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ABSTRACT 

In a context of swift economic development in Brazil, the 

electrification of rural areas is becoming an important 

matter for the Government. Expanding the grid in remote 

areas is often expensive due to long distances from the 

main grid, deriving in poor quality of supply. The purpose 

of this paper is presenting a techno-economical study of 

unconventional electrification solutions for rural areas in 

Brazil. It analyzes the viability of deploying these solutions 

versus traditional ones and individual supply solutions 

(solar panels with batteries). The term unconventional 

refers to isolated small-scale electricity supply systems, 

acknowledged as microgrids. It concludes that microgrids 

are more cost efficient than traditional electrification 

strategies and individual systems. Savings are higher when 

the distance from the microgrid to the village is low and 

the voltage level is high. Additionally, it embodies 

important social benefits for communities and enables 

providing public lighting service. 

INTRODUCTION 

In 2003, the Brazilian Government launched the ‘Luz Para 
Todos’ program, which seeks to provide access to 
electricity to 12 million people who live without it, 10 of 
them in rural areas. Electricity distribution companies are 
responsible for accomplishing this task, either by 
conventional solutions such as grid extensions, by 
individual generation solutions or by community-based 
generation solutions (microgrids). Under these 
circumstances, the Iberdrola subsidiary ‘Neoenergia’ was 
entitled to serve 120.000 people in the State of Bahía.  
 
The electrification of rural areas far from the main grid 
threats the cost-efficiency of conventional electrification 
solutions due to the need of costly grid extensions. 
Besides, the reliability of this approach is limited, since the 
maintenance of these long grid extensions is complicated, 
and the quality of supply relies on a single line.  
 
For all these reasons, Iberdrola Networks has analysed the 
cost-effectiveness of a microgrid solution for rural 
electrification by defining an optimal microgrid design. 
This solution should be modular and replicable, which 
means that it can be expanded in regards to the village size.  

METHODOLOGY 

Due to high customer dispersion in the area, 3 sizes of 

villages have been defined as a standard to set the technical 

solution definition. Additionally, 3 generic sites have been 

established in order to model renewable resources. 

Therefore, 9 scenarios have been tested to carry out this 

study. In order to perform the simulations, the microgrid 

tool used has been HOMER Energy, which allows 

obtaining the optimal combination and size of generators 

and storage systems. The chosen solution will be the one 

that yields the lowest Net Present Cost (NPC) in a 25 

years’ horizon.  

System Components  

According to the microgrid architecture shown in Figure 

1, the systems to be considered are based on four different 

generation sources: photovoltaic (PVGen), wind 

(WindGen), hydro (HydroGen) and diesel (DieselGen), 

and two electrochemical storage systems with different 

technologies: lead-acid (Pb_Acid Bat) and Lithium-Ion 

(Li-Ion Bat).  

 

 
Figure 1 Basic Microgrid Architecture (Homer model) 

The analysis is limited to 3 scenarios that correspond to 3 

generic sites, which differ in the use or availability of 
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renewable resources, as per Table 1. 

 

 
Table 1 Resource Availability by site  

In addition to these renewable generation sources, the 

microgrid architecture offers the possibility of using a 

diesel generator to meet the 48-hours autonomy 

requirement. 

Solar Resource 

The mean monthly GHI (Global Horizontal Irradiance) 

specific to a generic site in Bahía State is provided from 

Nasa Meteorology and Solar Energy database according to 

their latitude and longitude coordinates (12º 34.8’ South 

and 41º 42.0’ West respectively) [1]. Figure 2 shows the 

considered radiation profile over a one-year period. 

 

 
Figure 2 Solar Radiation Profile (specific site in Bahia State) 

Wind Resource 

Following the same fashion, the mean monthly wind 

resource (at 50m above the surface of the Earth) is 

provided from Nasa Meteorology and Solar Energy 

database according to chosen latitude and longitude 

coordinates [1]. The site altitude is 980m above the sea 

level. Figure 3 shows the considered annual wind profile. 

 

Wind resource datasets have been compared with 

CRESESB source [2], obtaining similar profiles, which 

confirms the accuracy of the data used. 

 

 
Figure 3 Wind Profile for an specific site in Bahia State 

Hydro Resource 

To estimate the available flow of water resource, rainfall 

in the selected geographical area has been considered [3]. 

This profile has been scaled to obtain a 20l/s annual 

average (by means of the “Scaled Annual Average” 

HOMER variable). Figure 4 shows the considered hydro 

resource profile over a one-year period. 

 

 
Figure 4 Hydro resource profile (specific site in Bahia State) 

Load Estimation 

Three sizes of rural villages have been studied: Small (18 

households), Medium (36 households) and Big (64 

households).  

Load requirements for each supply point are defined by 

ANEEL (Agência Nacional de Energia Elétrica) within the 

Luz Para Todos program:  

 Minimum energy: Availability of 2650 Wh/day 

per household. 

 Minimum autonomy: 48 hours. 

 Monthly limit of non-availability of supply: 216 

hours. 

 Annual limit of non-availability of supply: 648 

hours. 

To obtain an annual consumption profile for each of the 

village sizes, a standard residential HOMER Energy 

profile has been taken up. Random variability inputs allow 

to add randomness to the load data to make it more 

realistic: day-to-day variability of 10% and 1-hour time 

step variability of 20% are applied.  

 

A 3% of non-technical losses (NTL) is also added to the 

household energy consumption.  

  

 

 
 

Figure 5 Load Profile 

 

Generic Site Solar Resource Wind Resource Hydro Resource 

Site 1 YES NO NO 

Site 2 YES YES NO 

Site 3 YES NO YES 
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In order to represent the street lighting consumption, an 

additional energy profile has been added. Corresponding 

to each rural village size, 10, 20 or 30 lamps (60W LED 

technology) are installed, which are on from 17:00 to 5:00 

(12 hours). This additional load increases in 7.2, 14.4 or 

21.6 kWh/day the overall consumption according to the 

village size. For street lighting, nor day-to-day neither 1-

hour time-step variability have been applied. 

Additional simulation parameters 

The following HOMER parameters have been chosen to 

define the economical simulation frame: "Nominal 

Discount rate" (8%), “Expected Inflation rate” (3.5%) and 

"Project lifetime" (25 years) for the "NPC Net Present 

Cost" calculation.  

 

In terms of technical parameters, the “Controller Set-up” 

has been set. In this case, a Load Following strategy has 

been applied. It means that when a generator is needed, it 

produces only enough power to meet the demand.  

 

Finally, HOMER constraints applied in these simulations 

are: “Maximum annual capacity shortage” (0%), 

"Operating reserve of 10%" as a percentage of the load in 

each time-step and "Operating reserve" as a percentage of 

the renewable generation in each time-step (80% for the 

PV generation and 50% for the wind generation). 

Techno-economical data 

In Table 2 and Table 3 the economic and technical data 

corresponding to the systems defined in the HOMER 

simulation model are collected, which conforms the basis 

of the study). Costs are referred to the local currency R$ 

(Brazilian Real). 

 

 
Table 2 HOMER Techno-economical data (generators)   

 
Table 3 HOMER Techno-economical data (storage)   

 

LV Distribution Network 

The generation site is located at a certain distance (500 or 

1000 meters) from the village. Therefore, the economic 

analysis must consider the existence of a power 

distribution network from the generators location to the 

village and within the village. An INDRA design tool has 

been used to define the LV grid set-up. The following 

points have been considered: 

 

 Distances analyzed are 500m and 1000m. 

 This network has been dimensioned according to 

the two voltage standards used in the state of 

Bahia (127VAC and 220VAC). Low Voltage 

Distribution grid is always three-phase. 

 Maximum power assigned to each household is 

1kW (a simultaneity factor is applied). 

 Bare aluminum conductors and aerial laying have 

been used. 

 Maximum admissible voltage drop is 7%. 

 

 
Figure 6 Low Voltage Distribution Network (Big Village) 

 PV Generator 

(Flat plate + 

Inverter) 

Wind Turbine Hydro 

Generator 

Diesel 

Generator 

Bidirectional 

Converter 

Model Generic 

(HOMER 

library) 

XL6 

Bergey 

Windpower 

Generic 

(HOMER 

library) 

Generic 

(HOMER 

Library) 

Generic 

(HOMER 

Library) 

Nominal Power 1 kWp 6 kWp 5.5 kW Autosize 6 kW 

Initial capital cost R$ 4,400  R$ 120,000 R$ 130,000 R$ 1,400/kW R$ 17,500 

Replacement cost R$ 4,000  R$ 90,000 R$ 65,000 R$ 1,100/kW R$ 14,000 

O & M Cost R$ 40/year R$ 2,000/year R$ 3,900/year R$ 0.5/op hour R$ 100/year 

Lifetime 25 years 20 years 25 years 15,000 hours 15 years 

Panel Azimuth 180 ºC      

Panel Slope 12.58 ºC     

Hub height  20 m    

Available Head   20 m   

Design Flow Rate   35 L/s   

Min-Max Flow Ratio   50%/150%   

Min Load Ratio    15%  

Consumption     0.251 L/h/kW  

Fuel Price    R$ 3.4/L   

Invert. efficiency     95 % 

Rectif. efficiency     92 % 

 

 

Lead-Acid Battery Lithium Batteries (LiFePO4) 

Model 4000-series 4500-series 

(www.rollsbattery.com) 

SIND 02 1990 TROJAN batteries 

(www.trojanbatery.com) 

RB standard batteries from RELION 

(www.relionbattery.com)  

ROOK Series batteries from CEGASA 

(www.cegasa.com)  

Nominal Voltage 12V 12V 

Nominal Capacity 1.36 kWh 1 kWh 

Nominal Capacity 113 Ah 83 Ah 

Round Trip Efficiency 80 % 95 % 

Minimum State of Charge 45 % 20 % 

Maximum Charge Current 83.3 A 166.6 A 

Maximum Discharge Current 83.3 A 166.6 A 

Initial capital cost  R$ 1,100 R$ 2,000 

Replacement cost R$ 1,000 R$ 1,800 

Operation & Maintenaince 

Cost 
 R$ 10 /year R$ 5 /year 

Lifetime 10 years 15 years 

Lifetime throughput 1,050 kWh 3,500 kWh 
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SIMULATION RESULTS 

LV Distribution Network Results 

 

Results shown that as the number of households grows, the 

cost per household tends to decrease and stabilize, since 

the LVDN total cost is split among a larger number of 

customers. The distance between the generation site and 

the center of the village (500m or 1,000m) is the parameter 

that has the greatest influence on the cost. Also, the voltage 

level of the Distribution Network affects the final costs, 

since for lower voltages, cable sections increase, and costs 

are higher. These trends are depicted in Figure 7. Overall 

costs include installation and O&M for 25 years. 

 

 

 
Figure 7 Cost (per household) of LV Distribution Network 

 

Diesel Generator 

 

The need for a diesel generator in the microgrid has been 

analyzed. In Table 4, results for the big village category 

covering all the annual energy demand (HOMER 

parameter “Maximum annual capacity shortage = 0%”) 

are shown. HOMER analyses the 8 possible combinations 

(DieselGen yes/no), (HydroGen yes/no), (WinGen 

yes/no), assuming that PV Gen is always present, and the 

storage technology is Lithium-Ion (Li-Ion Bat). The 

outcomes obtained for the 8 possible combinations are 

sorted by NPC. Generally, solutions including DG provide 

lower NPC.  In addition, solutions with DG ensure an 

autonomy range of 48 hours. Conversely, the most 

economical solution not including DG can only ensure 28 

hours’ autonomy. Therefore, a Diesel Generator is 

necessary in the optimal microgrid design. 

Nominal power of the generator, 27kW, is adjusted 

automatically to cover an additional 10% of the maximum 

load. 

 

 

 

PV 

Gen 

(kW) 

Wind 

Gen 

(kW) 

Diesel 

Gen 

(kW) 

Pb-

Acid 

Bat 

(kW) 

Li-

ion 

Bat 

(kW) 

Hydro  

Gen 

(kW) 

Converter 

(kW) 

NPC 

(R$) 

Initial 

Capital 

(R$) 

48.3 0 27 0 110 0 19.7 799,614 527,717 

39.0 0 27 0 99 5.49 17.3 910,675 587,575 

48.2 6 27 0 107 0 19.2 922,753 639,866 

75.2 0 0 0 188 0 24.6 1.01M 778,538 

37.5 6 27 0 94 5.49 17.3 1.03M 690,923 

79.8 6 0 0 169 0 23.8 1.14M 878,442 

82.1 0 0 0 161 5.49 21.1 1.14M 874,841 

82.6 6 0 0 143 5.49 25.6 1.28M 974,351 

Table 4 HOMER Results (DG Evaluation) 

Battery technology 

The most suitable storage technology has been analyzed 

from an economical perspective (NPC). As in the previous 

analyses, results for the big village case trying to cover all 

the annual demand (HOMER parameter “Maximum 

annual capacity shortage=0%”) are shown. HOMER 

analyses the 8 possible combinations, (HydroGen yes/no), 

(WinGen yes/no), (Li-Ion Bat/Pb-Acid Bat) assuming that 

PV Gen and DieselGen are always present. 

 
PV 

Gen 

(kW) 

Wind 

Gen 

(kW) 

Diesel 

Gen 

(kW) 

Pb-

Acid 

Bat 

(kW) 

Li-

ion 

Bat 

(kW) 

Hydro  

Gen 

(kW) 

Converter 

(kW) 

NPV 

(R$) 

Initial 

Capital 

(R$) 

48.3 0 27 0 110 0 19.7 799,614 527,717 

39 0 27 0 99 5.49 17.3 910,675 587,575 

48.2 6 27 0 107 0 19.2 922,753 639,866 

46.7 0 27 208 0 0 17.5 946,929 522,918 

38.5 0 27 136 0 5.49 15.4 967,554 531,684 

37.5 6 27 0 94 5.49 17.3 1.03M 690,923 

43 6 27 176 0 0 16.4 1.05M 588,377 

36.3 6 27 124 0 5.49 15.0 1.08M 627,559 

Table 5 HOMER Results (Storage technology Evaluation) 

In Table 5, results the 8 possible combinations sorted by 

NPC, are shown. When comparing equivalent solutions 

(e.g. PVGen + DieselGen in the first and fourth lines), the 

solution that includes Li-Ion batteries is always the 

cheapest.  

 

Initial cost ("Initial Capital") is lower in the case of Pb-

Acid batteries, nevertheless, the NPC is higher due to their 

technical characteristics. The benefits of using Lithium-

Ion batteries are: higher usable storage capacity (100% to 

20% range vs 100% to 45% range), higher useful life 

(Lithium-Ion batteries are replaced by time 15 years, 

compared to Pb-Acid which are replaced by use ~8 years) 

and higher round trip efficiency (95% vs 80%). 

Overall results 

Although the optimal solutions have been calculated 

considering a 25 years NPC, they have been compared 

with the conventional solution’s capital costs that are 

represented in Table 6. They vary regarding the size of the 

village, which depends on the distance from the main grid.  

 

 
Table 6 Initial capital expenditure for conventional solutions 

Customers/ Projects Number of Projects Customers 
Investment with conventional 

network 
R$/UC 

From 11 To 20 649 9,051  R$ 251,053,482.92   R$ 27,020.96  

From 21 To 40 238 6,448  R$ 166,162,681.37   R$ 26,168.86  

Over 40 112 6,995  R$ 172,981,967.96   R$ 24,657.08  

Total 999 22,494  R$ 590,198,132.24   R$ 26,051.56  
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In Table 7, Table 8 and Table 9, the results obtained for 

the three generic sites under study (Site1, Site2 and Site3 

respectively) are shown. 

 

Results have shown that, for every type of village size, the 

solution that presents the lowest NPC is the one containing 

PV generation and Diesel Generation.  

 

Initial capital cost of the cheapest microgrid solution is 

shown in the last two lines considering the two extreme 

alternatives for the distribution network: the cheapest 

(500m distance and 220VAC/380VAC voltage level) and 

the most expensive (1000m distance and 

127VAC/220VAC).  

 

 

 
Table 7 Results for SVillage (2650Wh – NTL 3% - Lighting) 

 

 

Table 8 Results for MVillage (2650Wh – NTL 3% - Lighting) 

 
Table 9 Results for BVillage (2650Wh – NTL 3% - Lighting) 

Savings in the initial capital costs range between 27% and 

46%, as per Figure 8. It is important to note that microgrid 

solutions are cheaper than individual solar PV panels, 

whose capital costs are around R$ 25,000 per customer. 

 

 

 
Figure 8 Initial Capital Cost of Microgrid Solutions – Savings 

vs Conventional Solution 

 

CONCLUSIONS 

Under the assumptions of this study, the optimal microgrid 

design contains PV panels, a Diesel Generator, li-ion 

batteries and a converter, whose sizes vary in regards to 

the size of the village. The study has proven that this 

solution is cheaper than conventional grid extensions and 

it yields better quality of supply, since it avoids depending 

on a sole line. Additionally, the microgrid solution has 

proven to be cheaper than the individual generation 

solution, which was based on a PV system for individual 

customers. It is important to add that the microgrid design 

includes street lighting and internal LV networks for the 

target villages, which yields considerable benefits for 

communities.  

 

Finally, the outcomes of this study have been presented to 

ANEEL and 6 microgrid demonstration projects have been 

launched in the State of Bahía.  
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Generic Site PV Gen Wind 

Gen 

Hydro 

Gen 

DieselGen 

(Consumptio

n) 

Li-Ion 

Bat 

NPC 

(R$/UC) 

Capital (R$/UC) 

Savings (%) 

SITE 1 (Microgrid) YES 

23.0kW 

NO NO 11kW 

(438 l/year) 

52kWh 20,086 13,632 

SITE 2 (Microgrid) YES 

18.2kW 

YES 

6kW 

NO 11kW 

(458 l/year) 

46kWh 27,029 18,376 

SITE 3 (Microgrid) YES 

16.6kW 

NO YES 

5.49kW 

11kW 

(571 l/year) 

47kWh 28,557 18,498 

Conventional Solution      NA 27,020 

SITE 1 (Microgrid) + 

LVDN 1000m 220VAC 

     31,593 19,708  

(27.0%) 

SITE 1 (Microgrid) + 

LVDN 500m 380VAC 

     24,589 15,046   

(44.3%) 

 

Generic Site PV Gen Wind 

Gen 

Hydro 

Gen 

DieselGen 

(Consumptio

n) 

Li-Ion Bat NPC 

(R$/UC) 

Capital (R$/UC) 

Savings (%) 

SITE 1 (Microgrid) YES 

42.8kW 

NO NO 22kW 

(996 l/year) 

103kWh 20,029 13,154 

SITE 2 (Microgrid) YES 

42.8kW 

YES 

6kW 

NO 22kW 

(709 l/year) 

101kWh 23,434 16,349 

SITE 3 (Microgrid) YES 

33.9kW 

NO YES 

5.49kW 

22kW 

(1,092 l/year) 

93kWh 23,337 14,955 

Conventional Solution      NA 26,168 

SITE 1 (Microgrid) + 

LVDN 1000m 220VAC 

     26,077 16,276 

(37.8%) 

SITE 1 (Microgrid) + 

LVDN 500m 380VAC 

     22,796 14,071 

(46.2%) 

 

Generic Site PV Gen Wind 

Gen 

Hydro 

Gen 

DieselGen 

(Consumptio

n) 

Li-Ion 

Bat 

NPC 

(R$/UC) 

Capital (R$/UC) 

Savings (%) 

SITE 1 (Microgrid) YES 

74.3kW 

NO NO 38kW 

(1,657 l/year) 

178kWh 19,531 12,836 

SITE 2 (Microgrid) YES 

72.5kW 

YES 

6kW 

NO 38kW 

(1,451 l/year) 

174kWh 21,406 14,487 

SITE 3 (Microgrid) YES 

64.5kW 

NO YES 

5.49kW 

38kW 

(1,567 l/year) 

165kWh 20,781 13,668 

Conventional Solution      NA 24,657 

SITE 1 (Microgrid) + 

LVDN 1000m 220VAC 

     24,395 15,683 

(36.4%) 

SITE 1 (Microgrid) + 

LVDN 500m 380VAC 

     21,598 13,538 

(45.1%) 

 


