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Abstract

:

The integration of the Internet of Things (IoT) and Building Information Modeling (BIM) is progressing. The use of microcontrollers and sensors in buildings is described as a level 3B maturity in the use of BIM. Design companies, contractors and building operators can use IoT solutions to monitor, analyze or manage processes. As a rule, solutions based on original Arduino boards are quite an expensive investment. The aim of this research was to find a low-cost IoT solution for monitoring, analysis and management, and integrate it with a BIM model. In the present study, an inexpensive NodeMCU microcontroller and a temperature and pressure sensor were used to study the thermal comfort of users in a single-family home. During the summer season, analysis of the monitored temperature can contribute to installation (HVAC) or retrofit work (for energy efficiency). The article presents a low-cost solution for studying the thermal comfort of users using a digital twin built-in BIM. Data obtained from sensors can support both the design and management processes. The main contribution of the article enables the design, construction and use of low-cost circuits (15.57 USD) even in small developments (single-family houses, semi-detached houses, terraced houses, atrium buildings). Combining IoT sensor telemetry with BIM (maturity level 3C) is a challenge that organizations will face in the near future.
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1. Introduction


The acronym BIM (Building Information Modeling) is variously developed and understood in the broader AECOO (Architecture, Engineering, Construction, Owner Operator) industry. Generally, researchers or organizations try to reduce BIM to a single understanding [1]. The organization buildingSMART has taken a slightly different approach [2]. It breaks down the acronym BIM into three separate concepts and defines each separately. BIM developed as the Building Information Model is understood as files (often in unique formats) that can be extracted, exchanged, or combined to support decision-making involving a building or other facilities. BIM developed as Building Information Modeling is a process involving the generation and management of digital representations of a building’s physical and functional features. BIM developed as Building Information Management is understood as the organization and control of investment processes by using the parameters of a digital building model to exchange information about assets throughout the investment cycle. However, the synthesis of all these definitions boils down to the same thing: a relational database accompanying a building asset throughout its lifecycle [3], which can be used for various purposes (not just decision-making). At the same time, BIM is a process by which a digital twin of an existing or planned construction object can be created. The process involves gathering all the information in a model that aims to reflect reality as closely as possible. Typically, at the design stage, the BIM model is used to conduct various analyses, simulate construction, and to plan the renovations or ongoing maintenance of already-existing buildings [4]. The idea behind BIM is that the model accompanies the building throughout its lifecycle and, as far as possible, should faithfully represent the actual state of the building. Any planned change (modernization, reconstruction) in the facility should first be simulated in the BIM model, and only after proper verification and validation can the renovation or reconstruction process itself be launched. BIM modeling allows for the design of more efficient and effective architecture along with the ability to predict the performance of the facility, which in turn provides the ability to manage this information at a later stage [5]. All the useful data and information that make up the building model are contained in a relational database that can be used in the operational phase. Digital twins, on the other hand, is a broader concept that includes virtual copies of actual manufactured or planned facilities. At the same time, such a digital twin is an active model, developed and changed during the life of the building facility. Energy efficiency or carbon footprints can be studied using BIM [6]. Tests and simulations can be carried out on the virtual model, which saves time and money, resulting in increased efficiency and productivity [7]. The digital twin enables the control of the construction process and monitoring of all project activities, reducing the risk of design, execution, or use errors [8]. A good, reliable, and up-to-date BIM model can be an example of a digital twin that will generate value for various stakeholders in the investment process. However, achieving complex digital twins often requires the coordination of technologies and paradigms [9].



The adoption of BIM is growing [10] and is increasingly applied to facility management (FM) during operation [11]. Using BIM for this purpose improves the management of a building’s floor space, returning at least up-to-date data on rooms and the arrangement of equipment in them. With a BIM model, the project manager has the ability to manage pedestrian or vehicular traffic, such as administering changes in the location of users and adjusting any infrastructure to meet their needs. The BIM model can be helpful in managing renovations (estimating costs, scheduling, or monitoring construction work), as well as in the ongoing maintenance of the facility, taking into account, for example, the wear and tear of fixed assets or equipment. Thanks to BIM, it is possible to monitor energy, water, and heat consumption, but also track the carbon footprint or calculate any energy indicators. BIM finds its application in sunlight analysis, e.g., shading or shadowing. Performing them at the design or construction stage of a project later allows for an optimal design of artificial lighting inside the building. BIM can support decisions on locating off-road equipment or playgrounds. A major advantage of BIM technology is the ability to perform simulations. Having access to all the necessary information about a building is useful for managing crisis situations such as evacuation, and with the help of previously conducted simulations on the BIM model, evacuation can be carried out effectively and quickly, in case the lives of building occupants are threatened. However, the aforementioned analysis and simulations can be made even richer by using sensors as part of the so-called Internet of Things (IoT). The idea is to read data from sensors implemented in equipment and/or machines, as well as independently occurring sensors [12]. The data obtained from them can be used to create an even more sophisticated analysis [13]. The use of IoT in BIM is often considered a high level of so-called maturity [14].



The level of BIM development an organization is at is represented by the so-called Bew–Richards ramp (Figure 1). BIM Level 0 does not involve collaboration of the project team, but only the creation of flat CAD drawings, where work is carried out in stages and communication through a one-way integrated management system. At this level, constant communication with each stakeholder is required, as it is difficult to keep track of all changes, resulting in a higher probability of error, especially since the basis for communication is paper documentation. BIM Level 1 is characterized by project team collaboration, where cooperation is based on files in 3D CAD and/or BIM environments, which allows for the better management of project work. Collaboration is generally within a particular industry (models are not federated), which provides a better method of developing, organizing, and managing information for the construction industry, with strict policies related to the codification of nomenclature. BIM Level 2 sets a standard in which everyone works on their own model in a 3D environment and takes advantage of opportunities to collaborate with other team members and other trades. At this level, a CDE (Common Data Environment) is used to serve as the primary repository and main channel of communication between stakeholders. New forms of collaboration and documentation are emerging at this level, such as the EIR (Exchange Information Requirements), BEP (BIM Execution Plan), or BIM responsibility matrix. Everything is aimed at the so-called integrated investment process IPD (Integrated Project Delivery), which is expected to provide benefits and advantages for all parties. BIM Level 3 implies open integration of data from various sources, which enables centralized collaboration and project management not only in cooperation with other industries, but also financial and building lifecycle management. This level assumes interoperability at every level. Continuous change notifications are enabled by open IFC or BCF formats. Level 3 is often referred to as an anticipated iBIM. The connotations and relationships between the different levels are abstract and difficult to define. Hence, sub-levels are beginning to be distinguished at Level 3. Recent research suggests that improving information exchange with the help of open standards is Level 3A. Level 3B is additionally referred to as direct connection to sensors of devices and machines (IoT). The use of IoT reduces human involvement [15] and gives space for the use of ML (machine learning) and AI (artificial intelligence). Algorithms are already reducing data processing times to as little as a few seconds, while eliminating the risk of error [16]. Real-time sensor data transfer (telemetry) is Level 3C. Monitoring the status of devices and their potential failures thus brings us closer to the idea of a digital twin. The highest level is 3D, where the framework and structure of the ontology, i.e., the codification of everything in BIM, are additionally defined. Thus, there should be no problems in communication, and its degree of efficiency is at the highest possible level. However, perfect interoperability may never happen [17].



Level 3A is often achieved by project enterprises, general contractors, or consortia of companies. Nevertheless, despite various ontology-level solutions, designers are still often forced to iteratively fix interoperability failures [19]. Level 3B is a similar challenge. Despite the many IoT-BIM solutions, the construction industry is still not adopting any solution on a larger scale. Hence, the aim of this research was to find a low-cost IoT solution for monitoring, analysis and management, and integrate it with a BIM model. This study uses an inexpensive NodeMCU microcontroller and a temperature and pressure sensor to study the thermal comfort of occupants in a single-family home. The article thus contributes to the ever-present technological challenge of integrating IoT and BIM toward a DT.




2. Literature Review


IoT is strongly emerging and people’s interest in it is increasingly growing [20]. By using IoT–BIM connectivity, buildings can become “smart”, able to collect, analyze, and respond to data in real time [21]. The integration of IoT–BIM systems allows for the acquisition of telemetry information from various sensors and devices in a building. These data can then be used to optimize building management and condition monitoring. IoT sensors can monitor a building’s energy consumption, which allows for the optimization of energy use [22]. However, most research applications involve very simple and individual DIY use cases with limited use in industrial applications [23]. IoT provides a higher degree of security, as sensors can prevent disasters [24] or detect accidents [25], fires [26], air pollution [27], etc. IoT can enhance occupant comfort, while BMS (Building Management System) systems can adjust indoor conditions (e.g., temperature, lighting, humidity, or air quality) according to occupants’ needs. Various types of sensors are installed in buildings, such as infrared, temperature, humidity, pressure, carbon dioxide or carbon monoxide, camera sensors [28], sensors related to lighting, or air pollution. IoT-BIM consists of three layers, namely the physical layer, the network layer, and the application layer. In each layer, security must be ensured by applying appropriate security countermeasures to the IoT-BIM system [29], which, despite the current state of the art, is not that simple.



The use of BIM in facility management (FM) is currently limited because BIM applications have been implemented mainly in the design and construction phases. It is beneficial to enable BIM models to provide real-time information through the monitoring process. Monitoring can take place both during the construction phase [30] of the project and the subsequent use phase. This will allow facility managers to interact with the built environment in real time and provide a better user interface than traditional thermal condition monitoring. Such a move will bring us closer to the idea of a digital twin. Digital twin should first be implemented precisely in the O&M (Operation and Maintenance) phase, which is extremely important from the perspective of building owners [31]. The integration of IoT–BIM through a custom-designed database and modules developed in a visual programming environment [32] provides effective visualization of office spaces related to temperature levels, humidity, pressure, etc., in rooms. Storing related data in the cloud can provide interested decision makers with relevant and timely access to thermal comfort data remotely via their wireless devices, leading to greater efficiency in monitoring building spaces. In the BIM approach, the most up-to-date and accurate building models are stored in shared central databases during the design and construction of a project, and increasingly in the post-construction stages. Increasingly popular GIS (Geographic Information System)-based city monitoring/management applications require a combination of information obtained from all these resources—BIM, GIS, and IoT [33].



The high energy demand in residential and commercial buildings is determining a great deal of interest in the research community for opportunities to improve the sustainability, rating, energy efficiency and overall performance of buildings. Information systems provide the ability to monitor the condition, substance and behavior of a building and artificial intelligence provides methods to predict the energy efficiency of buildings [34]. Monitoring energy efficiency is one of the basic tenets of the anticipated circular economy [35]. Among various energy-efficient solutions, the European Union is developing directives for near-zero energy buildings, as well as smart technologies for future smart cities [36]. A comfortable indoor thermal environment is critical to occupant well-being and productivity. The need for resource-saving systems and technologies has been proven in studies [37]. A BMS is typically used to monitor the thermal conditions of buildings [38]. However, this generally applies to larger developments where users can afford a BMS. In smaller developments, where cost is a major consideration, budget solutions can be tried. Unfortunately, the low availability of information on current building parameters causes serious difficulties in planning appropriate interventions. IoT sensors provide a large amount of data on the energy consumption and internal conditions of an existing building, which can influence the selection of retrofit interventions [39]. The microcontroller unit (MCU) used in IoT is a small computer on a single chipset. Popular for remote machine control purposes are the Arduino Uno and Arduino Yun, which use Wi-Fi modules [40]. When it comes to studying the thermal comfort of users [41], investments based on Arduino Uno [42] or Arduino Yun [43] are quite expensive, in the order of tens or hundreds of dollars. For smaller budgets, one can opt for NodeMCU microcontrollers [44], which are cheap and provide Wi-Fi connectivity. To date, very little research has been carried out on single-family buildings [45], which is encouraging (Table 1).



Hence, the purpose of this study was to develop a low-cost temperature testing circuit to investigate thermal comfort during the summer months. This could help in making decisions about HVAC installations or undertaking retrofit work.




3. Methodology


The research used the Arduino IDE environment (v1.8.19) [51,52], a microcontroller, a sensor and accompanying hardware. Arduino is a well-known open-source hardware, also supporting the NodeMCU V3 microcontroller, providing basic input and output interfaces for analog and digital signals. The Arduino system is relatively simple and convenient, as it can be easily connected to various sensors, servo motors and other electronic components [53]. Microcontrollers can easily connect to multiple sensors through multiple digital and analog I/O interfaces, which provides great scalability [42]. The general idea is to subscribe to the sensor data in the BIM model via the MQTT protocol (Figure 2). MQTT (Message Queue Telemetry Transport) is a lightweight protocol that works well with low bandwidth and low power consumption. Built based on the TCP/IP protocol, MQTT operates on a publish/subscribe model that provides reliable data transfer or message transmission at a low cost in a low-performance network environment [54]. These features make it ideal for IoT and mobile communication environments with a low bandwidth and limited computing power, so the protocol has been widely used in the IoT field and is also widely used in M2M (Machine to Machine) communication between embedded devices [42]. The research developed a prototype system running on a microcontroller, in the “Arduino programming language”, based on the C/C++ language, with the task of acquiring data from connected sensors and transmitting the data to a server. As part of the construction of the system, Node-RED was used to publish the sensor readings to an MS Excel 2023 file via an MQTT broker. As a broker, Mosquitto 2.0.18 was used, which is an open-source service program written in C that implements the MQTT protocol, so it can be used as a message communicator that listens and sends messages.



First, a BIM model was developed for the installation of a temperature and pressure sensor. The model was georeferenced, obtaining precise x,y,z coordinates and a GIS layout of the sensor’s position. Before connecting the sensor to the microcontroller, the Arduino IDE environment for Windows was installed. Then, the CH340 drivers were downloaded to access and read data from the USB ports. Next, the NodeMCU V3 microcontroller was connected using a microUSB (m)–USB-A (m) cable with a data link line. Subsequently, ESP8266 libraries were downloaded and installed to read the board from the respective serial port. While working in the Arduino IDE, all antivirus and firewalls (Windows Defender Firewall) were disabled. Next, NodeMCU 1.0 (ESP-12E Module) was selected as the board, and COM3 was selected as the port. Subsequently, the sensor was connected to the microcontroller with female–male wires (Figure 3).



The BMP280 sensor chosen for the study has numerous advantages. The small dimensions allow for the sensor to be installed in control cabinets and small enclosures of portable measuring instruments. The sensor features a wide pressure measurement range, as well as a temperature measurement function with a high accuracy, so these data can be tracked. To read the data from the BMP280 sensor, it is necessary to download and install the Adafruit BMP280 libraries in the Arduino IDE environment. After that, the source code of the program (Appendix A.1) was uploaded to the microcontroller, previously verifying the correctness of its operation. In the code, attention should be paid to the “baud rate” (data transfer rate in serial communication)—9600 in this case, and the data reading frequency—2 s.



After uploading the program, the serial monitor was started to check the results of the reading data from the sensor. If the serial port cannot be connected, it should be checked if another application, firewall, or antivirus is blocking access to the port. The correct operation allowed for further connection to the BIM model via the Node-RED application and the MQTT protocol.



In order to continuously read data from the sensor, the microcontroller had to be permanently connected to the power supply. In order not to use a computer/server, the microcontroller was connected to the MB102 power module. This module is permanently connected to a power source, mainly 220–230 V, through the DC input with a 1 W 1000 mA charger. The microcontroller is connected to the power module with a microUSB-B (m)–USB-A (m) cable and two female-to-female cables (Figure 4). The connection to the sensor will be through the Wi-Fi module and a program preloaded into the microcontroller. The whole kit is low-cost (Table 2), so it can be used even in small investments.



There are many other sensors similar to the BMP280 that are inexpensive and serve different purposes: DHT11—a cheap temperature and humidity sensor; DHT22 (AM2302)—a bit more expensive and more accurate than DHT11; MQ-2—a gas sensor that can detect LPG, i-butane, propane, methane, alcohol, hydrogen, and smoke; MQ-135—an air quality sensor, which can detect ammonia, nitrites, benzene, and smoke; HC-SR04—ultrasonic sensor for distance measurement; PIR (Passive Infrared Sensor)—detects motion based on the change in infrared radiation. These are just a few popular low-cost sensors available on the market. The choice of a suitable sensor depends on the project requirements and the assumed accuracy. Before connecting the built set to the network, a program (Appendix A.2) was uploaded to connect to the Wi-Fi network. In this case, attention should be paid to the name and password of the network and server.




4. Results


After validating the correctness of reading the results from the sensor over the Wi-Fi network, we proceeded to work with Node-RED (Figure 5). To connect Node-RED to Revit via MQTT, two main components are needed: an MQTT broker (server) and an MQTT plug-in for Node-RED. First, node.js was downloaded and installed. Node.js is an execution platform for JavaScript code that runs on the server side [55]. Node-RED was then installed using the command line available on Windows. After running it (on the command line), you can open the program’s interface in a web browser. Next, libraries were installed to add BME280 nodes (it also reads BMP280), configure MQTT, and publish results to .xlsx. Then, the nodes were connected by relationships and the connection to the previously created Mosquitto server was configured.



BIM is characterized by so-called semantic richness, i.e., the model can be detailed in terms of both geometry and non-graphical information [56]. The developed BIM model was produced in Autodesk Revit at a high level of geometric detail (Figure 6). In the foreground, the large glazing on the ground floor can be seen along with the living room. A large proportion of the library facilities are characterized by their richness in non-graphical data, and sensor and actuator families can be similarly fleshed out. Parameters derived from sensors can be occurrence, type, or shared parameters.



After validating the correct operation of the sensor, the MQTT server and the connection to the BIM model, the sensor was placed in a room of a detached single-family house (Figure 7). The sensor continuously measured the temperature and pressure in the “Living Room”. Due to the large glazing, the owners, wanting to decide on the installation of air conditioning or retrofit work, want to analyze the results of the measurements during the summer season.



The entire prototype kit was placed in a white case, leaving the power LED on top. It was then connected to the network and started monitoring temperature and atmospheric pressure. For analysis and simulation purposes, a family in (.rfa) format corresponding to the prototype kit was modeled and the parameters (temperature, pressure) were added. The results were then imported via Dynamo into the family (Figure 8), which was placed in the model (.rvt) behind the sofa in the living room, according to the actual setting. Users can access the real-time values of IoT sensors embedded in the BIM in the properties panel or by going into the type parameters [57]. Depending on the pre-set frequency, the parameter refreshes its value. In theory, with more sensors in a room, visualization of the results in the form of, for example, a temperature distribution map can be undertaken. Visual programming in Dynamo (HeatMaps algorithm on GitHub) can be used for this purpose.



For one month, the results were collected into .xlsx sheets. The results were then averaged for each day. The data from the spreadsheets were imported into a BIM (Revit) through Dynamo. Dynamo 2.1 is open-source software that allows for visual programming using nodes [58]. Dynamo used a node (from an Excel package) to load data from an .xls file. Once the data were imported into Dynamo, the data were processed and manipulated as needed. Once the data were processed in Dynamo, parameters were entered into the Revit model. In the case of more sensors, for example, if the MQTT data represents temperature values at different locations in the building, the data can be used to change the colors or properties of different elements in the BIM model [59]. The results for the entire month of July 2023 were summarized in a line graph (Figure 9). The same was performed with atmospheric pressure (Figure 10).



The charts show a rather high temperature in the latter part of the month of July, which caused thermal discomfort for residents. As the temperature increased, atmospheric pressure decreased, which is more or less in line with common knowledge. Despite the good insulation of the walls, the large glazing causes the first floor of the single-family house to heat up considerably. The living room is where most of the time is spent; hence, based on the results, the decision to install air-conditioning equipment is likely to be made.



The suggested system can be used in a variety of contexts. It can be used in small developments (detached houses, semi-detached houses, terraced houses, atrial buildings), but also in larger developments if the number of sensors is increased and the building itself is zoned. The increased number of sensors and actuators will require visualization of the results in the form of temperature distribution simulations with heating and cooling reports (possible in a Building Energy Modeling (BEM) environment), and control actions can be taken from both BIM applications and more sophisticated solutions. The research indicates that BIM can provide an excellent input for analyses and simulations performed in other IT solutions [38,60].




5. Limitations and Future Research Directions


Some limitations were identified during the design and implementation work. The limitations were based on the author’s experience and feedback from the building owners. The first limitation observed relates to the Arduino IDE environment. Depending on the version, it may not work with the NodeMCU V3 microcontroller. During the network work, it was limited to free and open-source solutions in order to reduce research costs. A major limitation during implementation work was the availability of owners in the building during power failures. However, the failures that occurred were brief and did not significantly interfere with the sensor’s averaged temperature and pressure measurements. However, in the future, one may think about replacing the power supply with a battery. Data were collected continuously and supervised. For low-budget solutions, it is important to also keep in mind the potential cost of protecting the three layers of IoT: application, network, and physical. Each of these should be protected in its own way.



IoT protection and security may be a direction for further research, especially in the context of low-cost solutions. Perhaps the advantages of Blockchain technology can be leveraged for this purpose [61,62]. Alternatively, the development of an integrated IoT–BIM framework can be undertaken with the intention of providing the basic structure of a digital twin for the advanced and sustainable quality control and management of building facilities [63]. The direction of further research could be IoT application domains, validation methods, contribution aspects, or simulations [64]. Types of research, e.g., similar solutions, experimental articles, evaluation studies, validation studies, and opinion articles, can increase research attention toward IoT and its application in BIM. The evolution of BIM is ongoing, and we can see its progressive integration with other systems and technologies [65].




6. Conclusions


IoT–BIM integration is a progressive trend in the broader AECOO industry. Low-cost solutions (15.57 USD), like those presented in the paper, can support decision-making processes even in small developments like single-family homes. Prototyping, installing, commissioning, and using similar IoT solutions is not as difficult as it might seem. The limitations observed were related to the Arduino IDE environment and the availability of owners in the building during power failures. However, both limitations can be overcome in subsequent empirical studies. With Arduino-based systems, there are many possibilities and potential benefits. BIM with IoT sensors can be the basis of smart buildings or anticipated digital twins. Using IoT in BIM is a high level of maturity (3b), and moving toward the next level (3c) relating to telemetry is an interesting direction. The efforts of practitioners and researchers should focus on ensuring the security of the telemetry connection on the IoT–BIM line. Undoubtedly, IoT–BIM integration offers a wide range of opportunities in the processes of monitoring, analyzing, and managing construction sites.



This work can support further experimental work in combining IoT kits with BIM models. At this point, the study has only combined the IoT set with BIM, but only future studies will show whether it is possible to manage this AI-enabled data from, for example, a management application (Autodesk Tandem). Two-way telemetric data exchange is an anticipated direction for such research. Efforts to date can be used for further empirical work using MQTT, Dynamo, or the Python programming language. Combining physical sets with virtual models over networks is a challenge, as each layer must be secure yet capable of further processing and development.
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Appendix A


Appendix A.1. Program Code for Reading Data from the BMP280 Sensor—Source: Own Elaboration
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Appendix A.2. The Code for the Program That Connects the Wi-Fi to the Network and the Sensor—Source Own Elaboration
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Figure 1. BIM maturity levels according to the so-called Bew–Richards ramp. Source: own elaboration based on [18]. 
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Figure 2. Methodology for installing and connecting the sensor to the BIM model. Source: own elaboration. 
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Figure 3. Physical connection between the microcontroller and the sensor. Source: own photo. 
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Figure 4. Connection of the microcontroller to the MB102 power module. Source: own photo. 
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Figure 5. Procedure of the Node-RED. Source: own elaboration. 
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Figure 6. The BIM model used in the study. Source: own elaboration. 
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Figure 7. Isometric view of the room with sensor location. Source: own elaboration. 
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Figure 8. Imported parameters into the system family with the sensor. Source: own elaboration. 
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Figure 9. Graph of average air temperature in the month of July, 2023. Source: own elaboration. 
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Figure 10. Graph of average atmospheric pressure in the month of July, 2023. Source: own elaboration. 
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Table 1. Related works with the theme of interest. Source: own elaboration.
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	Authors
	Main Idea and Application
	Difference





	Rusimamto, P. W., Endryansyah, L. A., Harimurti, R., and Anistyasari, Y. (2021) [46]
	Automatic temperature measurement using cameras (wifi)
	A solution based on the more expensive Arduino pro mini



	Hasibuan, A., Qodri, A., and Isa, M. (2021) [47]
	Temperature measurement with transmission to a smartphone
	Kit on Arduino Uno



	Chandramohan, J., Nagarajan, R., Satheeshkumar, K., Ajithkumar, N., Gopinath, P. A., and Ranjithkumar, S. (2017) [48]
	Low-cost solution and new communication protocol for monitoring and controlling the home environment
	Without using BIM



	Gunputh, S., Murdan, A. P., and Oree, V. (2017) [49]
	Low-cost, multi-faceted home automation system based on the Arduino microcontroller for thermal comfort control and energy management
	without using MQTT



	Sarah, A., Ghozali, T., Giano, G., Mulyadi, M., Octaviani, S., and Hikmaturokhman, A. (2020) [50]
	IoT trainer project to understand IoT concepts, which are divided into three aspects: IoT devices, connectivity and cloud or application system
	Dedicated and difficult-to-replicate solutions










 





Table 2. A list of kit components with prices. Source: own elaboration.
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	Product
	Function
	Feature
	Price [USD]





	NodeMCU V3 with ESP8266 wifi module
	Microcontroller
	10 GPIO pins, 1-Wire, I2C bus, Analog-to-Digital Converter, PCB antenna. Built-in microUSB connector

CH340 USB–UART converter, Wi-Fi: 2.4 GHz

Flash memory: 4 MB
	4.16



	BMP280
	Temperature and pressure sensor
	Interface: I2C or SPI

Measured pressure range: 300–1100 hPa

Accuracy: 1 hPa

Supply voltage: 3.3 V

Temperature measurement range: −40 to +85 °C

Size: 15 × 10 mm
	1.97



	Wires complete
	Female–female, female–male
	10 cm
	1.97



	MB102
	Power module for contact plates
	Input voltage: 6.5–12 V

Output voltages: 5 V and 3.3 V

Current capacity: 700 mA

Jumpers to change the output voltage

DC power input (5.5 mm × 2.1 mm)

USB port

ON/OFF button

Indicator light
	1.70



	USB cable
	USB type A (m)–micro USB type B (m)
	USB compatibility: 1.0, 1.1, 2.0

Cable length: 80 cm

Data link
	1.21



	Power charger
	5 V 1000 mA
	For devices with a DC voltage of 5 V and up to 1 A (1000 mA)

Outside/inside entry hole dimensions: 5.5 mm/inside 2.5 or 2.1 mm (universal)

Switching mode (stabilized)

Input 110–240 V~AC
	4.56



	
	
	Total
	15.57
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