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Abstract 
Roughly 99% of the demand for electricity in Brazil is supplied by a national 
interconnected grid. The remaining 1% is spread in several “isolated systems” 
of the Amazon region—mini-grids that rely on expensive diesel gensets due to 
high commodity and transportation costs. The isolated systems also have re-
mote communities disconnected altogether from the mini-grids with inade-
quate health, education and leisure services. These communities are precariously 
supplied by small inefficient diesel gensets that run for a few hours per day. In 
this article, we propose a sustainable and economic alternative for the electric 
supply of the remote communities of isolated systems through a combination 
of photovoltaic solar generation and storage. The objective is to improve access 
to electricity with savings for the communities. The present paper outlines a 
public policy to meet this objective. 
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1. Introduction 

The Brazilian interconnected electricity system (SIN) provides 99% of the na-
tional demand. In the last few years the larger cities of the Northern Brazil, such 
as Manaus and Rio Branco, have been connected to the SIN. The remaining 1% 
is scattered in several mini-grids in the so-called “isolated systems”, mostly in 
the Northern region of Brazil. Due to the use of inefficient gensets and overly 
expensive diesel, the cost of supply per MWh served of the isolated systems is 
ten times higher than the SIN and the emissions of carbon dioxide (tCO2/MWh) 
are roughly nine times higher [1]. Tariffs paid by consumers of isolated systems 
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would be prohibitive if they weren’t heavily subsidized by SIN customers through 
a charge known as Fuel Consumption Account that exceeds US$ 2 billion per 
year [2]. 

Isolated grids themselves can be separated in two groups: 1) a larger share 
supplied by diesel gensets connected to the local mini-grids; 2) a smaller share of 
remote villages in rural areas either poorly connected or completely disconnected 
from the mini-grid, with the access to electricity relying mostly on small-scale 
diesel gensets. 

Remote communities are usually supplied for a few hours per day. Local mu-
nicipalities sometimes help with the genset purchase, while the Federal govern-
ment is present through the Luz para Todos (Light for All) program, which 
seeks to reach 100% coverage of national power supply (it has achieved 99.5% so 
far) [3]. This program was institutionalized in 2003, through Federal Decree n. 
4873 [4] and costs over US$ 7 billion, with 75% coming from the federal gov-
ernment [5]. 

The implementation of the Luz para Todos program is done through two main 
approaches: 1) expansion of grid connection; or 2) individual systems (named 
SIGFI—Individual Electricity Generation Systems with Intermittent Sources) [4]. 
The technical specifications of the latter have been put in place by the National 
Power Agency (ANEEL), after regulation n. 83 of 2004 [6]. The SIGFI criteria 
may have different dimensions, which are dependent on the monthly power 
generation. 

This article analyses the viability to supply these smaller communities through 
a solar system or a hybrid system composed of diesel genset and solar photovol-
taic generation. Porto Walter, a municipality in the state of Acre, was selected as 
case study. It is representative of many more municipalities in the Amazon re-
gion with similar settings. Information was gathered from three sources: 1) a 
field trip to the location; 2) the latest census; and 3) data shared by the local 
power supplier. 

It is important to evaluate alternatives to increase the availability of electricity 
to promote more educational, health and leisure services [3]. Improved power 
supply also promotes higher social mobility among these communities, as stated 
by residents in Porto Walter when discussing the Luz para Todos program [7]. 

The paper targets an energy policy to improve social indexes to poorly assisted 
communities, such as those in the Northern region of Brazil. It also contributes 
to a more sustainable and economic alternative for the electric supply in off-grid 
systems, through the higher penetration of renewable sources of energy. 

The remainder of the paper is organized as follows: Section 2 presents the 
study case, Section 3 presents the methodology used and the simulations that 
were modeled, Section 4 presents the main results and the last section concludes. 

2. Study Case 

As a study case we chose Porto Walter, a municipality in the state of Acre 
(northwest of Brazil), located on the banks of the Juruá river at the confluence 
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with the Humaitá river (see Figure 1). This municipality has 11,509 inhabitants 
[8] and has a low population density—only 1.5 inhabitants per km2 [9]. It is part 
of the third lot auctioned in 2015 for the State of Acre. 

The local economy is mainly based on extractivism, essentially of wood and 
latex. Other economic activities, such as cattle-raising and subsistence farming 
are also present in the rural areas of Porto Walter [10]. In addition to that, the 
only local production is brick factory. Most goods are imported from Cruzeiro 
do Sul, the second biggest city of Acre, three hours away by boat. 

According to the last census [11], 64% of Porto Walter’s population live in 
rural areas, and most families have five or more children. Currently, around 80% 
of households in the urban area have basic home appliances, such as refrigerator, 
oven and television. In the rural area, appliances are still limited due to the weak 
availability of power. Indeed, the owner of a home appliances shop in Porto 
Walter reported that when a remote community is electrically connected to the 
local grid, refrigerators and other appliances sales increase. 

Porto Walter has twenty small remote communities, located in difficult access 
areas, usually 30 minutes away from Porto Walter’s center. The community size 
ranges from five to 20 households. (Figure 2) 

Remote communities are either electrically connected to local grid or have a 
local generator, whose costs are divided by the households. Electrical connection 
is usually unreliable due to the crossing of dense forests. The falling of a tree 
branch on the line may interrupt supply for more than a week, due to the lack of 
technicians in the area. The genset solution case, on the other hand, is costlier 
and discourages households from using more electricity. They seldom have 
 

 
Figure 1. Example of a figure caption (figure caption). 

https://doi.org/10.4236/jpee.2017.59012


R. Doctors, R. Kelman 
 

 

DOI: 10.4236/jpee.2017.59012 148 Journal of Power and Energy Engineering 
 

 
Figure 2. Houses in a rural area close to the center of Porto Walter. 

 
refrigerators, for example, only lighting and basic appliances, such as radio and 
TV, watched during the night. 

The present paper investigates an alternative to the local diesel generator po-
wering of remote communities. The next section describes the methodology that 
was used to assess more economic and sustainable solutions for remote com-
munities. 

3. Methodology 
3.1. Homer 

In order to evaluate alternatives to remote communities in the Brazilian off-grid 
system we used HOMER, a software for microgrids and hybrid systems simula-
tions developed by NREL (National Renewable Energy Laboratory), a laboratory 
of the North American energy department [12]. HOMER is used for the plan-
ning of electrical systems both connected and disconnected from the grid. 

To find the optimal solution - a combination of components to assemble the 
system to meet the market at the lowest cost—HOMER compares different al-
ternatives in the following order: 1) first it simulates hourly operation of the sys-
tem throughout a year for different configurations; 2) the configurations are 
compared in terms of present value of investment, operation and maintenance 
costs; the least-cost configuration is selected; 3) sensitivity analysis is allowed to 
measure the impact of the optimum solution for changes in selected variables 
[13], as to evaluate solution robustness (e.g., analyze whether the optimal confi-
guration would be the same if the price of diesel changed). 

The problem considers operative restrictions, such as reserve, load variability, 
battery charge/discharge logic and depth of discharge, degradation of photovol-
taic modules and others. Meteorological conditions, such as solar global irra-
diance and temperature are also considered by the model when testing a confi-
guration based on solar photovoltaics. 

3.2. System Sizing 

We estimate the household electricity consumption of a remote community from 
data gathered from local interviews during the field trip to Porto Walter. As al-
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ready mentioned, the supply is often made through a local generator that is bought 
by the residents themselves or purchased with the help of federal resources that 
were granted to the municipal administration. When there is a school or health 
center in one of these communities, the investment and fuel costs are shared 
with the municipal administration. 

According to data provided by the secretary of Porto Walter, the local cost of 
a 10 kVA generator with a 20 HP motor is US$ 13 thousand. A 10 kVA genera-
tor serves a community of 10 households and the fuel used is diesel, which costs 
US$ 1.60 per liter, with the daily consumption of a remote community being 
around 10 liters. The local diesel generator runs mostly at nighttime, usually 
from 18 h to 23 h. Hence, households have little power availability. 

Considering that an increase in the power availability would benefit these 
communities, we built a load curve based in the SIGFI60 criteria [14] of Luz para 
Todos, which considers a monthly energy consumption of 60 kWh per house-
hold, which is applicable to an individual system with solar photovoltaic genera-
tion and storage. 

To simulate the supply of a household in a remote community, we built a yearly 
load curve, to supply the following consumption: Five 13 W lamps (6 h/day) + 
one 50 W fan (2 h/day) + one 100 W TV (4 h/day) + one 300 L refrigerator (24 
h/day), one cellphone charger (2 h/day) and a computer (2 h/day). The resulting 
load curve for January is shown in the figure bellow (Figure 3). We assume that 
the seasonal change of the load profile follows the observed load curve of the 
urban area of Porto Walter. 

The system design was made observing SIGFI60 specifications [15]:  
 Photovoltaic generator of 1 kWp; 
 1 kW inverter; 
 Battery bank of 10 kWh (two days of autonomy). 

The simulations were made for a 25-year horizon, considering the lifetime of a 
solar photovoltaic system and batteries. We used the following local costs: 
US$ 1.00/Wp for photovoltaic modules, US$ 0.50/W for inverters and US$ 170 
per kWh of battery. The battery needs to be replaced after four years maximum. 
The lifetime, in turn, depends on the depth of discharge, as shown in the next 
figure (Figure 4) for the case of Lead Acid battery. 

The meteorological data was based on the Renewables.ninja model [16], con-
sidering northern facing photovoltaic modules with a tilt similar to the local la-
titude [17]. The GHI (global horizontal irradiance) has a mean value of ap-
proximately 5.07 kWh/day/m2 for this location (8.26W, 72.75S). We consider the 
effect of temperature in the solar modules (average temperature is 25.6 Celsius), 
and the decrease of solar yield throughout module lifetime.  

Two systems were simulated: 1) a hybrid system with a 10 kVA diesel genera-
tor with a diesel cost of US$ 1.60 per liter and US$ 1300 investment cost per 
household (a tenth of the total cost, as it is shared by 10 households of a remote 
community); and 2) solar photovoltaic system with lead acid battery. 
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Figure 3. January load profile. 

 

 
Figure 4. Lead acid battery lifetime curve. 

 
Even though the current power supply is only done through local diesel gen-

sets, it would still be more expensive than a hybrid system that combines solar 
photovoltaic generation. Hence, we decided to analyze a hybrid system versus an 
only photovoltaic system (with battery bank), since both alternatives would be 
less expensive than the only diesel one and they would also promote a higher 
share of renewable sources of energy in the isolated systems, a current concern 
to the high share of green house gases emissions. 

Nonetheless, a financial comparison is done between the only diesel system 
and the least cost system that was optimized in our exercise (see section below). 
The latter was undertaken so that there is a clear comparison between the cur-
rent and the alternative system. 

Further to the dimensioning following the SIGFI60 criteria, we analyzed these 
two cases (hybrid and only solar photovoltaic system) with the HOMER soft-
ware. 

The HOMER optimizer module was used to dimension alternative systems to 
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the one based after the SIGFI60 criteria. The following section explores the prin-
cipal results of our simulations. 

4. Results 

The Two systems were simulated: a hybrid and photovoltaic only systems, con-
sidering design (sizing criteria of SIGFI60 and HOMER optimization). We com-
pare the least expensive systems for a specific configuration. One of the principal 
results that were evaluated is the levelized cost of energy (LCOE), which is a 
commonly used metric to determine the competitiveness of a technology. 

The photovoltaic-only system was found to be more competitive than the hybrid 
alternative. The LCOE of the photovoltaic system with batteries (0.43 US$/kWh) is 
significantly smaller than the one calculated for the hybrid system (1.60 US$/kWh), 
considering the HOMER optimization (smallest LCOE). Hence, the photovol-
taic—only solution with battery bank is preferable. We then compare this solu-
tion for the two different configurations, i.e., the one modeled after the SIGFI60 
criteria and the one optimized by HOMER. 

The design of the least cost configuration is different from the technical speci-
fications of the photovoltaic system and batteries specified for the SIGFI60 within 
the Luz para Todos program. A likely explanation is that the relative cost of equip-
ment has changed since SIGFI60 was defined in 2012. The table below (Table 1) 
shows that the configuration of SIGFI60 has a higher photovoltaic system in-
stalled capacity. In both cases, the same demand is met, although SIGFI60 specifica-
tions end up having more surplus (unutilized) electricity. SIGFI60 LCOE is much 
higher—mainly due to the larger battery requirements. 

Below is a D-map of the hourly solar production during the first year for the 
photovoltaic system with the optimal design (Figure 5). The left vertical axis 
represents the hours in a day, the right vertical axis the solar photovoltaic pro-
duction and the horizontal axis the days in a year. As seen, solar yield is higher 
from July to October, when the solar global irradiation is higher and tempera-
ture is lower. 

The operation of the optimal photovoltaic system with lead acid battery for 
one week is shown in the Figure 6. As observed, the battery charges during day-
time, reaching 100% in days with high photovoltaic yield. During nighttime, the 
battery discharges to supply electricity to the household. 

 
Table 1. Comparison between SIGFI60 and optimum design for the only solar photovol-
taic system. 

 SIGFI60 Configuration Optimum Design 

Photovoltaic Panels (Wp) 1040 828 

Inverter (W) 1000 800 

Battery Bank (kWh) 10 4 

LCOE ($/kWh) 0.77 0.43 
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Figure 5. Photovoltaic production for the first year of operation (kW). 

 

 
Figure 6. Weekly operation of photovoltaic with bank of battery system. 

 
A financial analysis was made to compare the costs of a pure diesel solution 

based on the equipment investment cost of US$ 1300/kVA. We assumed fi-
nancing with a 1% interest rate per month during 10 years plus the fuel cost of 
approximately US$ 50 per month. Total cost for households reaches US$ 69 for 
only 30 kWh/month worth of consumption, a reference gathered during the field 
trip to Porto Walter. For the least cost alternative, the household bears an in-
vestment of US$ 5000 to cover the cost of the solar photovoltaic system and lead 
acid battery bank (including replacements needed throughout the period). The 
resulting amortization + operation and maintenance cost amounts to US$ 72 per 
month, which is similar to the diesel solution. However, it provides twice as much 
electricity (60 kWh/month), as modeled in HOMER. 

The solar system with battery bank is a better solution than the diesel genset 
system. It provides roughly twice as much electricity for a similar monthly ex-
pending. As discussed, this alternative has the potential to positively impact the 
remote communities, given their current lack of services that require reliable 
electricity supply. 

Even though Brazil already has the Luz para Todos program, oriented to in-
crease socio-economic indexes of poorly served communities by strengthening 
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electrification, many remote communities haven’t benefited from it, mainly due 
to political issues. In this sense, an alternative that would allow communities to 
double their power supply with the same expending is a good candidate for mod-
ifying current public policy. 

Such policy should target how remote communities would finance the re-
newable-based alternative. A possibility is to provide credit to households in 
remote communities for the purchase of a solar system. The federal government 
would buy standardized, quality-assured solar systems and procure local com-
panies to supply, operate and maintain the systems in exchange for a monthly 
payment. 

The solution enables households to immediately increase their power supply 
conditions at no additional federal spending. Another positive aspect of this 
policy is its potential to speed up the objective of universalization of supply of 
the Luz para Todos program. 

An alternative scheme is based on applications for the so-called results-based 
financing (RBF) to fund mini-grids. The program provides financial incentives 
for private companies to build and run mini-grids in remote rural areas. Local 
companies propose grids connected projects. The RBF project tackles the fi-
nancing gap in mini-grid projects: financing grants make projects financially vi-
able, while ensuring that federal grants of Luz para Todos are disbursed only 
when results are delivered. In addition, companies will not have to wait for years 
to recoup their investment cost, because they would receive a large share of the 
investment cost during the first year of operation. This policy design strengthens 
a market-based approach and could be complemented by others to minimize the 
costs of the equipment, such as exemptions of import duties, for instance. 

The grant delivery requirements are based on proved record of actual delivery 
of solutions by the proponent. Loan guarantees may be a challenge for the access 
by local companies of financing schemes for the development of these solutions. 
A program for supporting guarantees should be deployed, as it often happens 
with energy efficiency projects that acquire equipment that needs to be financed 
by developers. 

5. Conclusions 

Despite the recent effort to improve the efficiency of supplying electricity in iso-
lated systems in Brazil, there are still areas poorly supplied by expensive diesel 
generators that contribute to greenhouse emissions. Furthermore, remote com-
munities within the isolated systems have little or no access to electricity.  

In this study, we evaluated an alternative solution for the energy supply of 
isolated communities of Porto Walter, a municipality in the State of Acre, in 
Brazilian Amazon. We propose an alternative solution that provides better ser-
vices in technical, economic and environmental terms with respect to the cur-
rent one. 

Energy supply alternatives were tested considering hybrid systems that com-
bine diesel gensets, solar PV and battery bank. The HOMER software, developed 
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by NREL for the optimization of microgrids, was utilized in this study with input 
data based on local references. 

The systems were dimensioned after data gathered in a visit to Porto Walter 
and after the SIGFI60 criteria, which provide technical specifications for a solar 
photovoltaic system that supplies 60 kWh per month. The load curve modeled 
for a household in a small remote community should be able to support higher 
energy consumption, allowing the local population to have refrigerators and pow-
er availability throughout the day. 

The main results showed that the only photovoltaic alternative has a lower 
LCOE than the hybrid case. The optimum solution also differs from the one 
recommended to meet the SIGFI60 criteria with less installed capacity for the 
system components. 

A financial analysis compared the costs of an only diesel supply versus a pho-
tovoltaic only (with battery bank) system. The results showed that it would be 
possible for the communities to consume twice as much electricity if the solar + 
battery system was used for a similar amount of money spent. This conclusion is 
not modified if logistic costs are added, considering the replacement every four 
years of the lead acid batteries and their proper disposal. 

We suggest a public policy to be implemented by the federal government to 
promote a market-based solution for remote communities. We conclude that more 
attention should be given to alternative solutions in the off-grid systems, which 
historically were entirely based on diesel. With time, benefits will only become 
more apparent as price drops of solar modules and storage devices—especially 
those based on lithium-ion batteries with larger efficiencies, lifetime and smaller 
disposal costs (lead-free) are expected. The solution should be supported by the 
government due to economic and socio-environmental advantages. 
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