
 
* Corresponding author: jmilon@utp.edu.pe 

A photovoltaic solar system applied to rural household in Peru 

Juan José Milón Guzmán1,*, Sergio Leal Braga2, Vivianyeli Garlet Ramos Mendoza 1 and Brian Gilmar Ponce Valdivia 1 

1Universidad Tecnológica del Perú, Peru 
2Pontifícia Universidade Católica do Rio de Janeiro, Brazil 

Abstract. The present research study aims to improve the efficiency of photovoltaic systems applied to homes 

in isolated areas. This experimental study was carried using a prototype of  a rural house, located at the   

Technological University of Peru - Arequipa, Peru. The photovoltaic solar system, connected to the prototype 

house, supplied its electric loads (TV, Blu-ray, radio, refrigerator, blender, heater, washing machine, fan, iron), 

which were programmed to be turned on and off using digital timers during a period of 3 months (March, April 

and May 2020). The measured parameters were the solar power, the consumed electrical power and the 

electrical power of what would be an auxiliary source of energy (electric generator, for example) in case the 

solar resource is unavailable. The results indicate that the photovoltaic solar system could store the unused 

solar energy to supply the nighttime electrical loads, ensuring, in this way, the autonomy of the energy system. 

1 Introduction  

Currently electricity-intensive companies are seeking to 

generate energy in a cleaner and less expensive way, in 

order to take into account the conservation and 

preservation of natural resources that may be in danger 

of extinction [1]. 

The use of fossil fuels generates costs that vary every 

day due to problems attaining oil production areas. Oil 

exploitation causes pollution, affects many ecosystems, 

and is a subject of constant debate since the conservation 

of the environment and the financial factors are hard to 

balance. The rise of the fuel price of and the costs of  

reducing the environmental impact are two determining 

aspects that need to be accounted for when planning 

energy production that satisfies the demand for 

electricity and guarantees social and economic 

development [2].  

Photovoltaic systems are beneficial for isolated 

populations since they have a lower environmental 

impact on communities [3]. For this reason, this project 

proposes the improvement of the efficiency of an 

autonomous photovoltaic system applied to rural homes 

in isolated areas of Peru as an alternative for a better use 

of solar energy. 

In recent years, solar energy has been one of the 

renewable sources with the highest demand in the world. 

There has been a remarkable growth in most of the 

world's markets, along with a higher use of solar panels 

compared to the use of other types of renewable energy 

devices, such as wind turbines. Currently there are two 

types of photovoltaic systems: (1) systems that are linked 

to the grid and (2) isolated systems that produce 

electricity autonomously and have batteries packs for 

storage and to ensure the regulation of the electricity 

delivered to meet the required demand. Different 

research studies have analyzed the operational 

performance of photovoltaic systems connected to the 

electrical network to supply energy to buildings [4] [5] 

[6] [7] [8], analyzing mainly the energy efficiency of the 

systems. There are as well research studies that highlight 

the electrochemical storage of photovoltaic solar energy 

using different technologies [9] and intelligent systems 

[10]. Regarding isolated systems, there are studies that 

have considered mathematical [11] [12] and 

experimental models [13] [14].  

After the literature review, no relevant studies 

referring to the optimization of photovoltaic systems 

installed in rural and isolated areas were found. Thus, this 

paper will focus on an evaluation and the optimization of 

a photovoltaic system applied to rural homes in isolated 

areas of Peru. 

2 Experimental approach 

This chapter details the design and development of the 

research (Figure 1). The experimental model was made 

up of a photovoltaic module, an electrical load module 

and a monitoring and control module. 

 

 
 

Fig. 1 General representation of the experimental model. 
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2.1 Photovoltaic system 

The photovoltaic system had three monocrystalline solar 

panels. Its characteristics are described in Table 1. 

Table 1. PV panels technical specifications. 

Power per unit (Pm) 275 W 

Open circuit voltage (Voc) 38.5 V 

Short circuit current (Isc) 9.15 A 

Maximum power voltage (Vmp) 31.3 V 

Maximum power current (Imp) 8.79 A 

Area 0.648 m2 

 

An inverter, which specifications are detailed in 

Table 2, was used. 

 
Table 2. Inverter’s technical specifications.  

Technical specifications 

Power (Pm) 3000 W 

Admissible ambient 

temperature 

- 40 °C to 

55 °C 

Maximum current input 18 A 

Maximum efficiency 96.9 % 

Nominal frequency 60 Hz 

 

The system has a power control panel, which is 

located inside the prototype house, next to the inverter. 

This panel is responsible for managing the supply to the 

house from the solar system and/or the auxiliary source. 

It is made up of two thermo-magnetic switches and a 

smart meter. 

The monitoring and control module is composed of 

electrical sensors (for the electrical power, photovoltaic 

power, and energy consumption of the electrical load). 

All signals were registered and processed in a 

spreadsheet. 

2.2 Electric loads 

The list of home appliances used for the project is shown 

in Table 3. 

Table 3. Electric loads. 

Quantity Appliance Power [W] 

1 Tv 56 

1 Fan 50 

1 Blender 450 

1 Blu Ray 12 

1 Radio 100 

1 Refrigerator 180 

1 Iron 1200 

1 
Washing 

machine 
1000 

1 Electric heater 600 

3 Experimental procedure 

The appliances used for the project were programmed 

individually to determine the turn-on and turn-off time, 

using typical values for a rural house in Peru 

(http://www.inei.gob.pe/). The evaluation period took. 

Place between October 2019 and September 2020. 

3.1 Analysis and data reduction 

Energy consumption 

It is the energy consumed by an appliance. The unit of 

measurement of energy consumption is W h. 

 

TC = SC + EAS………………………. (1) 

Where: 

TC= Total consumption [W h] 

SC= Self consumption [W h] 

EAS = Energy from auxiliary source [W h] 

 

Production 

The electricity production occurs through the 

transformation of another kind of energy, in this case, 

solar energy. 

 

PF = SC + SP……………………. (2) 

Where: 

PF = Photovoltaic production (W h) 

SC = Self consumption (W h) 

SP = Surplus PV production (W h) 

 

Uncertainty Analysis 

The uncertainties associated to the measurement process 

are shown in Table 4 [15] 

 

Table 4. Measurement uncertainties. 

Parameters Uncertainties, 

% 

Reference 

Irradiance 0.5 
[(
δt

t
)
2

+ (
δIs
Is
)
2

]

0.5

 

Electric 

current 

0.5 Instrument 

Voltage 0.1 Instrument 

Electric 

power  

0.5 
[(
δI

I
)
2

+ (
δV

𝑉
)
2

]

0.5

 

4 Results and analysis  

Figure 2 shows the solar energy production 

corresponding to a typical weekend (Saturday and 

Sunday) in March 2020. It can be observed that 

photovoltaic electricity was produced from 

approximately 6:30 h to 17 h. From 6:30 h. to 10:00 h, 

the electricity demand was entirely supplied by the solar 

system, leaving a surplus of unused energy. From 10 h to 

12 h five electric loads were activated (washing machine, 

refrigerator, fan, radio and blender), this is why the total 

consumption exceeded the production capacity. In order 

to supply this additional demand, another energy source 

(generator) was needed. As well, from noon to 17 h the 
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production of photovoltaic energy decreased and, since 

the system did not include an energy storage device, the 

consumption had to be supplied by another source of 

energy. 

 

 
Fig. 2. Energy consumption during a weekend, March 2020.  

  

Figure 3 shows the solar energy production 

corresponding to a typical weekday (Monday to Friday) 

in March 2020. It is observed that the production of 

photovoltaic energy occurred from 6:30 h. to 15:30 h, 

with the highest production peak (600 W) at 

approximately 12:30 h. During those hours, it was 

possible to supply the prototype house’s electric loads. 

From 3:30 pm photovoltaic energy was no longer 

produced, which is why consumption had to be supplied 

by another type of energy supply source (generator). 

 

 
Fig. 3. Energy consumption on weekdays, March 2020. 

 

Figure 4 shows the energy production corresponding 

to March 2020. It can be observed that on days 3 and 4 

there was a higher production of solar energy: during 

these days with higher solar radiation the photovoltaic 

energy production attained between 4500 W h to 4600 W 

h, unlike day 17, which was less sunny, resulting in a 

production of approximately 1000 W h. During March 

2020, 93,503 W h were produced. 

 

 
Fig. 4. Variation of energy production in March 2020.  

 

Figure 5 shows the energy costs corresponding to 

March 2020 based on the current cost of electricity in 

Arequipa, Peru. It can be stated that the total production 

of photovoltaic energy amounted to 5.3 USD. Direct 

consumption can be valued at 1.5 USD, considered as 

savings, which leaves a total of 3.8 USD as unused solar 

PV energy. Since the total consumed energy amounted to 

5.3 USD, the supplementary energy provided to the 

system was equivalent to 3.8 USD. 

 

 
Fig. 5. Cost analysis of energy production in March 2020. 

 

Figure 6 shows the cost analysis corresponding to the 

entire year (from October 2019 to September 2020). The 

total production of photovoltaic energy amounted to 69 

USD, the lost unused photovoltaic energy was of 50 USD, 

the savings were equivalent to 20 USD, and the cost of 

using a complementary energy source was of 50 USD, 

with a total consumption equivalent to 71 USD. 

 
Fig. 6. Yearly cost analysis. 
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4.1 Electrochemical storage 

Transporting fuel and spare parts for internal combustion 

engine generators to rural and isolated regions of Peru is 

complicated and expensive. In order to be autonomous, 

photovoltaic systems require a complementary source of 

energy, be it another renewable energy source (wind, 

hydraulic, mainly) or non-renewable (internal 

combustion generator) that complements them during 

periods with low solar radiation or at night. Another 

strategy to guarantee a continuous and high-quality 

electricity supply is energy storage (batteries, dynamic 

wheels, capacitor banks, etc.). 

For the present research study, battery-based storage 

was tested, since it is generally a more attractive option 

due to the ease of adaptation to photovoltaic installations. 

By storing electrical energy in the form of chemical 

energy, batteries represent the most appropriate 

technology to complement the energy supply in 

conjunction with photovoltaic systems. Figure 6 shows 

that the unused solar energy is very similar to the energy 

supplied by the complementary energy source. This fact 

was important to determine that the unused solar energy 

could be stored in batteries, since the proposed battery 

technology should be able to guarantee the operation of 

the entire photovoltaic system. In many cases, the use of 

inappropriate batteries caused the photovoltaic system to 

stop working in a few months, reducing the trust people 

have on the technology. Currently, lithium-ion batteries 

are the most appropriate, but they are available at higher 

costs. 

4.2 General perception of rural populations on 
electricity consumption  

In rural areas, there are some electrical loads operating at 

night that could be partially shifted to daytime hours. 

However, this would not always be possible due to the 

population habits and routines rooted on their culture for 

centuries. More importantly, the characteristics of their 

activities include a working rhythm that imposes them to 

be away from home almost all day. 

Based on the data generated regarding the production 

of photovoltaic energy and considering the consumption 

schedule of the loads, it is observed that photovoltaic 

energy is produced only from 6 h. to 17:30 h and that 

from 17:30 h to 6 h, three loads (TV, refrigerator and 

heater) start to operate. The refrigerator is a constant load 

because it works 24 hours and the TV’s load depends on 

people’s different habits, but it is generally used at night. 

However, the heater’s load could be shifted to daytime 

hours, by using passive radiators or hot surfaces (solar 

thermal). In this way, heating could be provided to the 

house using another type of source, thus reducing the 

consumption of photovoltaic energy. This alternative 

depends strongly on the habits of the house inhabitants. 

This constitutes a challenge for photovoltaic projects, 

because technology can be very useful, but the optimum 

use of the resource will depend on the behavior and 

adaptation of people to the inclusion of renewable 

energies in their daily activities. 

5. Conclusions 

Photovoltaic solar energy is an important alternative for 

isolated rural regions of Peru, since it is reliable and 

constant throughout the day. This energy source 

represents savings that could translate into an 

improvement in people's quality of life. It is estimated 

that the implementation of battery storage for a 

photovoltaic system induces a complementary 

investment of 20%. Considering the technical aspect, 

energy storage using electric batteries considerably 

improves the performance of the photovoltaic system, 

allowing a better quality of energy during the night hours 

and guaranteeing the energy supply during hours with 

low solar radiation. Furthermore, concerning 

environmental aspects, solar photovoltaic systems’ 

benefits place it far ahead of fossil fuels-based energy 

generating alternatives. 

It is important to highlight how the adequacy of these 

systems to energy consumption needs and their 

efficiency depend on the users, their habits and their daily 

activities. 
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