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This paper analyzes the technical and economic performance of four off‑grid hybrid power system configurations 

for a rural coastal site using HOMER Pro simulations. Configurations combining photovoltaic arrays, wind 

turbines, battery storage and a diesel backup were compared under a load‑following dispatch over a 25‑year 

horizon with an 8% real discount rate. The PV + wind + diesel + batteries layout emerged as the most 

cost‑effective, achieving the lowest net present cost (NPC = 79,942 USD) and levelized cost of energy (LCOE 

= 0.207 USD/kWh) while delivering a 93% renewable fraction. In this option the diesel unit operates mainly as 

backup, consuming about 709 L/year. Fully renewable alternatives eliminate fuel use but require substantially 

larger PV and battery capacities and show marked increases in NPC. The results support PV–wind hybridization 

with a small diesel backup as a practical compromise between reliability and cost for decentralized electrification 

in resource‑variable rural sites. 

1. Introduction 

Rising energy demand in rural areas, driven by the expansion of services such as telecommunications, creates 

significant challenges for delivering reliable and affordable electricity. In many isolated Peruvian communities, 

including Marcona, extending the central grid is often neither technically feasible nor cost‑effective; as a result, 

critical infrastructure frequently relies on diesel generators, which impose high fuel and maintenance costs and 

generate notable environmental impacts (Bernal‑Agustín & Dufo‑López, 2009). Hybrid systems that combine 

photovoltaic (PV) and wind generation with battery storage have emerged as a viable alternative to reduce fossil 

fuel dependence and lower the levelized cost of energy in off‑grid applications. Techno‑economic and 

optimization studies indicate that PV–wind–battery configurations can improve reliability and reduce lifecycle 

cost, although outcomes depend strongly on local resource availability, dispatch strategy and storage sizing 

(Javed, Song & Ma, 2019; Rehman et al., 2012). Field investigations show that adding small wind turbines and 

appropriately sized battery banks can substantially cut generator run‑hours and diesel consumption, yielding 

clear economic and environmental benefits (Nandi & Ghosh, 2009). Conversely, attempts to reach 100 % 

renewable penetration without fossil backup typically require much larger investments in generation and storage 

capacity, increasing capital and replacement costs and forcing a careful trade‑off analysis between autonomy 

and expense (Ngan & Tan, 2012; Li et al., 2013). Peruvian rural electrification policies and programs favour 

hybrid approaches that pair renewables with suitable backup to ensure service reliability, while national 

initiatives support PV deployment and provide technical guidance for renewable projects (MINEM, 2019; Fondo 

de Inclusión Social Energético, 2020; DGER, 2021). For comparative sizing and scenario analysis, HOMER Pro 

is widely used to estimate NPC and LCOE, simulate dispatch strategies and quantify fuel use (HOMER Energy, 

2024; Bernal‑Agustín & Dufo‑López, 2009). This study employs HOMER Pro to evaluate four hybrid layouts for 

Marcona—incorporating LR6‑60PB PV modules, AWS 1.5 kW wind turbines, a diesel backup generator, SPRE 

06‑225 batteries and a system converter—with the objective of identifying the technically and economically 

optimal configuration for electrifying critical infrastructure in remote coastal sites. 
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Recent studies on rural renewable systems, site selection, HOMER-based assessment, and hybrid microgrid 

optimization confirm the importance of location-specific resource evaluation and techno-economic comparison 

for isolated electrification (Oubouch et al., 2024; Rahimi et al., 2025; Muhieitheen et al., 2025; Hüner, 2025). 

This study contributes to the literature by evaluating hybrid PV–wind–diesel–battery configurations for an 

isolated coastal site in Peru under real load and resource conditions, while simultaneously comparing techno-

economic and environmental performance within the same optimization framework. 

2. Methodology 

2.1 Site and load profile 

The study site is Marcona, Peru (15°23′9″ S, 75°6′5″ W), located on the southern Pacific coast at approximately 

60 m above mean sea level. The site combines high solar irradiance with coastal winds, making it suitable for 

PV–wind hybridization. The reference electrical load is an off‑grid alternating‑current demand with a daily 

average of 81.75 kWh, a peak of 4.0 kW and a load factor of 0.85. No demand growth was applied, so 

simulations reflect the base load profile directly. Hourly load profiles were used in all simulations. Demand 

growth was not included because the study represents a base-case sizing for an isolated rural load with limited 

historical information. A growing-load scenario should be considered in future work. The analyzed system 

corresponds to a decentralized off-grid microgrid designed to supply electricity to an isolated site without grid 

connection. 

2.2 Resource assessment 

Hourly solar irradiance and wind speed time series for the site were assembled and aggregated to monthly 

statistics to characterise seasonality. Monthly mean daily irradiance reaches ≥7 kWh/m²/day between November 

and February and falls below 4 kWh/m²/day in June–August; the clearness index varies from about 0.47 to 0.64. 

Monthly mean wind speeds range from ≈4.95 m/s (February) to ≈5.8 m/s (August–September), showing 

complementarity with the solar resource. These hourly resource inputs drive the component models in the 

simulation environment. 

2.3 Hybrid system configuration and component models 

Four system architectures were compared: (i) PV + wind + diesel generator + batteries; (ii) PV + diesel generator 

+ batteries; (iii) PV + wind + batteries (no diesel); and (iv) PV + batteries (no diesel). Key components and their 

representative parameters are summarised in a compact parameter table. Photovoltaic model. PV output was 

computed hourly using the standard irradiance–temperature model: 

𝑃𝑃𝑉 = 𝑃𝑟𝑎𝑡𝑒𝑑 ⋅ (
𝐺𝑡
𝐺𝑟𝑒𝑓

) ⋅ [1 + 𝛾 ⋅ (𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑟𝑒𝑓)] (1) 

where 𝑃𝑃𝑉 is instantaneous PV power [kW], 𝑃𝑟𝑎𝑡𝑒𝑑 is array rated power [kW], 𝐺𝑡 is irradiance [W/m²], 𝐺𝑟𝑒𝑓=1,000 

W/m2, 𝛾 is the temperature coefficient [1/°C], and 𝑇𝑟𝑒𝑓=25 ∘C. 

Wind turbine model. Wind speed at hub height was estimated with the power law: 

𝑈ℎ𝑢𝑏 = 𝑈𝑎𝑛𝑒𝑚 ⋅ (
𝑧ℎ𝑢𝑏
𝑧𝑎𝑛𝑒𝑚

)
𝛼

 (2) 

where 𝑈ℎ𝑢𝑏 and 𝑈𝑎𝑛𝑒𝑚 are wind speeds [m/s], 𝑧ℎ𝑢𝑏and 𝑧𝑎𝑛𝑒𝑚 are heights [m], and α is the shear exponent. 

Turbine electrical output follows the manufacturer power curve; outputs outside cut‑in/cut‑out speeds are zero. 

Air‑density correction was applied: with 𝜌0=1.225 kg/m3. 

𝑃𝑊𝑇𝐺 = 𝑃𝑊𝑇𝐺,𝑆𝑇𝑃 ⋅ (
𝜌

𝜌0
) (3) 

Battery model. Battery energy balance was represented by the discrete hourly update: 

𝐸𝑡 = 𝐸𝑡−1 + 𝜂𝑐 ⋅ 𝑃𝑐 ⋅ 𝛥𝑡 −
𝑃𝑑 ⋅ 𝛥𝑡

𝜂𝑑
 (4) 

where Et is stored energy [kWh], Pc and Pd are charge/discharge powers [kW], 𝜂𝑐 and 𝜂𝑑 are charge/discharge 

efficiencies, and 𝛥𝑡 =1 h. State of charge (SoC) is: 

𝑆𝑜𝐶𝑡 =
𝐸𝑡

𝐸𝑚𝑎𝑥
⋅ 100 (5) 

Operational limits enforce 𝐸𝑚𝑖𝑛≤𝐸𝑡≤𝐸𝑚𝑎𝑥 with 𝐸𝑚𝑖𝑛=𝐸𝑚𝑎𝑥⋅(1−DOD), where DOD = depth of discharge. 
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Diesel generator model. Hourly fuel consumption was modelled as a linear function of generator output: 

𝐹𝑡 = 𝐹0 + (
𝑃gen,𝑡

𝑃rated
) (𝐹fl − 𝐹0) (6) 

where 𝐹𝑡 is the hourly fuel consumption [L/h], 𝐹0 is the no-load fuel consumption [L/h], 𝐹fl is the full-load fuel 

consumption [L/h], 𝑃gen,𝑡 is the generator output power at time t [kW], and 𝑃rated is the generator rated power 

[kW]. Instantaneous thermal efficiency was computed as: 

𝜂𝑑𝑖𝑒𝑠𝑒𝑙,𝑡 =
𝑃gen,𝑡

𝐹𝑡 ⋅ 𝐶𝑉
 (7) 

with 𝐶𝑉 the fuel calorific value (typical diesel 9.8 kWh/L). The genset was configured as autosize to provide 

backup when renewables and storage are insufficient. 

Power electronics. A bidirectional converter was modelled to manage DC–AC and AC–DC flows with specified 

inverter/rectifier efficiencies. 

All component parameter values (rated powers, costs, lifetimes, O&M) were set from manufacturer data and 

literature and are reported in the Table 1. 

Table 1: Key component parameters of the system  

Component   Key parameters 

PV (LR6 60PB) 0.305 kW/module; 18.7 % efficiency; −0.380 %/°C temperature coefficient; 25 yr life 

WT (AWS HC 1.5 kW) 1.5 kW rated; 15 m hub height; 20 yr life; $5,320 capital cost; $60/yr O&M 

Battery (Trojan SPRE 06 225) 1.36 kWh/unit; 226 Ah; 80 % cycle efficiency; $170 capital cost; 1,086 kWh lifetime energy 

Generator (Autosize) No load intercept 0.168 L/h; slope 0.236 L/h/kW; 15,000 h life; $500/kW capital cost 

Converter 1 kW; 95 % inverter/rectifier efficiency; $800/kW capital cost; 15 yr life 

Load (Marcona) 81.75 kWh/day; peak 4.0 kW; avg 3.41 kW; load factor 0.85 

System Horizon 25 yr; discount rate 8 %; fuel price $1.00/L 

2.4 Simulation framework and performance metrics 

Simulations were executed in HOMER Pro over a 25‑year horizon with a real discount rate of 8 % (HOMER 

Energy, 2024). Hourly energy balances, component dispatch and lifecycle costs were computed for each 

configuration. Primary performance indicators were net present cost (NPC), levelized cost of energy (LCOE), 

renewable fraction, annual energy production, diesel consumption, generator operating hours and installed 

capacities. All economic parameters were expressed in 2023 USD, which was taken as the base year for the 

analysis. 

NPC was calculated as the present value of all lifecycle costs 

𝑁𝑃𝐶 = ∑
𝐶𝑛

(1 + 𝑟)𝑛

𝑁

𝑛=0

 (8) 

where 𝐶𝑛 is total cost in year n, r is the real discount rate and N is the analysis horizon. LCOE was obtained as: 

𝐿𝐶𝑂𝐸 =
𝑁𝑃𝐶 ⋅ 𝐶𝑅𝐹

𝐸total
 (9) 

with 𝐶𝑅𝐹 the capital recovery factor: 

𝐶𝑅𝐹 =
𝑟(1 + 𝑟)𝑁

(1 + 𝑟)𝑁 − 1
 (10) 

Figure 1 presents the methodology adopted for the simulation and optimization of the hybrid energy system. 

Based on the system input data, HOMER evaluates multiple design configurations and identifies the optimal 

solution according to economic and performance indicators. 

 

Figure 1: Flowchart of the hybrid system simulation and techno-economic evaluation process  
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3. Results and discussion 

3.1 Overview 

Four hybrid configurations were evaluated in HOMER Pro under identical load and resource conditions to 

compare their technical, economic, and environmental performance. The comparison focused on net present 

cost (NPC), levelized cost of energy (LCOE), renewable fraction (RF), annual energy production, fuel 

consumption, storage autonomy, and generator operating hours. 

3.2 Economic performance: NPC and LCOE 

The cost and performance indicators for the four configurations are summarised in Table 2. The PV + WT + 

Gen option (Case 1) provides the best technical‑economic balance with NPC = 79,942 USD, LCOE = 0.207 

USD/kWh and RF = 93 %, using one AWS‑HC 1.5 kW turbine and a 4.4 kW diesel backup. Fully renewable 

layouts (Cases 3 and 4) reach 100 % RF but incur substantially higher NPC (101,792 and 107,807 USD 

respectively) and require much larger PV and battery capacities. The PV + Gen case (Case 2) reduces initial 

capital relative to fully renewable options but increases diesel consumption and generator hours (847 L/year; 

1,042 h/year). 

Table 2: Simulation results 

Configuration NPC 

(USD) 

LCOE 

(USD/kWh) 

RF Prod. 

(kWh/y) 

Diesel 

(L/y) 

Gen h/y PV 

(kW) 

WT 

(units) 

Gen 

(kW) 

CO₂  

(t/year) 

Case 1 PV+WT+Gen 79,942 0.207 93% 41,364 709 935 22.05 1 4.4 1.857 

Case 2 PV+Gen 80,766 0.209 91% 43,240 847 1,042 25.21 0 4.4 2.216 

Case 3 PV+WT 101,792 0.264 100% 80,159 0 0 34.31 1 0 0 

Case 4 PV only 107,807 0.279 100% 79,901 0 0 49.45 0 0 0 

The presence of a diesel backup reduces the need to oversize PV and batteries, lowering lifecycle cost despite 

fuel‑related emissions (Kaldellis et al., 2012; Ngan & Tan, 2012). 

3.3 Energy production mix and dispatch strategy 

PV production scales with installed capacity (35,627–79,901 kWh/y across cases). The AWS turbine contributes 

≈3,705 kWh/y when present, which reduces generator operation and fuel use. The load‑following dispatch 

prioritised renewables and battery use, engaging the generator only when state‑of‑charge or supply shortfalls 

required backup (HOMER Energy, 2024). Complementarity between solar and wind resources improves 

renewable penetration and reduces generator start‑stop cycles (Nandi & Ghosh, 2009; Ma, Yang & Lu, 2014). 

3.4 Fuel consumption and environmental indicators 

Table 2 shows that Cases 3 and 4 produce zero direct CO2 emissions because they operate without diesel 

generation, whereas Case 1 and Case 2 emit 1.857 and 2.216 t/year, respectively. Case 1 consumes 

approximately 709 L/year, compared with about 847 L/year for the PV + Gen option, confirming that adding wind 

reduces fuel use and associated emissions. The estimated emissions for Case 1 also include minor quantities 

of CO, NOx, SO2, PM, and unburned hydrocarbons, reflecting a substantial reduction relative to configurations 

with higher diesel dependence (Rehman et al., 2012; Rinaldi et al., 2021).  

3.5 Storage sizing and operation 

Effective battery autonomy in the evaluated configurations lies between 60–63 h. Fully renewable options 

require much larger battery capacity and replacement costs, driving NPC upward; with diesel backup, batteries 

operate at shallower DoD and fewer deep cycles, extending life and lowering replacement costs (Ma & Javed, 

2019; Mojumder et al., 2024). 

3.6 Case 1 detailed performance and economic implications 

Case 1 (PV + WT + Gen + batteries; load‑following) attains NPC = 79,942 USD, LCOE = 0.207 USD/kWh and 

RF ≈ 93.2 %, with generator operation limited to 935 h/year. Renewable generation breakdown and key 

operational indicators for Case 1 are shown in Table 3. 

Table 3: Case 1 production and performance (annual) 

Energy Production Energy Consumption Performance Indicators 

Source kWh/year % Load type kWh/year % Indicator Value Unit 

Solar (LONGi LR6-60PB) 35,627 86.1 AC primary load 29,839 100 Excess electricity 7,007 kWh/year 

Wind (AWS HC 1.5 kW) 3,705 8.96 DC primary load 0 0 Unmet load 0 kWh/year 

Diesel (Autosize Genset) 2,032 4.91 Deferrable load 0 0 Capacity shortage 0 kWh/year 
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The LCOE value lies at the lower bound of ranges reported for similar rural hybrid systems, indicating economic 

viability under the assumed cost and fuel conditions (Javed et al., 2019; Li et al., 2013). The turbine’s contribution 

reduces generator run‑hours and operational costs by an estimated 20–40 % in comparable studies (Nandi & 

Ghosh, 2009; Bhattacharjee & Acharya, 2015). 

Table 4 summarises the lifecycle cost components for the optimised system (Case 1). 

Table 4: Case 1 cost breakdown (USD, lifecycle) 

Component Capital Replacement O&M Fuel Residual Total 

LR6 60PB PV 15,876.74 0 2,850.65 0 0 18,727.39 

AWS HC 1.5 kW 5,320.00 1,667.36 775.65 0 −939.67 6,823.35 

Autosize Genset 2,200.00 879.39 1,595.51 7,338.31 −232.77 11,780.45 

Trojan batteries 8,840.00 26,081.94 5,041.73 0 −2,128.65 37,835.02 

System converter 3,552.35 1,507.17 0 0 −283.66 4,775.86 

System total 35,789.09 30,135.87 10,263.55 7,338.31 −3,584.75 79,942.07 

3.7 Sensitivity considerations 

To assess the robustness of the proposed solution, a multivariate sensitivity analysis was performed on the 

capital cost multipliers of the LR6-60PB PV modules and SPRE 06-225 batteries, as well as on the diesel fuel 

price. The results show that NPC increases as any of these parameters rises, with the strongest effect 

associated with PV and battery costs. In practical terms, increasing the SPRE multiplier from 0.8 to 1.2 raises 

the NPC by about 4,333 USD, while the same change in the PV multiplier increases the NPC by about 8,062 

USD. For diesel fuel price, increasing the multiplier from 0.8 to 1.3 raises the NPC by about 4,492 USD. Overall, 

the proposed configuration remains viable across the tested range, although its economic performance is more 

sensitive to PV and battery cost variations than to fuel price changes. 

3.8 Limitations 

Results depend on the quality and representativeness of solar and wind data (no interannual variability or 

extreme events were modelled). HOMER’s component models simplify degradation and may misestimate 

lifetimes; market costs and logistics can alter capital and replacement expenses. Emissions were estimated 

from fuel use; detailed atmospheric dispersion or social and field‑operation aspects were not assessed. The 

analysis covers a limited set of technological configurations; conclusions apply within this modelling scope. 

3.9 Relevance to Peruvian rural electrification policy 

These results are aligned with Peru’s rural electrification and energy transition agenda. The National Rural 

Electrification Plan and FISE programs promote diversified and low-carbon energy solutions for isolated areas, 

supporting hybrid microgrids as a practical option for decentralized electrification in rural Peru (MINEM, 2019; 

FISE, 2020; DGER, 2021). In this context, the proposed PV–wind–diesel–battery configuration contributes to 

reducing diesel dependence while maintaining supply reliability in remote communities. 

4. Conclusions 

The techno‑economic assessment identifies the PV + wind + diesel + battery architecture as the optimal 

configuration for the studied off‑grid site. This layout attains a net present cost of 79,942 USD, a levelized cost 

of energy of 0.207 USD/kWh and a renewable fraction of 93 %, demonstrating that combined solar and wind 

resources substantially reduce reliance on diesel backup. The diesel generator operates primarily as auxiliary 

support, with annual fuel consumption of 709 L and approximately 935 h of operation per year; limited generator 

use reduces maintenance requirements and lifecycle emissions while avoiding excessive oversizing of PV and 

storage assets. Fully renewable alternatives require much larger PV and battery capacities and produce 

markedly higher lifecycle costs under the assumed input prices. Under the site‑specific resource and load 

conditions, hybrid systems that balance renewable generation with minimal generator support provide the most 

practical solution for decentralized electrification.  

This approach achieves a trade‑off between reliability, environmental performance and cost that is particularly 

suitable for rural communities with seasonal variability in solar and wind resources. The applied methodology 

and reported indicators can serve as a reference for future sizing and optimisation studies in comparable 

locations and support evidence‑based decision making by institutions responsible for rural electrification. 
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