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Abstract: The purpose of this project was to design and implement an autonomous system based 
on Arduino to monitor environmental parameters that intervene in the perception of human 
comfort such as temperature, humidity, and solar radiation, and use them to analyze factors related 
to climate control and energy efficiency in buildings. The system was tested in laboratory conditions 
as well as by in situ measurements of building elements and living spaces. Some of the experiments 
carried out were contrasted with numerical simulations that allowed us to understand the 
implemented system. 
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1. Introduction 

Nowadays, the constant development of society has increased energy consumption and its 
dependence on energy, with harmful effects on human beings and their environment that are 
reflected in environmental degradation and pollution and in the depletion of resources. To counteract 
these effects, it is necessary to design and construct buildings that are efficient from an energy point 
of view, with minimum energy consumption, but without reducing the quality of services [1–6]. 

The monitoring of buildings allows for the supervision and control of the parameters that 
intervene directly in the comfort of its users, as well as the energy that is being consumed. Thanks to 
this automation, energy savings and the reduction of maintenance costs would be facilitated [7]. 

In this text, an open-source design (Arduino based) and implementation of an autonomous 
system to monitor environmental parameters (such as temperature, relative humidity, or solar 
radiation) are described [8,9]. After the implementation, to check the correct function of the system, 
measurements are made in different situations, while various types of numerical simulations with 
different degrees of complexity are implemented to understand the thermodynamic behavior of the 
systems under study. Thus, the system is applied to the following cases: 

• Calibration of sensors under controlled laboratory conditions. In this case, the parameters 
measured by the sensors are controlled externally, so that their values can be corrected. 

• Measurements of the thermal behavior of test boxes with different thermal insulation, to 
determine heat transmission through radiation and conduction through different materials. 

• Measurements of the thermal behavior of different housing enclosure types.  
• Measurements of the relationship between solar radiation variation and temperature in a living 

space. 
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Once the measurements have been obtained, they will be processed with the Matlab 
mathematical software tool and the corresponding conclusions will be obtained. This project is a first 
approximation of the methods that could be used in subsequent studies for the thermodynamic 
analysis of buildings, to forecast their consumption or energy demand.  

2. Design of the Experimental Device 

Figure 1 shows a diagram of the connection of the sensors with the Arduino board. The 
components of the device are an Arduino UNO board, temperature sensors DS18B20, a humidity 
sensor DHT22, a photoresistor GL5528, a MicroSD Card Module for data storage, and a Real Time 
Clock (RTC) DS3231. 

 
Figure 1. Electrical diagram of the thermodynamic monitoring system. 

3. Experimental Setup 

3.1. Setup 1—Sensor Calibration 

Calibration allows for the determination of the relationship between the values obtained with 
this instrument and those taken as a reference. With this, the deviation and the necessary corrections 
can be determined. The temperature sensors have been calibrated using as reference a professional 
thermometer with a Testo 110 probe. The values obtained with the photoresistors or LDR (light 
dependent resistors) are the electrical resistance depending on the incidence of light, either artificial 
or natural, which increase or decrease depending on the amount of light that the resistance receives. 
Therefore, it is also necessary to calibrate these sensors to determine the equivalence of this resistance, 
measured in ohms (Ω), with respect to a unit of measurement of illuminance. In this case, a Testo 540 
luxmeter is used, which measures the luminous intensity per square meter, the unit of which is the lux. 
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3.2. Setup 2—Test Boxes 

For the first test outside the laboratory, two cubes of different materials were used, see Figure 2. 
These measurements were carried out on the roof of a building for 24 h using six temperature sensors 
and four photoresistors. Two of the temperature sensors were placed inside the cube and the other 
four outside, which were distributed between the upper face, the east-facing face, the west-facing 
face, and the south-facing face. Next to each temperature sensor, four photoresistors were also placed 
to measure the light received by each one of the surfaces of the cube. The interest in these 
measurements resides in the fact that the simple geometry of these boxes allows their study with 
numerical simulation in order to contrast the experimental results with the simulations, to compare 
the temperature measured outside and inside each of the boxes with that obtained in the simulation. 

  

Figure 2. On the left, box of pine wood; on the right, box of polystyrene. 

3.3. Setup 3—Measurement of the Housing Envelope 

The next step was to measure the construction elements of a single-family house located in 
Guadarrama (Madrid) for 24-h periods, see Figure 3. 

 

Figure 3. Plan of the wall under study. 

3.4. Setup 4—Measurement of Habitable Space 

Subsequently, solar radiation and room temperature were also measured in the Student 
Residence of Gandia (Valencia), in one of the rooms of Block Y, see Figure 4. 
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Figure 4. Plan of one floor of the Student Residence. The room space under study is marked. 

4. Results and Discussion 

4.1. Setup 1—Sensor Calibration 

Figure 5 shows the result of the calibration of the temperature sensors (Si). The differences are 
generally within an interval of only a half Celsius degree in the operating temperature range used. 

  

Figure 5. Difference between the value of each sensor and the reference thermometer (left). Relation 
between resistance (right, blue line) and illuminance on a photoresistor and a linear fit (right, dotted 
line). 

For the calibration of the photoresistors, the lecture of a calibrated luxmeter and the output 
electrical resistance of the photoresistors were used. Figure 5 shows these results and a least squares 
linear fit given by: ݔ = 5.5715 × 10଺ ·  .the resistance ݕ is the luxes and ݔ ଶ.଴଼଺ସ., whereିݕ

4.2. Setup 2—Test Boxes 

Figure 6 shows the temperatures of the two test boxes by experimental measurements and some 
simulations considering similar incident radiation. It is observed that the numerical method presents 
a good similarity with the experimental results [10–13]. 

  

Figure 6. Temperatures obtained in situ (blue line) and by simulating with COMSOL (red line). 
Results of the wood box (left). Results of the polystyrene box (right). 
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4.3. Setup 3—Measurement of the Housing Envelope 

The measurements were performed on the walls oriented to the east and south, and on the 
windows oriented to the east, west and south, both with the blinds up and down. In Figure 7, the 
results obtained from the east wall are shown as an example. Indoor and outdoor temperatures from 
each sensor and the mean values and the relation between mean outdoor temperatures and the 
incident heat flux is shown. 

  

Figure 7. East wall results. On the left, temperatures obtained inside (blue) and outside (red). On the 
right, heat flow (orange) and temperature (light blue). 

With the whole data for every wall, Table 1 shows the heat flow lost by each of the construction 
elements from the temperature difference measured indoors and outdoors, as well as the area A of 
each one and the thermal properties (thermal transmittance U [W/m2K]).  

Table 1 demonstrates the capacity of a low-cost monitoring system for the real-time control of 
the thermal envelope of a house. With this, it is clear the saving possibilities that these systems can 
contribute as a part of a domotic system of a home or, simply, to help the user to take the best saving 
measures. 

Table 1. Characteristics and results of each construction element. 

Orientation Construction element 
Characteristics ࡭  

[m2] 
  ࢁ

[W/m2K] 
ሶࡽ  ࢊࢋ࢓
[W] 

ሶࡽࢾ   
[W] 

 ࡽ
[kW·h] 

East 
Wall 26.2 1.4 658.0 240.8 14.33 

Window Blind up 3.7 2.6 132.8 18.7 2.1 
Blind down 45.5 3.3 0.9 

South 
Wall 30.3 1.4 502.5 533.4 10.9 

Window Blind up 2.1 2.6 28.3 24.8 0.6 
Blind down 56.3 4.6 1.2 

West 
Wall 26.4 1.4 624.3 228.5 13.6 

Window 
Blind up 

5.6 2.6 
164.8 48.0 3.1 

Blind down 57.6 12.2 1.3 
    Total 2270.2 1114.5 48.5 

4.4. Setup 4—Measurement of Habitable Space 

Figures 8 and 9 show both indoor temperatures and illuminances in the two studied spaces. The 
different lines represent the data of different sensors. Despite some variations and fluctuations, the 
mean values are tolerable. Some terminal effects can also be seen due to the thermal gap between the 
solar incidence (heat input) and the increase in temperature. 
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Figure 8. Results of the room oriented to the east of the house in study: temperature variation (left) 
and variation of luminous intensity (right). 

  

Figure 9. Results of the room of the Student Residence: Temperature variation (left) and variation of 
luminous intensity (right). 

5. Conclusions 

The study proposed in this work focused on designing and implementing a monitoring and 
control system of some of the environmental parameters that intervene in the perception of human 
comfort such as temperature, humidity, and lighting, and in using that data for the analysis of 
parameters related to air conditioning and energy efficiency in buildings. In terms of design and 
implementation, it has been possible to develop a prototype of an automatic system with different 
sensors to monitor temperature, humidity, and solar radiation data using Arduino. 

After the development of the system and with respect to the measurements carried out, the 
calibration of the thermal and optical sensors was carried out by comparing them with standard 
temperature and illuminance probes in the laboratory. The result of this calibration served as a basis 
for adjusting the measurements and controlling any possible errors due to the use of the sensors. 
Preliminary measurements have been made in systems that simulate enclosures, with walls of 
different thermal conductivities, for comparison with computer simulations. Subsequently, 
measurements have been made in situ, under real environmental conditions, outside the laboratory, 
and these measurements have been contrasted with a thermodynamic simulation tool for a cube, 
presenting the results of these measurements in the form of index cards. In addition, the heat fluxes 
of the housing envelope have been measured and extracted, to later determine the energy efficiency 
of a building. Despite some setbacks in the development of the device, the final results were sufficient 
and adequate to perform the evaluation that was intended. 

With the use of the system in real conditions and its calibration, its practicality and good working 
operation have been demonstrated. The result of this work can be, therefore, the basis of an 
interesting alternative to systems for recording and monitoring thermodynamic variables in the field 
of architecture and energy efficiency for its versatility and economy. 
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