%, and a depth of discharge of
80%, the effective usable storage capacity is approximately 24.5 kWh. This level of storage provides short-term
backup (several hours) for the hybrid system and primarily supports evening and night-time demand smoothing,
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rather than multi-day autonomy. For a cluster of 335 households with an average daily electricity consumption of
1.2—1.5 kWh per household, the total community demand ranges from 402 to 503 kWh/day, indicating that the
battery system functions as an operational buffer rather than a standalone energy supply. Consequently, the
battery bank plays a critical role in enhancing power reliability during periods of reduced solar irradiance and
low wind availability.

Solar Panel

"oy

."-lJ . ‘\‘\'.

wWind

Turbine
Hub Height

10m

Figure 6. Schematic diagram of solar PV-wind hybrid power supply system.

Uncertainties in resource measurement and system performance were also evaluated. Solar radiation data
variability contributed +5%, PV module efficiency £3%, inverter and battery efficiencies £2%, and wind speed
measurements +10%. Applying a root-sum-square method, the combined uncertainty was estimated to be
approximately £12%. This level of uncertainty is acceptable for rural electrification feasibility studies and does
not significantly affect the overall conclusion that solar PV is the dominant energy resource for the Kara Adishuho
hybrid renewable energy system.

4.4. Technology Assessment Methodology

Before finalizing the hybrid configuration, a comprehensive evaluation of technology performance,
reliability, and environmental compatibility under local conditions was conducted, as illustrated in Figure 7.
Technology selection is pivotal in renewable energy projects, as it directly influences cost-effectiveness,
operational reliability, and long-term sustainability. For the photovoltaic (PV) subsystem, the EVO 6 N panel was
selected due to its high conversion efficiency of 22.5%, low degradation rate, and long operational lifespan. Based
on system sizing and resource availability, the PV array was designed to generate approximately 1.125 MWh/day,
accounting for nearly 75% of the total daily energy demand. To complement solar generation, the wind subsystem
was designed to supply the remaining 25% of demand, corresponding to approximately 0.375 MWh/day. A
Savonius vertical-axis wind turbine (VAWT) was selected owing to its robustness under low and turbulent wind
regimes, mechanical simplicity, and extended service life of approximately 25 years. While Savonius turbines
exhibit lower aerodynamic efficiency than horizontal-axis turbines, their reliability and suitability for the local
wind conditions justify their inclusion as a supplementary energy source.

Battery energy storage underpins system reliability by mitigating the variability between renewable
generation and load demand. A lithium-ion battery bank was adopted due to its high round-trip efficiency (=90%),
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allowable depth of discharge (=80%), and low degradation characteristics. Rather than serving as full energy
storage for daily demand, the battery system was sized to provide short-term autonomy and operational buffering,
supporting evening and night-time loads and enhancing system stability during periods of reduced solar or wind
generation. The storage capacity was therefore optimized for reliability and cost-effectiveness, rather than full 24-h
energy independence. To validate the techno-economic feasibility of the proposed configuration, simulations were
carried out in HOMER Pro. HOMER Pro was employed for system optimization, identifying the least-cost
combination of PV, wind, and storage components while ensuring technical reliability and minimizing Net Present
Cost (NPC). PVsyst provided detailed modeling of the PV subsystem, enhancing the accuracy of generation
forecasts and complementing HOMER Pro results. Together, these tools ensured a robust design capable of
meeting local demand with both economic and environmental benefits.

=~ - -
Location Selection and Resources :D[ Proposed Hybrid System Design ﬂ

Assessment ‘
J ¥
| I Homer Pro | <:| | ! Technology Assessment | I

| Validating Homer Pro |::>” Financial and Environmental

Assessment

Figure 7. Techno-economics of PV-wind hybrid system flowchart.

The average temperature distribution of the location is illustrated in Figure 8, as shown below. The clearness
index, shown in Figure 9, represents the fraction of solar radiation reaching the Earth’s surface relative to the
extraterrestrial (top-of-atmosphere) solar radiation and exhibits pronounced seasonal variation at the study site.
The highest clearness index value of 0.749 occurs in November, coinciding with the maximum average daily solar
radiation of 6.5 kWh/m*day, whereas the lowest value of 0.391 is observed in August, corresponding to the
minimum solar radiation of 4.1 kWh/m?/day. These results indicate that November is characterized by the clearest
atmospheric conditions and highest solar availability, while August experiences increased cloud cover and
atmospheric attenuation. Overall, both the clearness index and daily solar radiation reach their peak values during
late autumn and winter and decline during the summer months, highlighting the strong seasonal influence on solar
energy potential at the site.

Monthly Average Temperature Data

7 30 +
Daily . o
Month Temperature m Daily Temperature (°C)
o) a5 )
Jan 19.150
Feb 20.450 <20 -
g
Mar 21.480 .E
Apr 23.840 2;1 -5
May 24760 &
=16
Jun 25.660 2
Jul 23.300 5 ]
Aug 22.320
Sep 22.200 0 -
Oct 20.860 W L @ W @ W R
Nov 19.510
Dec 18.730 Downloaded at 6/28/2024 5:06:26 PM from:

NASA Prediction of Worldwide Energy Resovre (POWER) database.
Monthly average air temperature over 30-year period (Jan 1984 - Dec.2)
cellMidpointLatitude: 12.25

cellMidpointLonaitude: 39.75

Figure 8. Demand with both economic and environmental benefits.
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Figure 9. Monthly average global horizontal irradiance (GHI) for Kara Adishuho site.

Wind speeds also display a clear seasonal pattern, with the highest velocities recorded in late winter and early
spring. The maximum average monthly wind speed of 19.85 m/s occurs in March, as shown in Figure 10, while
the minimum value of 4.22 m/s is observed in September. A secondary peak of 19.39 m/s is recorded in July. The
substantial variation of 15.63 m/s between peak and low wind periods indicates strong seasonal fluctuations in
wind activity, likely influenced by regional and large-scale atmospheric circulation patterns. These trends highlight
the importance of accounting for seasonal wind variability when designing and optimizing renewable energy
systems for the study site.

Daily Energy Contribution of Hybrid System

1200

T

1000

800

S00

Energy (kV¥h/day)

400

200

Solar PW Wind Turbine

Figure 10. Daily energy contribution of solar PV and wind turbine in the hybrid system.

4.4.1. The Optimization Results

HOMER Pro simulation software conducts thousands of iterations to determine the most feasible and optimal
hybrid system configuration by varying the capacities of solar PV, wind, and battery components. Each feasible
configuration is evaluated and ranked according to its net present cost (NPC), with the lowest NPC indicating the most
cost-effective option. The optimal hybrid system, which achieves the minimum NPC, is summarized in Table 10.
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Table 10. Optimization results of the hybrid energy system.

Architecture Costs System
. . Converter . COE O&M Initial Capital Renewable Fraction
Solar PV (kW) Wind Turbine Batte Dispatch NPC ($
W Y wwy PP ® ® ® ©) %)
1 103 4 224 29.1 ccC 127,345 0.137 4522 68,882 100
2 120 355 30 CC 140,048 0.15 5640 67,132 100

The simulation results indicate that the hybrid system comprising solar PV, wind turbines, and battery
storage represents the most optimized configuration. The optimal setup consists of 103 kW of solar PV capacity,
four wind turbines each rated at 3 kW, 224 lead-acid batteries (12 V, 72.4 Ah each), and a 29.1 kW power
converter. This configuration achieves the lowest cost of energy (COE) of $0.137/kWh compared to the other
system combinations evaluated.

The chart shows that the hybrid system’s daily energy production is dominated by solar PV, contributing
approximately 1125 kWh/day, while wind turbines supply about 375 kWh/day. This reflects the system’s design
strategy of relying primarily on solar energy, with wind serving as a complementary source to meet total demand
as shown in Figure 10. Based on the data, the installed capacity of the Solar PV system is 235 kW. In comparison,
the installed Wind Turbine system has a smaller capacity of 45 kW as shown in Figure 11.

Required Installed Capacit
250 9 - p y

200

130

100

Installed Capacity (k)

4]
o

Solar PV Wind Turbine

Figure 11. Comparison of installed renewable energy capacity.

4.4.2. System Economic Analysis

The financial evaluation of the solar photovoltaic (PV)-wind hybrid system in Kara Adishuho is based on an
average electricity generation of approximately 1.5 MWh/day, comprising 1.125 MWh/day from solar PV and
0.375 MWh/day from wind energy, corresponding to an annual energy production of 547.5 MWh. The total initial
capital investment is estimated at approximately USD 1.7 million, covering the costs of solar PV arrays, wind
turbines, hybrid inverters, battery storage, and associated balance-of-system infrastructure. Annual operational and
maintenance (O&M) costs, including routine maintenance and system management, are projected at approximately
USD 55,000. Assuming an electricity tariff of USD 0.12/kWh, annual electricity sales are estimated at
approximately USD 65,700. In addition, avoided diesel fuel consumption contributes estimated savings of
USD 50,000 per year, resulting in total annual benefits of approximately USD 115,700. Based on these
combined revenues and cost savings, the simple payback period of the project is estimated to be
approximately 14.7 years.

The cost assessment incorporates capital expenditure, operation and maintenance costs, and long-term project
economics. Capital costs are distributed across system components, including solar PV modules, wind turbines,
battery storage, inverters, and balance-of-system components. Using a capital recovery factor (CRF) of 0.102 and
assuming annual O&M costs equivalent to 2% of the initial capital investment, the annualized system cost is
estimated at approximately USD 228,000 per year. Dividing this value by the annual electricity generation of 547.5
MWh yields a levelized cost of energy (LCOE) of approximately USD 0.42/kWh as expressed in Figure 12. While
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this value exceeds Ethiopia’s grid electricity tariff (below USD 0.10/kWh), it remains competitive with the cost of
diesel-based electricity generation, typically ranging from USD 0.45 to 0.70/kWh in remote areas.

06 Levelized Cost of Energy (LCOE) Comparison

0.55

LCOE (USD/kWh)

0.10

Hybrid PV-Wind Diesel Generation Ethiopia Grid

Figure 12. Levelized cost of energy (LCOE) comparison by source.

From an environmental perspective, the hybrid renewable energy system displaces an estimated 7.3 tons of
CO, emissions annually, corresponding to environmental benefits valued at approximately USD 511 per year
based on prevailing carbon pricing assumptions. Over a projected project lifetime of 20 years, the net present value
(NPV) is estimated at approximately USD 450,000, with an internal rate of return (IRR) of 9.5%, indicating
favorable long-term financial performance. Sensitivity analyses further confirm the robustness of the project’s
economic viability under variations in capital cost, fuel savings, and electricity tariffs. Overall, the proposed hybrid
PV-wind system represents a financially viable, technically reliable, and environmentally sustainable solution for
providing dependable electricity to the Kara Adishuho community and serves as a replicable model for rural
electrification in similar contexts. Consistent with previously published studies [49,50], the proposed approach
demonstrates greater feasibility in terms of both economic efficiency and user comfort.

5. Conclusions and Future Work

Despite the inherent variability of wind and solar energy resources, their complementary characteristics play
a crucial role in optimizing energy generation, improving power stability, and enhancing the reliability of hybrid
wind-photovoltaic systems. The analysis conducted at hourly, diurnal (day—night), and monthly (seasonal) time
scales demonstrates that solar and wind resources at the study site exhibit sufficiently complementary availability
patterns. In particular, an inverse relationship between solar radiation and wind speed is observed, which is
advantageous for balancing power generation within the hybrid system.

The site’s average annual solar irradiation was estimated at approximately 2130 kWh/m?, corresponding to a
daily average of 5.84 kWh/m?/day. The minimum observed daily solar radiation of 4.1 kWh/m?*day provides a
conservative reference for photovoltaic (PV) system sizing and reliability assessment. Wind resource analysis
indicates relatively low but usable wind speeds. The average wind speed at the site is approximately 2.56 m/s,
yielding a mean wind power density of about 12.46 W/m?. Solar radiation, with peak instantaneous values ranging
from approximately 1030 to 1556 W/m? and average daytime power densities between 390 and 650 W/m?,
effectively complements the wind resource and reinforces the dominance of solar PV in the hybrid configuration.
Based on these resource characteristics, the optimized hybrid renewable energy system (HRES) was designed to
meet an average daily electricity demand of 1.5 MWh, with photovoltaic generation supplying approximately 75%
of the total energy demand and wind energy contributing the remaining 25%. Battery energy storage was
incorporated to provide short-term autonomy and operational buffering, ensuring system reliability during periods
of reduced renewable generation and minimizing reliance on diesel backup generation.

The deployment of the optimized hybrid system significantly reduces diesel fuel consumption, resulting in
an estimated annual reduction of =7.3 tCO»-eq. Economically, the system demonstrates robust performance, with
a net present value (NPV) of USD 0.45 million and an internal rate of return (IRR) of 9.5% over a 20-year project
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lifetime. The levelized cost of energy (LCOE) remains competitive with diesel-based electricity in remote areas,
providing a sustainable and economically viable solution for rural electrification. Using a capital recovery factor
(CRF) of 0.102 and assuming annual operation and maintenance (O&M) costs equivalent to 2% of the initial
capital investment, the annualized system cost is approximately USD 228,000. Dividing this by the annual electricity
production of 547.5 MWh yields an LCOE of ~USD 0.42/kWh, which, although higher than Ethiopia’s grid tariff
(<USD 0.10/kWh), is lower than the typical diesel generation cost of USD 0.45-0.70/kWh in remote regions.

For future research, it is recommended to apply advanced modeling techniques and remote sensing technologies
to further refine solar and wind resource assessments across Ethiopia. In addition, expanded analyses of socio-
economic impacts and regional comparisons would provide valuable insights for energy policy and planning.
Ongoing work aims to deliver a comprehensive assessment of solar PV-wind hybrid potential in northern Ethiopia,
supporting sustainable electricity generation and enhancing energy resilience in the Kara Adishuho community.
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