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Abstract – In this work, we propose the use of a low-cost PV 

monitoring system for providing accurate and 

comprehensive data required in the development of efficient 

and reliable solar PV plants. The system is developed based 

on an open-source Arduino platform with the capability to 

monitor solar irradiance, and electric outputs and 

temperature of multiple solar panels, which should enable 

the accurate assessment of solar energy resource, as well as 

electrical energy produced by PV plant under real operating 

conditions. To demonstrate its applicability, the system has 

been installed at the campus of Politeknik Negeri Pontianak 

in Pontianak City, and the data collected by the system is 

used to assess solar energy resource at the location. Data 

collected by the system from August 2020 to September 2021 

shows that the values of solar irradiation are in the range of 

2.9 – 4.1 kWh/m2 per day, and electric energy produced by 

commercial solar panels are in the range of 0.30 – 0.46 

kWh/m2 per day, correspond to the monthly averaged 

efficiencies of 8% – 13%. The values of solar irradiation are 

15 – 40 % lower than those obtained from the space-

averaged satellite data which are in the range of 4.1 – 5.8 

kWh/m2 per day. This shows the significant effects of local 

conditions, and confirms the advantage of assessment using 

the low-cost monitoring system that directly accounts for the 

effects of local conditions without the need of simulation 

using complex model and sophisticated software that 

required in the assessment using satellite-derived data. 

Keywords: Automatic data acquisition, Monitoring system, 

Solar energy resource, PV plant development, Performance of 

solar panel. 

I. INTRODUCTION 

The increasing use of renewable energy globally is not 

only related to the limited resources of fossil fuels but also 

tightly related to the global warming issue. It is considered 

that the use of renewable energy, in combination with 

rapidly improving energy efficiency, forms the 

cornerstone of a viable climate solution [1]. Currently, the 

renewable energy supply is dominated by hydropower 

and biomass. However, the development of new solar PV 

plants shows a consistently increasing trend, and therefore 

solar PV is expected to be a major renewable energy 

source in the future [1]–[3]. The massive development of 

solar PV plants should contribute to the efforts to achieve 

the sustainable development goals (SDG) set by the 

United Nations (UN), i.e. ensuring access to affordable, 

reliable, sustainable, and modern energy for all [4]. 

For massive deployment of solar energy, sound 

knowledge of solar energy resources including its 

constituents (direct and diffuse radiation) and variations 

across time scales is a prerequisite [5]. Comprehensive 

information on energy resources can be obtained from 

satellite-derived data which is publicly accessible from 

some organizations such as NASA [6], World Bank [7], 

and Copernicus [8]. The satellite-derived data can be used 

in a preliminary study to assess the potential of solar 

energy and to determine suitable sites for the deployment 

of large-scale solar PV plants [9]–[13]. However, as the 

project development moves forward, ground-based 

measurements are desirable to provide an increased level 

of confidence [14], as the spatial resolution of satellite-

derived data is relatively low. For satellite-derived data of 

solar radiation, even at the highest resolution, a data point 

represents an averaged value over an area of 50 km by 50 

km [15]. The coarse spatial resolution may result in a 

significant discrepancy between satellite-derived data and 

ground-measured data. Furthermore, the effects of local 

conditions such as the shading of high building may 

amplify the discrepancy [16].  Therefore, for the design of 

efficient and reliable solar PV plants, the assessment of 

PV potential based on ground-measured data is required. 

As most of previous works on the assessment of PV 

potential rely on satellite-derived data, further research on 

the assessment of PV potential based on ground-measured 

data would play an important role in development of 

efficient and reliable solar PV plants.   

Ground measurement of the solar energy resource, 

which is usually expressed in terms of incoming solar 

power per square meter area or solar irradiance, is 

commonly performed using a pyranometer [17]–[20]. 

Recently, the use of PV reference cells as a lower-cost 

alternative for the measurement of solar energy resources 

has been investigated [21]–[24]. It should be noted that 

only a part of incoming solar power can be converted into 

electrical power. The ratio of produced electric power and 

the received solar power is known as efficiency, which 

depends on the material and fabrication technology of the 

solar panel, as well as the operating conditions.  
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The efficiency of various solar panels under standard 

conditions has been well documented [25]. However, the 

efficiency of the solar panels will vary under real 

operating conditions, as the efficiency is affected by air 

temperature and humidity [26]–[29], wind speed [28], 

[30], or surface coverage by dust or snow [31]–[33]. 

Performance comparison of solar panels with different 

technologies under different climate conditions shows 

that solar panels with a specific technology may deliver 

superior performance under a specific climate condition, 

but under other climate conditions, they may deliver 

inferior performance [34]. Therefore, in addition to the 

data of incoming solar power, the data of the electrical 

power produced by solar panels under real conditions 

should be important for the development of efficient and 

reliable solar PV plants.  

The data of incoming solar energy and electrical energy 

produced by solar panels can be obtained using a PV 

monitoring system, which is commonly used to 

investigate the effect of the environment on the 

performance of the solar panel. The system measures 

various parameters including solar irradiance, voltage and 

current produced by solar panel, the temperature of 

ambient air and surface of solar panel, air humidity, wind 

speed, and rain precipitation. The early PV monitoring 

system has been developed and used to monitor the 

performance of PV plants in Europe [17]. To ensure the 

accuracy and reliability of measured data, a standard 

procedure for PV monitoring has been proposed [35], 

[36]. Based on the guideline, an outdoor testing station to 

accurately measure the current and voltage curve (I-V 

curve) of a solar panel has been developed by Imenes et 

al. [19], [31]. Unfortunately, the system proposed by 

Imenes et al. uses relatively expensive proprietary 

hardware and software, which limits its use in common 

applications. To overcome the problem, a low-cost PV 

monitoring system using open-source hardware and 

software based on the Arduino platform has been 

proposed by Fuentes et al. [20]. Furthermore, a more 

flexible and powerful open-source system has been 

proposed by Erraissi et al. [37], but the cost is much higher 

than that proposed by Fuentes et al. [20].  

As an effort to provide accurate and comprehensive 

data for the development of efficient and reliable solar PV 

plants, we propose the application of a low-cost PV 

monitoring system for the assessment of PV potential.  

Most of the previous works [17], [19], [20], [31], [37] deal 

with the development and evaluation of PV monitoring 

system, but the application of the system for assessing PV 

potential is not addressed yet. Therefore, the application 

of a low-cost PV monitoring system for the assessment of 

PV potential presented in this work should give a new 

insight on the capability of the system in providing 

comprehensive and accurate data for the design of 

efficient solar PV plants.  

In this work, we develop our monitoring system based 

on an open-source Arduino platform, similar to the system 

proposed by Fuentes et al. [20], but differs in hardware 

configuration to allow the monitoring of multiple solar 

panels. This feature enables the assessment of electric 

power generated by solar panels with different materials 

and production technologies under real working 

conditions, which is required in the design of efficient and 

reliable solar PV plants. To show the capability of the 

system in assessing the PV potential, we use the PV 

monitoring system to collect solar irradiance and PV 

electrical outputs for assessment of PV potential in a one 

year period, and the data obtained from the system is 

compared with publicly accessible satellite-derived data 

provided by NASA [6]. Despite our main contribution is 

on the use of the system for the assessment of PV 

potential, the design and implementation of the system is 

also presented such that our work can be replicated easily. 

II. MATERIAL AND METHODS 

A. Low-cost PV monitoring system 

We propose a monitoring system to assess PV potential 

on a specific location by measuring the power of solar 

radiation and the power produced by solar panels 

periodically in a long-time span. As the performance of 

solar panels with different materials and fabrication 

technology is important in the assessment of PV potential, 

the proposed system should be able to simultaneously 

measure voltage and current produced by multiple solar 

panels. The system also should be able to measure 

incoming solar power, and temperature of solar panels and 

ambient air, as reference for the analysis of solar panel 

performance. The data of those parameters should be 

obtained periodically, and then shown in a display, as well 

as stored with a timestamp in a storage media. 

To keep the cost of the monitoring system as low as 

possible, we use open-source hardware and software 

based on the Arduino platform. Fuentes et al. [20] have 

proposed a low-cost PV monitoring system using Arduino 

Uno microcontroller, but the number of solar panels that 

can be monitored is very limited due to limited ports (6 

analog and 14 digital pins) for input/output devices and 

limited size of memory (32 kB) for programming. To 

overcome the problem, especially the limited size of 

memory for programming, we use the Arduino Mega2560 

microcontroller that provides 16 analog pins, 54 digital 

pins, and 256 kB programming memory (8 times of 

Arduino Uno programming memory). Furthermore, we 

use different sensors and sensor connection interfaces to 

maximize the number of solar panels that can be 

monitored by our system. 

We use components listed in Table 1, which are to be 

connected as a system according to the wiring diagram 

shown in Figure 1. The main component of the system is 

an Arduino Mega2560 micro controller that periodically 

reads raw data from input devices such as sensors, 

converts the data into physically meaningful data, shows 

data on an LCD, and stores the data into a memory card. 

The power of solar panels is obtained by measuring their 

current and voltage using the INA219 sensor, while the 

power of solar radiation is measured using Kipp & Zonen 

SP Lite 2 pyranometer that connected to an ADC module 

to amplify its signal. The temperature of ambient air and 

surface of solar panel is measured using the DS18B20 
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temperature sensors. For measurement of solar panel 

temperature, the sensors are attached at the back side of 

solar panels. To mark the time of processes such as 

displaying or storing data, a DS3231 module is used as the 

real-time clock (RTC) of the system. As shown in Table 

1 and illustrated in Figure 1, most of the input and output 

devices are connected using the I2C communication 

protocol. In principle, multiple devices can be connected 

to an I2C bus without conflict if each device has a unique 

address. Usually, devices with different types have 

different addresses, so they can be connected to the I2C 

bus without conflict. Multiple devices of the same address 

are connected through TCA9548 multiplexers. 

The system will be used to measure power produced by 

different solar panels with a rated peak power of 20 W. 

These solar panels have an open-circuit voltage of about 

22 V and a short circuit current of about 1.2 A. The 

voltage and current are measured using INA219 with a 

measurement range of 0 to 32 V for voltage and 0 to 3.2 

A for current, which covers the maximum voltage and 

current generated by the solar panel. INA219 has a 12 bits 

A/D converter which enables measurement with a 

resolution of 1/4096 or 0.024%, which complies with the 

IEC standard [35]. 

All components listed in Table 1 were purchased at a 

relatively low-cost, and then were connected to the 

microcontroller according to the wiring diagram shown in 

Figure 1. To ensure each device works properly, a 

diagnostic code that checks and reports the state of each 

device was uploaded into the microcontroller, such that 

each time a device has connected to the system, we can 

verify whether it works properly or not. For systematic 

verification, first, we must connect the LCD to the 

microcontroller such that we can show the state of other 

devices or other processing information to the LCD. 

Subsequently, we can add RTC, memory card module, 

TCA9548 multiplexer, ADS1115 A/D converter, 

pyranometer, temperature sensors, and INA219 power 

sensors that are connected to solar panels. 

Table 1. List of components of the Arduino-based automatic data acquisition system for assessment of PV potential. 

No. Component and Specification Type and Function 

1 Microcontroller (Arduino Mega2560): 16 MHz processor 

speed, 16 analog pins, 54 digital pins, 256 kB programming 

memory. 

Processor: read data from various input 

devices, manipulate data, show and store data 

into output devices.  

2 Power sensor (INA 219): digital connection, I2C 

communication (16 unique addresses), measurement limit of 

3.2 A and 32 V, 12-bit A/D conversion (0.8 mA and 8 mV 

resolution).  

Input: measure the current and voltage 

generated by the solar panel. The generated 

power is calculated by multiplying current and 

voltage. 

3 Solar irradiance sensor (Kipp & Zonen SP Lite 2): silicon 

pyranometer, analog connection, sensitivity of 74.2 

µV/(W/m2). 

Input: measure power per square meter of solar 

radiation. 

4 Temperature sensor (DS18B20): one wire connection, 48 bits 

unique serial numbers, -55 to +125C measurement range, 

±0.5 C accuracy for -10 to +85C, 9-12-bit resolution. 

Input: measure the temperature of ambient air 

and surface of solar panels. 

5 Analog to digital converter / ADC (ADS1115): digital 

connection, I2C communication (4 unique addresses), 4 analog 

channels, 16-bit resolution. 

Signal converter: convert analog signals from 

pyranometer into digital signals. 

6 Multiplexer (TCA9548): digital connection, I2C 

communication (8 unique addresses), 8 channels for I2C 

devices. 

Input selector: select a specific input device to 

connect from a pool of multiple devices. 

7 Real-time clock (DS3231): digital connection, I2C 

communication. 

Input: mark the time of processes such as 

displaying or storing data. 

8 Memory card module: digital connection, SPI communication, 

maximum capacity of 16 GB. 

Output: store data of measurements. 

9 LCD module: digital connection, I2C communication, 16 

columns x 2 lines of characters. 

Output: display various information such as 

processes or data of measurements. 

The flow of the monitoring process is shown in Figure 

2, which is translated into a programming code that is 

uploaded into the memory of microcontroller. When the 

microcontroller is turned on, it will first reserve memory 

for the declared variables and execute the set-up process, 

and then execute the loop of the data acquisition process. 

In the set-up process, all input and output devices are 

initiated, and the states of each device are displayed on the 

LCD, such that we can verify if each device works 

properly. 

When all devices have been initiated, the process goes 

into the loop of data acquisition, in which the 

microcontroller first reads time information from RTC, 

and then checks the value of the current day. If the value 

of the current day is different from the value in a variable 

used to record the last day of data saving, a new file name 

to store data is generated, and the variable of saving day 

is updated with the value of the current day. This process 

is skipped if the above condition is not fulfilled. In the 

next process, the microcontroller reads data from all 
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sensors and converts the data into physical meaningful 

values. For measurement of power produced by solar 

panels, the microcontroller accesses all INA219 sensors 

one by one using TCA9548 and then reads the values of 

voltage and current. To measure the power of solar 

radiation, an analog voltage signal from SP Lite 2 

pyranometer is converted into a digital value using the 

ADS1115 ADC and then converted into the power of solar 

radiation by multiplying the value of voltage with a 

coefficient of sensor sensitivity. For measurement of 

temperature, the microcontroller reads the data from 

DS18B20 sensors in the form of digital values that have 

been calibrated to temperature values in centigrade. 

 

 

Figure 1. Wiring diagram of Arduino-based automatic data acquisition system for assessment of PV potential.

After data from all sensors have been processed, the 

microcontroller computes the elapsed time from the last 

time of data were displayed. This is done by computing 

the difference of the current value of millis() function (a 

function that records time elapsed from the time 

microcontroller was powered on in milliseconds) and the 

value saved in a variable (millisDisplay) to mark the last 

time of data were shown. If the time is equal to or larger 

than the display interval (1000 ms), then the data are 

shown on the LCD, and the variable to mark the time of 

data shown is updated with the value of millis() function. 

If the time span is less than the display interval, the data 

displaying process is skipped. As the LCD can only show 

characters in 2 rows with 16 columns per row (total of 32 

characters), it cannot show all the data once at a time. To 

overcome this problem, only the data of one solar panel 

(current, voltage, and surface temperature) are shown at a 

time, and each time the data are displayed, they are taken 

from different solar panels. 
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Figure 2. Flow chart of the data acquisition process in the 

monitoring system. 

Subsequent process after data displaying process is data 

saving process. To check if the data saving process is 

required, the microcontroller computes elapsed time span 

from the last time data were saved using millis() function 

and the variable (millisSave) to mark the last time of data 

were saved. If the time span is equal to or larger than the 

save interval (10,000 ms), then the data are stored into an 

SD card, and the variable to mark the time of data saved 

is updated with the value of millis() function. Otherwise, 

the process loops back to the beginning of the data 

acquisition process. To save the data, a file is opened, and 

then time information obtained from RTC and data 

acquired from all sensors are written into the file in a 

single line. Data saving is completed by closing the file, 

and then the process loops back to the beginning of the 

data acquisition process. 

Figure 1 shows the wiring diagram of the system with 

3 solar panels to be monitored. As all sensors attached to 

the solar panels (INA219 and DS18B20 sensors) are 

connected using the I2C interface, the system can be 

easily extended to monitor more than 3 solar panels. 

Considering the hardware aspects, the number of solar 

panels that can be monitored should be limited by number 

of INA219 sensors that can be connected to the I2C bus. 

Noting that INA219 sensors are connected to I2C bus 

through TCA9548 multiplexers, while the number of 

TCA9548 multiplexers that can be connected to I2C bus 

is limited to 8 modules (8 channels per modules), the 

number of INA219 sensors that can be connected to the 

I2C bus is limited to 64 units. From the software aspect, 

the number of solar panels that can be monitored should 

be limited by the memory size of the microcontroller. As 

a verification, we created and compiled programs to 

monitor multiple solar panels and checked the memory 

required by the programs. A program to monitor 12 panels 

uses 37022 bytes (14%) of program storage space (253952 

bytes) and global variables use 2783 bytes (33%) of 

dynamic memory (8192 bytes), while a program to 

monitor 18 panels uses 42836 bytes (16%) of program 

storage space and global variables use 3329 bytes (40%) 

of dynamic memory. Based on the data, a program to 

monitor 64 panels is predicted to occupy 87410 bytes 

(34%) of program storage space and the global variables 

occupy 7515 bytes (92%) of dynamic memory. Therefore, 

the proposed system should be able to monitor up to 64 

solar panels simultaneously. 

The values obtained from INA219 sensors have been 

already expressed in the physical meaningful values of 

current and voltage, and thus calibration is not required 

for the sensor. However, to verify the reliability of 

measurement, we compared the values of voltage and 

current measured using INA219 sensors with the values 

of voltage measured using a multi-meter. Similarly, the 

digital values obtained from DS18B20 sensors have been 

already expressed in the physical meaningful values of 

temperature in centigrade, and thus no further calibration 

is required. To verify the reliability of measurement, we 

compared the values of temperature measured using 

DS18D20 sensors with the values of temperature 

measured using a commercial temperature measurement 

device. For the analog sensor (pyranometer) connected to 

ADC ADS1115, the generated digital signal should be 

converted into physical variables.  

As noted previously, the digital signal corresponds to 

the analog voltage of the pyranometer can be converted 

into the power of solar radiation by multiplying the 

voltage with a sensitivity coefficient, which is specific for 

each device. In our case, we use Kipp & Zonen SP Lite 2 

pyranometer with sensitivity coefficient of 74.2 

µV/(W/m2). The sensitivity coefficient was obtained from 

the calibration performed by the manufacturer, and 

therefore no further calibration is required for the 

pyranometer. 
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Table 2. Costs of Arduino-based PV monitoring system. 

No Components Quantity Unit Cost 

(IDR) 

Total Cost 

(IDR) 

Total Cost 

(USD) 

1. Mega 2560 + Extension Board 1 400,000 400,000 26.7 

2. LCD I2C 16x2 1 40,000 40,000 2.7 

3. RTC DS3231 1 40,000 40,000 2.7 

4. SD Card Module + 16GB Card 1 90,000 90,000 6.0 

5. ADC ADS1115 1 90,000 90,000 6.0 

6. Multiplexer TCA9548 1 50,000 50,000 3.3 

7. Temperature Sensor DS18B20 4 20,000 80,000 5.3 

8. Power Sensor INA219 3 45,000 135,000 9.0 

Cost of data acquisition system 925,000 61.7 

9. Enclosure Box 1 350,000 350,000 23.3 

10. Supporting Structure 1 1,500,000 1,500,000 100.0 

11. Solar Charger 1 300,000 300,000 20.0 

12. Battery 1 200,000 200,000 13.3 

Cost of supporting system 2,350,000 156.7 

12. SP Lite 2 Pyranometer 1 8,000,000 8,000,000 533.3 

13. Solar Panel 20W 4 300,000 1,200,000 80.0 

Cost of solar energy receiving devices 9,200,000 613.3 

Total cost 12,475,000 831.7 

After a careful testing to confirm that all components 

of the monitoring system have worked properly, the 

system is installed in the field. The costs of the system are 

summarized in Table 2, while the picture of the installed 

system is shown in Fig.3. The components of the system 

are purchased from Indonesian market, thus the costs are 

expressed in thousands Indonesian Rupiah (kIDR) and 

converted into United State Dollar (USD) with the 

assumption of 1 USD = 15 kIDR. 

The lists in Table 2 cover the costs of data acquisition 

system, supporting system, and solar energy receiving 

devices. By using the open-source Arduino platform, the 

cost of data acquisition system developed in this work is 

about 62 USD, and there is no additional cost for data 

acquisition software and data acquisition control device 

(computer). The cost of our data acquisition system is 

comparable to a low-cost portable data logger developed 

by Fuentes et al. [20], and is much lower than the cost of 

the proprietary data acquisition systems. For example, a 

proprietary datalogger used by Imenes et al. [31], i.e. 

Campbell Scientific Datalogger CR1000 costs around 

3,000 USD. If we account for the costs of data acquisition 

system, supporting system, and solar energy receiving 

devices, the total cost of our system is about 832 USD, 

which is still much lower than the cost of a proprietary 

datalogger without supporting system, and solar energy 

receiving devices.  

B. Data processing for assessment of PV potential 

To evaluate the performance of the system, the system 

was used to monitor the power of solar radiation and the 

power produced by 3 different solar panels that commonly 

available in the market. Data collected from continuous 

monitoring are processed to calculate daily and monthly 

potential and produced energies. In addition, by 

comparing the real power produced by solar panels and 

potential power from solar radiation, we can obtain the 

efficiency of each solar panel. 

The power produced by a solar panel is calculated from 

the measured current and voltage. If the current and 

voltage produced by the solar panel are expressed in terms 

of Ip and Vp, respectively, the power produced by the solar 

panel (Pp) can be calculated as follows: 

𝑃𝑝 = 𝑉𝑝𝐼𝑝 (1) 

Here, Ip is in ampere (A), Vp is in volt (V), and then Pp 

is in watt (W). However, to be consistent with the unit of 

power of solar radiation or solar irradiance (W/m2) in the 

calculation of efficiency, the produced power of solar 

panel should be expressed in terms of power per square 

meter, which is known as power intensity. If a solar panel 

has an effective area of Ap, the power intensity produced 

by solar panel Pp/A is: 

𝑃𝑝/𝐴 = 𝑃𝑝/𝐴𝑝 (2) 

Daily energy produced by a solar panel of 1 m2 can be 

obtained by integrating the instantaneous values of power 

intensity over the available solar radiation in one day. If 

the measurement is performed every Δt in second (s), the 

daily energy produced by a solar panel with an area of 1 

m2 (Ep/A) can be calculated using the following equation: 

𝐸𝑝/𝐴 = ∑ (𝑃𝑝/𝐴∆𝑡)
𝑁
𝑖=1  (3) 

Please note, Δt is 10 s for our system, i and N refer to 

sequence and total number of data respectively. To get the 

comprehensive and accurate data, Δt should be chosen as 

small as possible. In this work, Δt of 10 s is chosen such 

that rapid change in various parameters due to fluctuation 

in solar irradiance can be captured (see Figs. 4-6), while 

the size of the saved data is still in the acceptable range. 

The unit of Ep/A calculated from equation (3) is in J/m2. 

We can convert the unit into a commonly used unit of 

Wh/m2 by dividing the value of Ep/A by 3,600. 
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Figure 3. Installed low-cost PV monitoring system. 

Similarly, if the measured solar irradiance is expressed 

in Ps/A (in W/m2), the daily energy from solar radiation on 

a surface of 1 m2 or known as solar irradiation can be 

calculated as follows: 

𝐸𝑠/𝐴 = ∑ (𝑃𝑠/𝐴∆𝑡)
𝑁
𝑖=1  (4) 

By accumulating the daily energy during one month 

and divide it by the number of days in the month, we can 

obtain the monthly averaged daily energy of the solar 

panel �̅�𝑝/𝐴 and solar radiation �̅�𝑠/𝐴. The daily energy and 

monthly averaged daily energy produced by solar panels 

can be used to assess the PV potential. Furthermore, from 

the data, the efficiency of solar panel ηp can be obtained 

by comparing the power intensity of solar panel and solar 

radiation as follows: 

𝜂𝑝 = 100 × 𝑃𝑝/𝐴/𝑃𝑠/𝐴 (5) 

The efficiency obtained from equation (5) is an 

instantaneous efficiency. The average efficiency in a day 

(�̅�𝑝) can be obtained by comparing the daily energy 

produced by solar panel 𝐸𝑝/𝐴 and daily energy received 

from solar radiation 𝐸𝑠/𝐴, such that: 

�̅�𝑝 = 100 × 𝐸𝑝/𝐴/𝐸𝑠/𝐴 (6) 

III. RESULTS AND DISCUSSION 

As shown in Fig. 3, the monitoring system has been 

installed on the top of a building at the Mechanical 

Engineering Department of Politeknik Negeri Pontianak 

in West Kalimantan – Indonesia, which is located at 

latitude of 0.056S and longitude of 109.346E. The 

system has been used to measure solar radiation and 

power generated by solar panels from August 2020 to 

September 2021. The power of solar radiation, current and 

voltage generated by solar panels, as well as temperature 

of ambient air and surface of solar panels are measured 

and stored in a memory card every 10 s. The measurement 

was performed every day from 6 in the morning to 18 in 

the afternoon. The data obtained from the system has been 

processed and used for the assessment of PV potential at 

the location of measurement.  

A. Performance of solar panels under real conditions 

Figure 4 shows the sample of daily raw data of voltage 

and current of solar panels on August 1, 2020. The values 

of voltage are plotted with the scale on the left vertical 

axis, while the values of current are plotted with the scale 

on the right vertical axis. Using the data of voltage and 

current obtained from the monitoring system, the power 

produced by each solar panel can be calculated using 

equation (1), and then converted into power per square 

meter (power intensity) using equation (2). 

The plots of the calculated values of power intensity 

generated by the solar panels and the measured values of 

solar irradiance are shown in Fig. 5. It can be observed 

that the current and voltage, as well as the power 

generated by the solar panels, vary in a way that follows 

the variation in solar irradiance. This confirms the validity 

of the measurement, as the generated power computed 

from current and voltage represents a part of solar 

irradiance that is converted into electric power by the solar 

panels. As shown in Figs. 4 and 5, the curves of voltage, 

current, and power generated by the different solar panels 

show the similar patterns with slight difference in absolute 

values due to the difference in solar panel efficiencies. It 

is also confirmed that the values of measured parameters 

are in the range of corresponding sensors, which ensure 

the reliability of the acquired data. For example, the 

maximum values of parameters at a relatively clear 

weather condition presented in Figs. 4 and 5, are 1100 

W/m2 for solar irradiance, 19 V for voltage and 0.9 A for 

current, which are below the measurement limits of SP 

Lite 2 pyranometer (2000 W/m2) and INA219 sensor (32 

V for voltage and 3.2 A for current). The voltage and 

current of solar panels increase with the increase in solar 

irradiance, but the values would not exceed the open-

circuit voltage of around 22V and short-circuit current of 

around 1.3A. The maximum values of solar panel 

temperatures, as shown in Fig. 6, are around 60C, which 

are below the limit of DS18B20 sensor (125C).  

The power generated by the solar panels fluctuates 

significantly according to the fluctuation of solar 

irradiance which depends on the weather conditions, as 

shown in Fig. 5. To investigate the performance of solar 

panels under the fluctuating solar irradiance, the 

efficiency of solar panels, which is calculated from 

equation (5), is plotted along with the solar panel surface 

temperature as shown in Fig. 6. It can be confirmed that 

solar irradiance affects the surface temperature and 

efficiency of the solar panels. When the solar irradiance 

increases, the heat generated on the surface of solar panels 

also increases, and consequently the temperature of the 

solar panel surface increases. 
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Figure 4. Sample of daily raw data obtained from the 

monitoring system. 

 

Figure 5. Power of solar radiation and power produced by 

solar panels. 

 

Figure 6. Instantaneous temperature and efficiency of solar 

panels. 

An increase in solar panel temperature decreases its 

efficiency [26]–[29]. For silicon solar cells, the efficiency 

will decrease by 0.4% per C for mono-crystalline solar 

cells and 0.45% per C for multi-crystalline solar cells 

[26]. Under standard conditions (25C), the maximum 

efficiency of the mono-crystalline silicon solar cell is 

26.7%, while the maximum efficiency of the multi-

crystalline silicon solar cell is 22.3% [25]. Fig. 6 shows 

the variation temperature and efficiency of solar panels 

under the real operating conditions. In the legend, suffixes 

P1, P2, P3 stand for panel 1, panel 2, and panel 3, 

respectively, while suffix AA stands for ambient air. It can 

be observed, the temperature of the solar panels exceeds 

50C, and the maximum efficiency of the solar panels 

drops to a maximum value of 15% for the mono-

crystalline solar panel (panel 2) and 13% for multi-

crystalline solar panels (panels 1 and 3).  

Figures 5 and 6 show that the instantaneous efficiency 

of solar panels fluctuates following the fluctuation of solar 

irradiance. The efficiency increases with the increase in 

solar irradiance, and reversely, the efficiency decreases 

with the decrease in solar irradiance. Therefore, even 

though the higher solar irradiance will result in the higher 

temperature of the solar panel, the overall efficiency 

averaged over the daily data will be higher for the days 

with a high level of solar irradiance as compared to the 

days with a low level of solar irradiance. It is also 

interesting to note that, when the value of solar irradiance 

exceeds a specific value (around 800 W/m2), the increase 

in solar irradiance would not increase the efficiency of the 

solar panels. A similar phenomenon was confirmed in the 

research performed by Hamou et al. [38].  

B. Assessment of PV potential 

To assess the PV potential, the daily energies received 

from solar radiation and produced by the solar panels were 

calculated using equations (3) and (4). As an example, 

Fig. 7 shows the plot of data in August 2021. It is shown 

that the daily energy produced by the solar panels varies 

in the pattern that follows the variation of the received 

solar energy (solar irradiation) calculated from the data of 

the pyranometer. The variation in daily energy is 

consistent with the variation instantaneous power, where 

the variation of power intensity of solar panels follows the 

variation of solar irradiance.  

It has been noted previously, publicly accessible 

satellite-derived data can be used for a preliminary study 

to assess the potential of solar energy and to determine 

suitable sites for the deployment solar PV plants. 

However, for the design of efficient and reliable PV 

plants, more accurate data obtained from ground 

measurements are required. Therefore, in Fig. 7, the solar 

irradiation obtained from local measurement using Kipp 

& Zonen SP Lite 2 pyranometer is compared with solar 

irradiation obtained from satellite-derived data provided 

by NASA POWER SSE [6], which is extracted based on 

the location of the installed monitoring system, i.e. 

latitude of 0.056S and longitude of 109.346E. In 

general, the daily variation of solar irradiation obtained 

from local measurement is similar to that obtained from 

satellite-derived data. However, we can observe a 

significant difference between the values of local 

measurement and satellite-derived data. In most cases, the 

values of solar irradiation obtained from local 

measurement are lower than the values of satellite-derived 

data. 

To clarify the effects of solar radiation level on the 

efficiency of solar panels, the solar irradiation is plotted 

along with the daily averaged efficiency in Fig. 8. It can 

be confirmed that the daily averaged efficiency of solar 

panels is higher at relatively high solar irradiation as 
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compared to that at relatively low solar irradiation. The 

values of the daily averaged efficiency of the solar panels 

are ranging from 5% to 12%. In addition, it can be 

confirmed that the daily averaged efficiency of a mono-

crystalline solar panel (panel 2) is higher than that for 

poly-crystalline solar panels (panel 1 and 3). 

 

 

Figure 7. Daily energy received from solar radiation and 

produced by solar panels. 

 
Figure 8. Daily energy of solar radiation and daily averaged 

efficiency of solar panels. 

For a more comprehensive demonstration of the use of 

the monitoring system in assessing the solar PV potential, 

the daily data of energy received from the solar radiation 

and energy produced by solar panels are monthly 

averaged and the results are presented in Table 3. The 

values of solar irradiance obtained from satellite data and 

measurement using pyranometer, as well as the difference 

between the two sets of data are presented in columns 

labelled with “Received Energy”, while the values of 

energy generated by solar panels and the efficiency of 

solar panels are presented in columns labelled with 

“Produced Energy” and “Efficiency”, respectively. The 

efficiency of solar panels is computed from energy 

produced by solar panels and solar radiation measured 

using pyranometer. Incomplete data due to unattended 

system errors in June and July 2021 are not included in 

the table. As shown in Table 2, the values of received 

energy measured using a pyranometer are 15% – 40% 

lower than the values obtained from satellite-derived data. 

It should be noted that the monitoring system is installed 

at a site with high building at the west side, and therefore 

the lower values of local measurement should be related 

to the shading effects of the high building. Ideally, solar 

PV plants should be installed at locations that free of 

shading effects. However, for rooftop solar PV plants, the 

choice of location is usually limited, thus the shading 

effect of surrounding building should be considered 

carefully. To account for the building shading effects in 

the estimation of energy generation of PV system based 

on satellite data, modelling software with 3D CAD 

capability (Ecotec, PVsyst) is required, while the generic 

modelling software (HOMER, RETScreen, Hybrid2) over 

estimates the PV outputs by more than 100% [16]. 

Therefore, the use of a low-cost PV monitoring system 

would help the designer of solar PV plants as it provides 

accurate data of solar energy resource and the energy 

generated by PV plants without employing sophisticate 

modelling software.  

In addition to the data of solar radiation, the accurate 

data of electrical energy produced by PV panels should be 

important in the planning of efficient and reliable solar PV 

plants. As shown in Table 2, under real operating 

conditions at the top of a building at the Mechanical 

Engineering Department of Politeknik Negeri Pontianak - 

Indonesia, the commercial PV panels produce electrical 

energy of 300 – 460 Wh/m2 per day, which corresponds 

to the monthly averaged efficiencies of 8% – 13%. It is 

also shown that the efficiency of mono-crystalline solar 

panel is around 1% higher than the efficiency of multi-

crystalline solar panels. This should be related to the 

single crystal structure in the monocrystalline solar cells, 

which provides the electrons that generate a flow of 

electricity more room to move.  

It should be noted that the efficiencies of solar panels 

operating under tropical weather conditions of are much 

lower than the maximum efficiency of solar panels tested 

under standard conditions with an ambient temperature of 

25C, i.e. 26.7% for the mono-crystalline silicon solar 

panels and 22.3% for the multi-crystalline silicon solar 

panels [25]. If the energy generated by PV plant is to be 

assessed based on satellite-derived data and efficiency of 

PV under standard conditions, its values would be in the 

range of 982 – 1298 Wh/m2 for PV plant with multi-

crystalline silicon solar panels and 1176 – 1555 Wh/m2 

for PV plant with mono-crystalline silicon solar panels, 

which are about 3 – 4 times higher than the real values 

obtained by local measurement. These results confirm that 

data of local measurements are highly required, and the 

proposed low-cost PV monitoring system should provide 

a promising solution for the demands of accurate and 

comprehensive data in the design of reliable and efficient 

solar PV plants. In the case of Indonesia where massive 

development of PV plants is planned, but the accurate and 

comprehensive data of PV potential is still lack, the 

replication and installation of the low-cost PV monitoring 

system in many locations would provide a solution for the 

problem. In the future, further research on integration of 

the low-cost PV monitoring system with a web-based data 

acquisition system should be important the promote the 

development of ground measurement network across the 

country.  
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Table 3. Monthly averaged daily energy received from solar radiation and produced by solar panels. 

No 
Year/ 

Month 

Received Energy  

[Wh/m2] 

Produced Energy  

[Wh/m2] 

Efficiency  

[%] 

Sat Pyr Dev P 1 P 2 P 3 P 1 P 2 P 3 

1 2020/08 5292 4074 -23% 372  419  347 9.2 10.4 8.6 

2 2020/09 4888 4144 -15% 379  427  351 9.1 10.3 8.5 

3 2020/10 4502 3685 -18% 345  377 313 9.4 10.2 8.5 

4 2020/11 4161 3397 -18% 304  340 277 8.6 9.6 7.8 

5 2020/12 4724 3468 -27% 347  385 312 9.9 10.9 8.8 

6 2021/01 4404 2930 -33% 281  311 253 9.3 10.3 8.4 

7 2021/02 5823 3800 -35% 410  460 378 10.8 12.1 10.0 

8 2021/03 5267 3363 -36% 330  359 297 9.8 10.7 8.8 

9 2021/04 5711 3412 -40% 403  445 371 11.8 13.0 10.9 

10 2021/05 5114 3249 -36% 373  408 344 11.5 12.6 10.6 

11 2021/08 4642 3268 -30% 324  384 311 9.9 11.8 9.5 

12 2021/09 5013 3463 -31% 335  404 327 10.2 12.3 9.9 

IV. CONCLUSION 

A low-cost Arduino-based monitoring system has been 

developed and its use for the assessment of PV potential 

has been demonstrated. The system has been installed at 

the top of a building at the Mechanical Engineering 

Department of Politeknik Negeri Pontianak – Indonesia, 

and the acquired data in the period of August 2020 to 

September 2021 have been used to assess the PV potential 

at the location. It has been shown that the values of solar 

irradiation obtained from local measurement using the 

system differ by 15 – 40 % from the values of satellite-

derived data that averaged over wide areas. Furthermore, 

the obtained data show that the values of electrical energy 

produced by commercially available solar panels installed 

at the corresponding location are in the range of 300 – 460 

Wh/m2 per day, which are much lower than those 

predicted based space-averaged satellite data and 

efficiency of solar panels under standard conditions. 

These results confirm the advantage of assessment of 

solar energy resources using the low-cost PV monitoring 

system, as the system can provide accurate and 

comprehensive data required in the design of reliable and 

efficient solar PV plants without the need of simulation 

using complex model and sophisticated software that 

required in the assessment using satellite-derived data. 
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