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Abstract 

 One of the pillars for the development of isolated communities is electricity, however the implementation 

of conventional networks is limited as a result of the difficulties of the terrain. This paper aims to analyze the 

technical-economic feasibility of implementing a hybrid off-grid solar photovoltaics (PV)/diesel generator 

(DG)/battery (BATT) based power system for the electrification of rural communities, using a case study in 

Bameno, Ecuador. The simulation and optimization of the system is done using Hybrid Optimization of 

Multiple Energy Resources (HOMER) software. As a result, the optimal sizing is composed of 23 kW PV 

modules, a DG 27 kW, 88.4 kWh storage batteries and 9.4 kW converter system, obtaining a levelized cost of 

energy (LCOE) of 0.359 $/kWh. After the optimization is executed, a sensitivity analysis is performed to 

establish the effects of the variations of solar radiation, demand, fuel, and component costs on the system. The 

PV/DG/BATT system is considered the best choice for fuel prices up to $0.83 per liter. For higher values the 

optimal system is the PV/BATT. It is also established that the LCOE is mostly affected by the cost of 

technological components, followed by variations in solar radiation and demand. 
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1. INTRODUCTION  

 

Access to electricity is indispensable for health, 

education  and good quality of life [1,2]. Despite its 

importance, it is estimated that globally more than 

770 million people, located mainly in rural 

communities, do not have this supply [3]. In those 

populations far from urban centers, where the 

extension of the central grid is not technically or 

economically viable, diesel generators (DG) have 

traditionally been used to cover basic energy needs. 

In recent decades, due to the difficulty and high cost 

of transporting fuel to these areas  [4] and the 

downward trend in prices of photovoltaic (PV) 

panels, wind turbines and mini-hydroelectric plants, 

the replacement of simple fossil fuel-based systems 

by renewable energy sources has raised (5). Energy 

storage systems (ESS) such as batteries (BATT) and 

fuel cells are added to compensate the natural 

intermittency of renewable sources, making the 

electrical system more continuous and reliable. 

Isolated hybrid microgrid is made up by the set 

of elements previously mentioned. Microgrids are 

defined as units that operate isolated or connected to 

the public network and incorporate distributed 

generation and various loads within the framework 

of a delimited geographical location [5]. 

Multiple publications highlight the feasibility of 

using these systems in isolated regions.  

Windt et al. [6] review microgrids in various 
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developing countries in Asia, Africa and America, 

concluding that hybrid systems based on renewable 

energy are more appropriate and affordable for rural 

communities than traditional fossil fuel-based ones. 

Li [7]  models  and optimizes a system that includes 

PV Panels, Wind Turbine (WT) and biomass 

generator using Hybrid Optimization Model for 

Electric Renewables (HOMER), finding the system 

to be reliable and economically feasible for 

electrification on remote locations. Ur Rehman et al. 

[8]  proposes a PV/WT/DG/BATT system for a 

distant village in Pakistan, finding a levelized cost of 

energy (LCOE) of 0.45 $/kWh with renewable 

energy penetration of 84%, which was found the 

most viable option. 

In order to evaluate the feasibility of  

implementing microgrids from an economic point of 

view, Hossein et al. (9) proposes a model based on a 

method commonly used for evaluations of 

generation projects, through the calculation of 

LCOE, which represents the present net value of the 

unit cost of electricity over the life of the project. The 

LCOE is the ratio between the sum of the costs of 

investment, maintenance and operation, and the 

energy produced throughout the expected life of the 

project. This coefficient is compared for all available 

alternatives to choose the best option. Once this has 

been obtained, it is necessary to do simulations that 

verify its effectiveness under various circumstances. 
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This process is also known as sensitivity analysis.  

Sensitivity analysis is a tool that allows the 

evaluation of the impact of changing an independent 

variable on another dependent one [10]. Sensitivity 

analysis can be local, in which a single variable is 

analyzed, or global, where multiple variables are 

considered. 

Within microgrid implementation planning, it is 

usually necessary to incorporate new components, 

such as distributed generation and ESS, to existing 

resources and conditions. Due to the high costs of the 

elements, their proper selection is fundamental for 

the feasibility of the project. This represents an 

optimization problem that can be solved using 

multiple algorithms [11] and existing specialized 

software such as HOMER. This program optimizes 

the power system by simulating and executing the 

energy balance calculations for an entire year, hour 

by hour [12].  

This paper analyzes the case of Bameno, a rural 

community located in the Amazon region of 

Ecuador. Bameno is isolated from the public 

electricity grid, and currently uses a DG and 

individual photovoltaic panels for the use of a few 

inhabitants. The feasibility of an isolated hybrid 

microgrid is explored by the incorporation of 

generation coming from available natural resources 

and using optimization techniques and sensitivity 

analysis provided by HOMER. 

After reviewing the available literature, it has 

been found that despite the existence of multiple 

studies about the implementation of renewable 

resources in hybrid systems  worldwide [13–17], 

very few are located in Ecuador  [18]–[20], and 

almost none includes a sensitivity analysis. Being a 

developing country, with remote communities with 

poor electrification, but a high energy potential in 

their natural resources, it is necessary to carry out as 

many studies as possible, considering local 

characteristics.  

The rest of the paper is organized as follows: In 

part II the modeling of the microgrid is performed 

using HOMER. Part III presents the results of 

optimization and sensitivity analysis. Finally, the 

conclusions are issued in section IV. 

 

2. METHODOLOGY 

 

2.1. Site description 

Bameno is a remote rural community 

geographically located at 1°32'S and 75°35'W (188 

m. above sea level). It counts with 36 houses and 139 

inhabitants (21). Few of them have small individual 

photovoltaic panels for basic needs. A DG operates 

2 times a day to supply the community water pump. 

The fuel is purchased at prices well above official 

values ($0.42 per liter) due to the transportation 

costs. It is estimated that the price of a liter of diesel 

in remote communities can vary between $0.79 and 

$1.39 per liter  [22].  

 

2.2. Load profile 

The needs of households are limited to lighting, 

battery chargers, radios, and small appliances, 

having 2 peaks of demand: between 5 and 7 am when 

they get ready for school and work in the field, and 

between 6 and 8 pm when they return to their homes. 

At the same time, the community drinking water 

pump is switched on. From 7 to 10 pm energy is 

necessary for street lighting. Considering that 

electricity should serve both to meet basic needs and 

to improve the economic income of the population, 

and since this community has an incipient ecological 

tourism, the consumption of cabins for visitors is 

added.  

Figure 1 shows the community load profile of a 

typical day based on the above-described behavior. 

The annual average energy is 89.91 kWh/day, and 

the average demand is 3.75 kW. The maximum load 

showed in this Figure is 13.98 kW. However, to 

make a more realistic simulation, HOMER allows 

the use of random day-to-day and Timestep factors 

to the loads. Using 10% and 20% respectively as 

these variables, the peak load estimated by HOMER 

is 23.70 kW. 

 

  
Fig. 1. Total daily Load Profile of the rural 

community 

 

2.3. Solar energy resource assessment 

Figure 2 shows the solar radiation and clearness 

index at the selected location of 1°32'S and 75°35'W. 

These values were taken from the NASA Website 

[23]. The average solar radiation on 22 years of 

available data is 4.37 kWh/m2/day.  

 

 
Fig. 2. Average annual solar radiation and 

Clearness Index at the community 
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The temperature in the study place is shown in 

Figure 3, the recorded values are ideal to have less 

losses due to the effect of temperature on the 

photovoltaic cells, being in a tropical area the data 

are similar. The annual average temperature is 24.5 
oC. 

All these parameters are inputs for the calculation 

of a solar-based module, which, according to this 

information, may be a solid alternative. 

 
Fig. 3. Average ambient temperature at the 

community 

 

2.4. Wind resource assessment  

With an average wind speed of less than 0.7 m/s 

according to NASA's website, it is considered that 

the wind resources of the area are not sufficient for 

its use. 

 

2.5. Proposed hybrid renewable system 

modelling  

The proposed system is modeled in HOMER as 

shown on Figure 4. Solar PV modules are connected 

to a DC bus. A battery attached to the same bus 

offsets the intermittence of this resource, playing a 

role of storage unit. The load and a DG are connected 

to the AC bus. A converter makes the transition from 

AC to DC. 

 

Fig. 4. Proposed hybrid model 

2.5.1. PV modules 

The selected PV panel model is the Eagle 60P of 

the manufacturer Jinko with a maximum power of 

275 Wp at standard test conditions (STC). Both 

capital and replacement costs are taken as $1.000 per 

kW (24), based on an average full replacement after 

a 25 years period of use. The operation and 

maintenance (O&M) cost is assumed to be $10/year 

per kW, based on a three times per year schedule of 

maintenance using mainly community workforce for 

simple cleaning and adjustment tasks.  

 

2.5.2. Diesel Generator 

An auto-size generator is considered. The initial 

capital and replacement costs are considered as 

$350/kW (25). The O&M costs is assumed as $0.03 

per kWh. The diesel fuel price is considered as $0.79 per 

liter. 

 

2.5.3. Battery 

The selected battery is a Hoppecke model 10 

OPzS with a nominal capacity of 2.39 kWh/2V. 

Capital and replacement costs are taken as $500 per 

unit (26), O&M of $10 per year and expected 

throughput of 3,381.20 kWh. 
 

2.5.4. Converter  

The proposed converter is a Fronius Symo 8.2 

with initial cost of $350 per kW. The replacement is 

assumed to be the same cost and the O&M is $10 per 

year. 

 
3. RESULTS AND DISCUSSION 

 

3.1. Optimization results 

HOMER finds the optimal combination, 

capacities and operation modes of the selected 

components of the simulated microgrid that fulfills 

the load at the lowest cost. HOMER performs the 

simulation of thousands of possible systems and 

verifies their feasibility by performing energy 

balances. The cost throughout the life cycle of the 

system is calculated and presented in ascending 

order, showing the results of the optimization. 

Table 1 shows the Total Net Present Cost (NPC) 

and the LCOE for feasible systems, with the 

respective optimized sizing of their components. The 

most economical system is composed of PV modules 

of 22.9 kW, 37 batteries and a DG of 27 kW. With 

this configuration an NPC of $152,502 and a LCOE 

of $0.359/kWh are obtained. The energy production 

is 44,127 kWh, distributed between PV panels and 

DG as shown in Figure 5. 

 
Table 1. Optimization Results 

Rank System PV 

(kW) 

BATT 

Qty. 

DG 

(kW) 

NPC 

($) 

LCOE 

($) 

1 PV/DG/BATT 22.9 37 27  152,502  0.359 

2 PV/BATT 48.4 98   168,711  0.403 

3 DG/BATT  24 27  202,364  0.477 

4 PV/DG 41.3  27  356,876  0.841 

5 DG  37 27  413,170  0.974 

 

Table 2 shows the costs of the components of the 

PV/DG/BATT system. The higher costs come from 

the initial investments in batteries and PV panels 

with $22.200 and $22.917, respectively. The highest 

replacement costs are those of the batteries with 

$20,273. The generator has significant O&M costs 
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($20,273), but the biggest expenses are fuel costs of 

$45,830, representing 30% of the total cost of the 

project. 

 
Fig. 5. Energy production of the PV/DG 

system 

Table 2. INet present cost detail of the PV/DG/BATT 

system 

 

The second-best option in Table 1 is PV/BATT. 

With this configuration the LCOE is 0.403 $/kWh, 

and the NPC is $168,711. Table 3 shows the 

breakdown of costs. The investments in capital and 

replacement are $114,272 and $34,464, respectively, 

which are significantly higher than those of 

alternative 1 ($57,815 and $30,591) but are balanced 

at the final value of the system by having fuel costs 

of $0.  

 
Table 3. Net present cost detail of the PV/BATT system 

Cost ($) PV BATT Fronius Total 

System 

Capital 48,440 58,800 7031 114,272 

Replacement 0 28,251 6212 34,464 

O&M 6262 12,668 2597 21,528 

Fuel 0 0 0 0 

Salvage 0 -711 -842 -1553 

Total 54,702 99,009 14,999 168,711 

 

The next systems in Table 1 don´t use solar 

resources and have much higher costs due to the 

intense use of DG and consequent high fuel 

expenditure. It is observed that, using only the 

components currently available to the community 

(PV/DG), would have a configuration similar to the 

fourth in the table, obtaining an LCOE of 0.841 

$/kWh, which is more than double the proposed 

optimized solution.  

 

3.2. Sensitivity Analysis 

In the previous section the optimized system 

according to the cost parameters, natural resources 

and load conditions detailed previously was 

identified. However, some of these values are 

variable and entail a certain degree of uncertainty, 

such as the costs of batteries and PV panels, the 

radiation of the sun, or the consumption patterns of 

the population. 

It is then necessary to subject the selected system 

to a sensitivity analysis. This analysis allows 

stakeholders to make smarter decisions by 

evaluating the response of the system to the 

variability of the inputs. 

From the analysis carried out, the following 

significant variables have been identified: 

 

− The diesel price, which is subjected to the 

influence of the international market, political 

decisions, and availability of transportation to 

isolated communities. For this analysis it is being 

considered that it can vary from $0.66 to $0.94 

per liter. 

− The cost of technologic components (PV panels, 

converters, and BATT from 100% to 50%). 

− Solar radiation (3.5 to 4.8 kWh/m2/day). 

− The community´s demand (45 to 145 kWh/day). 

The spider plot shown in Fig. 6 allows to quickly 

visualize the effects of the above-mentioned 

variables on costs. As expected, a higher solar 

radiation reduces the cost of energy. An increase in 

demand above the initial value also reduces the 

LCOE. Fuel prices below the current reference 

decrease the cost, but above values have no effect, 

which indicates that on these conditions, the dispatch 

of DG can be restricted. It is observed that the 

parameter that has the greatest influence in the 

LCOE is the price of the technological components. 

It is the steepest line of the project; therefore, it 

should receive the greatest attention from investors. 

The optimal system plot shown on Fig. 7 

graphically outlines under which combination of 

values of diesel cost and demand, the PV/DG/BATT 

or PV/BATT are optimal. It is clearly visible that the 

first option is suitable for high values of demand and 

low cost of diesel. The PV/BATT system is optimal 

for low demand values and expected higher fuel 

costs.  

 

 
Fig. 6. Spider Plot of the systems 

Fig. 8 establishes the value of the fuel cost that, 

according to optimization results, it is more effective 

to stop using DG. This value is $0.83 per liter, higher 

values imply not using the DG. Also, there is a jump 

of LCOE from 0.380 to 0.403 $/kWh due to this 

transition. 

Cost ($) PV DG BATT 
Fronius 

Total 

System 

Capital  22,917 9450 22,200 3287 57,855 

Replacement 0 7413 20,273 2904 30,591 

O&M  2962 13,612 4783 1214 22,572 

Fuel  0 45,830 0 0 45,830 

Salvage 0 -1886 -2068 -393 -4348 

Total 25,880 74,420 45,188 7012 152,501 
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Fig. 9 shows the combination of component costs 

and solar radiation. Therefore, it allows to establish 

that the system without GD is optimal if component 

prices keep the current lowering trend. 

 

 
Fig. 7. Optimal system plot according to 

demand and diesel prices 

 
Fig. 8. LCOE and DG Production vs. Diesel 

price 

 
Fig. 9. Optimal system according to Solar 

radiation and Components costs 

The surface plots show the LCOE variation in 

relation with the variables indicated in the axes, in 

such a way that, as it increases its value, it changes 

tones gradually from blue to red. 

The blue zone in Fig. 10 indicates an LCOE of 

0.358 $/kWh. This value increases rapidly as 

demand decreases, but in contrast, if the value of 

diesel is increased, there are not such sudden 

changes. This indicates that the system will be more 

efficient at higher load levels. Also, if demand is low 

or diesel prices remain high, the LCOE can reach 

values close to 0.409 $/kWh. 

Sensitivity analysis also allows the optimization 

results to be applied to more than one facility, 

without having to run new studies for other locations. 

Fig. 11 shows that the LCOE can be kept low even 

with high fuel costs if solar radiation is maintained 

at high levels. In this way, similar projects can apply 

the same system, without having to repeat 

simulations if the appropriate weather conditions are 

met.  

 
Fig. 10. Surface Plot: Demand and Fuel price, 

superimposed: LCOE 

The almost horizontal stripes shown in Fig. 12 

indicate that the LCOE depends more on the costs of 

technological components than on demand. This 

trend remains uniform for almost all demand values, 

except for the highest ones.  

In contrast, the effects on the LCOE of solar 

radiation causes significant changes in costs, as does 

demand, as shown in Fig. 13. 

 

 
Fig. 11. Surface Plot: Solar radiation and Fuel 

price, superimposed: LCOE 

 
Fig. 12. Surface plot: Component costs and 

Demand, superimposed: LCOE 

Fig. 14 shows that the influence of the costs of 

the technological components on the LCOE is much 

greater than that of solar radiation, since small 

changes in the prices of the components cause a 

substantial increase in the costs of the project. 
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Fig. 13. Surface plot: Solar radiation and 

Demand, superimposed: LCOE 

 

Fig. 14. Surface plot: Solar radiation and 

component costs, superimposed: LCOE 

4. CONCLUSION 

 

This study assessed the feasibility of a hybrid off-

grid PV/DG/BATT system for the electrification of 

a rural community using a case study in Bameno, 

Ecuador. A sensitivity analysis was performed to 

analyze the influence that the demand, solar 

radiation and costs of fuel and technological 

components have on the LCOE. The results showed 

that the optimal configuration for the off-grid power 

system is composed by 23 kW of PV modules, one 

DG 27 kW, 88.4 kWh storage batteries and 9.4 kW 

converter. This system can produce 44.127 kWh a 

year with a LCOE of 0.359 $/kWh. 

The sensitivity analysis revealed that for fuel 

prices above $0.83 per liter, the optimized power 

system alternative changes from PV/DG/BATT to 

PV/BATT. It was also determined that the LCOE is 

highly sensitive to the costs of the technological 

components. To a lesser extent, this index is affected 

by the changes on solar radiation. Finally, it was 

found that the LCOE improves with higher demand 

values. 
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