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Abstract - Measurement of the intensity of solar irradiance is essential for designing renewable energy systems and atmospheric 

science. A low-cost, IoT-enabled pyranometer is proposed in this paper for data logging. The pyranometer is designed to 

measure the solar irradiance of spectral range from 300nm to 2800nm and hence covers UV, IR, and visible spectral ranges. 

The pyranometer exploits the phenomenon of thermoelectric sensing and photo sensing to measure solar irradiance. Peltier 

module TEC1-12706 with BPX65 silicon photodiode is used for this purpose. The combination of these sensors offers more 

precision in terms of diffused and direct solar irradiance. The open-circuit voltage Voc, cold, and hot side temperature of the 

Peltier are monitored to assess the solar irradiance. Also, the use of GPS and RTC module in the proposed system gives the 

exact location, time, and date of solar irradiance at a particular instant, which provides distinct features to the solution. The 

output signal is then processed through the microcontroller and transmitted to the cloud for analysis at the remote site. 
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1. Introduction 
More than 95 % of the sun's energy is contained in the 

spectral range of 300nm to 2400nm [1]. The quantity of this 

radiation is referred to as global solar radiation or short-wave 

radiation. It is not easy to position environmental development 

on the planet driven directly or indirectly by solar energy.  

Global measurements of sunlight are used in various 

applications for various targets. The solar panel's performance 

is primarily determined by solar energy because these panels 

convert solar energy into electricity [2]. 

Mainly, pyranometers are divided into two categories; 

Some measure the temperature rises of a black face against a 

thermal body or a reflecting white face, and some directly 

convert radiant energy to electrical energy like photometric 

types [3].  

In thermo-electric sensor-based pyranometers, 

thermocouples are connected in series to get the temperature 

differential between active and cold junctions. This 

temperature differential produces an electromotive force 

linearly related to absorbed solar irradiance [4]. Although less 

expensive to produce, photometric types have spectrum 

responses defined by the semiconductor material, often 

silicon, and are not designated for reference-grade uses [5].  

Irradiance readings with varying degrees of spectrum 

sensitivity will be produced depending on the type of 

pyranometer employed[6]. Variations in irradiance and 

temperature have various impacts on current and voltage in a 

solar panel[7]. 

In the case of irradiance, the current exhibits a more 

significant magnitude linear fluctuation than the voltage, 

although the voltage exhibits a logarithmic variation. 

 
Fig. 1 Overview of the system. 
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On the other hand, temperature change has a more 

significant impact on voltage [8]. So, for the reliable 

measurement of solar radiations, thermo-electric-based 

pyranometers are preferable [9]. 

The proposed pyranometer based on the Peltier device 

determines a central data collection point over the cloud to 

store the data. Various sensors, including GPS, RTC, TEC1-

12706, and photodiode, are used to assess and transmit real-

time data to the cloud [10]. To monitor, the android 

application is used to fetch the data. In this way, concerned 

personnel stays informed regarding solar irradiance.  

The paper focuses on the solar energy-based smart device 

embedded with the Wi-Fi module, which helps build a low-

cost, low-power, and remote system. An overview of the 

system is illustrated in Figure 1. A few experiments have been 

performed to verify the results obtained with the designed 

system. 

2. Proposed System 
The overall block diagram of the suggested pyranometer 

is shown in Figure 2.  

 

Fig. 2  Hardware architecture of the system. 

This block diagram uses a Peltier module TEC1-12706 as 

a thermoelectric sensor. Black paint is applied to the hot 

surface of the Peltier module for low emissions. This painted 

side is exposed to solar light through a glass dome placed on 

a black acrylic box. A black-painted aluminium thermal sink 

is placed on the cold side of the Peltier module. 

The thermal sink is helped to maintain the cold side at 

room temperature, and the acrylic box supports the thermal 

sink to maintain it at room temperature by protecting it from 

the external environment. The Peltier module chamber is 

separated from the electronics with the acrylic sheet so that the 

electronics' temperature will not disturb the Peltier module. 

The 3D model of the prototype of the IoT-enabled 

pyranometer is given in Figure 3. The prototype has its own 

display, which shows the real-time values of irradiance and 

location coordinates of the device.  

The silica gel pack is used as a desiccant inside the 

chambers. When placed in sunlight, it maintains a temperature 

differential between the hot (black) surface and the cold 

surface of the Peltier module (TEC1-12706). It produces an 

electromotive force that has a comparatively lower value. The 

Peltier coefficient Π is defined as a ratio of the coefficient of 

thermal current Q to the coefficient of electric current I [11], 

as described in Equation 1. 

𝑄 = 𝛱 𝑋 𝐼  (1) 

 

But it is not easy to measure the heat precisely compared 

to the temperature difference. So, using Onsager's Reciprocal 

Theorem, the Peltier coefficient Π can be calculated using the 

Seebeck coefficient, which is much easier to measure. Now 

the Peltier coefficient Π in terms of Seebeck coefficient S is 

[12] shown in Equation 2. 

𝛱 = 𝑆 𝑋 𝑇  (2) 

Here T is the temperature in a vacuum. For calculating the 

Seebeck coefficient S [13], an open circuit potential difference 

relation is used, as presented in Equation 3. 

𝑉𝑜𝑐 = 𝑆 𝑋 (𝑇ℎ − 𝑇𝑐)  (3) 

This electromotive force 𝑉𝑜𝑐  (open circuit potential 

difference) is directly proportional to the temperature 

differential (𝑇ℎ − 𝑇𝑐) and to the thermo-electric capability of 

the material, which is used as a sensor.  

To measure the temperature of the cold side and hot side, 

two LM35 temperature sensors are used in this instrument. 

The open circuit voltage is first sent to 16-bit ADC and then 

towards the microcontroller for further processing. A BPX65 

silicon pin photodiode is a low-cost photodiode used to 

measure direct visible light and increase the pyranometer's 

overall performance [14]. The luminance comparison of 

BPX65 with BPW20 [15] and BPW21 [16] is illustrated in 

Table 1.   
Fig. 3 3D model of the proposed IoT-enabled pyranometer. 
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Fig. 4 Schematic diagram of ESP32 with various sensors in the proposed pyranometer 

 

Table 1. Comparison of the produced voltages of different photodiodes 

w.r.t luminance 

Lamp 

Volts 

(V) 

Lumi-

nance 

(Klux) 

Output 

BPX65 

(V) 

Output 

BPW21 

(V) 

Output 

BPW20 

(V) 

0 0.11 0.55 0.6 0.59 

15 2.8 1.01 0.75 1.07 

22.5 118 1.92 1.59 2.3 

27.8 232 2.76 2.6 3.4 

 

A Neo 6M global positioning module is used for the 

location coordinates, and a tiny real-time clock is used to 

analyze the date and time of solar irradiance measurement. 

The geographical location, time, and solar irradiance values 

are then transmitted to the cloud by using an ESP32 

microcontroller and can be retrieved through an android 

application. 

3. Measurement Setup 
The Pumped, major focus of this system is to build a low-

cost with a wide spectral range monitoring system that can 

measure solar irradiance accurately.  

The simulation of the proposed pyranometer includes the 

schematic diagram and the PCB layout of the pyranometer. 

The schematic and PCB layout are made up through Proteus 

8.9 and shown in Figures 4 and 5, respectively.  

 
Fig. 5 PCB layout of proposed pyranometer. 

The program of the microcontroller is finalized through 

the Arduino IDE 1.8.7. The measured values are then sent to 

ESP32 via serial communication. These measured values are 

further transmitted to the cloud and stored for analysis. 

The flow diagram of the IoT-enabled pyranometer is 

given in Figure 6. 
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Fig. 6 Flow Diagram of the IoT- enabled Pyranometer

The sensing and processing of the proposed pyranometer 

are discussed in 3.1. 

3.1. Experimental Conditions 

The designed system efficiently measures solar irradiance 

using Peltier and photodiode. The data can be remotely 

accessed from the cloud by using a mobile application. 

The experiment takes place in the laboratory with a 24W 

halogen light bulb [17]. The distance of the light source is 

changed in a PVC pipe so that the external environment does 

not interfere. The maximum distance of a light source from 

the Black painted hot side of the Peltier module is 50cm, 

which decreases as the experiment continues. Light intensity 

is measured through a digital light meter TES 1332A [18]. 

Photodiodes are a cheap replacement, and the only benefit 

in principle over thermoelectric sensors like Peltier in 

measuring irradiance, aside from their price, is their response 

time [19]. Since each wavelength in the solar spectrum has a 

distinct amplitude. Hence, no general conversion equation can 

be used to translate between lux and W/m2, and conversion is 

impossible without first knowing the spectral makeup of the 

light being measured [20]. 

In photodiode-based pyranometers, the response time is 

around 10µs compared to those based on thermoelectric 

sensors. The response time of thermoelectric sensors like 

Peltier ranges between 1 and 10s, making them less suitable 

for measuring swift changes in irradiance. The impact of 

temperature on pyranometer 0s measurement is also well 

known. However, this effect is lower in thermoelectric 

sensors-based pyranometers than in photodiode-based 

instruments [21]. 

The designed PCB of the suggested IoT-enabled 

pyranometer has both a Peltier device and a silicon 

photodiode. Various modules are integrated into PCB, as 

shown in Figure 7. Each module is connected to the ESP32 

microcontroller. The TEC module and photodiode output are 

very low for the ESP32 microcontroller [22]. 

 

 
Fig. 7 Proposed hardware design of datalogger. 
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So, a 16-bit ADC is used to overcome this problem and 

can measure a change of 0.15mV if the reference voltage is 

5V. This digital signal is then sent to the microcontroller for 

further processing and transmitted to the cloud. 

3.2. Experimental Results 

The plotted results of the sensed intensity of light values 

and measured distance of the light source are given in Figure 

8. The plot shows the inverse relationship between the light 

intensity and the measured square of the distance between the 

source and the sensor surface when compared to ideally 
measured values. The proposed IoT-enabled pyranometer 

gave realistic results and was close to the ideal relationship. 

The sensed temperature difference between the hot and 

cold surfaces of TEC1-12706 values through LM35 and 

measured light intensity values through a light meter are given 

in Figure 9. The plot shows the linear relationship between the 

light intensity and the temperature difference. 

 
Fig. 8 Intensity of light vs the measured distance of the light source 

 
Fig. 9 Light intensity vs the temperature difference 

The proposed pyranometer gave realistic results and was 

close to a straight line. Figure 10 shows the open-circuit 

voltage Voc measurements. The open circuit voltages are 

measured at different distances from the light source (halogen 

bulb) in the laboratory. The temperature is measured at the top 

face of the Peltier device. At the lowest distance, the change 

in temperature difference is maximum, hence the maximum 

open circuit voltages. 

 
Fig. 10 Temperature vs open-circuit voltages Voc 

Figure 11 shows the open circuit voltages Voc concerning 

the light intensity at that moment. The proposed system 

measures the voltage with the embedded sensors and gives 

satisfactory results. The open-circuit voltages increase if the 

light intensity increases and provide a linear relation. 

 

Fig. 11 Light intensity vs open-circuit voltages Voc. 

The results are cross-checked with the overlapping band 

for the Peltier and the photosensor [23]. The relationship 

between irradiance and illuminance Ev for the spectrum is 

given in Equation 4 [24]: 

𝐸ᵥ = 𝑘 ∫ 𝑉(⅄)𝐸(⅄)𝑑⅄
2800

300
  (4) 

Here k is the conversion constant, V(⅄) is the solar 

irradiance, and E(⅄) is the illuminance data of an instrument. 

The subscript v (standing for "visible" or "visual") is written 

on photometric measures to differentiate them from 

radiometric measures. After evaluating all the controlled 

conditions and their results, the proposed system can be used 

in an external environment to measure the global horizontal 

irradiance. 

3.3. Calibration and Results 

The proposed pyranometer is calibrated and deployed for 

a full day at the location having coordinates of 33o40'52.5''N 

and 72o49'08.5''E. 
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Fig. 12 Global horizontal irradiance and temperature vs local 

time. 
Figure 12 illustrates the global horizontal irradiance and 

air temperature analysis concerning time. 

The irradiance value is measured after 30 minutes on 3 

Jul 2022. The proposed IoT-enabled pyranometer performs 

satisfactorily while measuring solar irradiance and 

temperature. The transient response of the pyranometer is 

described as an exponential decay characterized by a single 

time constant τc, and the error with respect to the final value is 

given in Equation 5 [6]: 

ε(t) = е−𝑡/𝜏𝑐  (5) 

The time response of TEC1-12706 is approximately 13 

sec, whereas the Kipp and Zonen have 2 sec. The rise time of 

temperature is faster compared to the fall time.  

The experimental results give us good analytics. The 

technical methods used for measurement purposes proved to 

be effective and reliable. The microcontroller transmits the 

location, irradiance, and temperature concerning time to the 

cloud server.   

Results retrieved from the cloud server can be displayed 

on the android to the user, causing simplicity in real-time solar 

irradiance monitoring. The android application can plot a 

graph of solar irradiance at a particular geographical location 

at any time. 

 Fig. 13 GUI of the proposed android application 

The Graphical User Interface (GUI) of the proposed 

android application is illustrated in Figure 13. The irradiance 

gauge represents the latest irradiance value, whereas the 

irradiance button opens a new tab representing the irradiance 

trend. Similarly, the date/time and location buttons give the 

time and coordinates of the position of the pyranometer. 

4. Conclusion 
 This work uses a commercial module TEC1-12706 as a 

thermoelectric sensor and a photodiode to build a low-cost 

IoT-enabled pyranometer. The open-circuit voltage Voc and 

temperatures of Peltier's hot and cold sides are monitored to 

calculate the solar irradiance.  

 The microcontroller managed this pyranometer, and all 

the components were kept within the black box. The 

pyranometer's sensitivity was investigated, and the sensitivity 

was subsequently used to determine global irradiance within a 

spectral range of 300nm to 2800nm.  

 The proposed system is IoT-enabled, which helps monitor 

the data and transmit it promptly. An android application is 

intended to present real-time data at the user end with 

geographical location. This application also provides visual 

analytics of solar irradiance and temperature at any time. 
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