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Abstract. Industrial drying is an energy-intensive process in which manual monitoring of process parameters limits the continuous assessment of thermal performance. At the investigated industrial facility, process parameters were manually recorded from instrument panels, resulting in discrete datasets that limited the assessment of continuous energy performance. This study developed a physics-based Internet of Things system for live thermal energy assessment in an industrial drying process. The proposed framework integrates data from two control panels to continuously monitor the hot-water circulation system and oven operating conditions. The acquired data were automatically processed to estimate thermal energy supply and drying performance in real time. The oven temperature remained stable at 75–80 °C, while the inlet–outlet water temperature difference confirmed effective heat transfer to the drying chamber. The theoretical energy requirement was estimated from laboratory experiments using sensible and latent heat calculations and used as the minimum energy threshold for industrial production. This threshold was continuously compared with the actual thermal energy supplied, which was calculated in real time from the monitored hot-water temperature and flow-rate data. The average actual and theoretical thermal energy requirements were 151,291 and 115,920 kcal h-1, respectively. The difference amounts to an energy difference of 35371 kcal h-1, which is equivalent to 23.4% of the supplied thermal energy. This difference encompasses thermal energy variables not accounted for in the theoretical calculations for product heating and water evaporation; therefore, it cannot be interpreted strictly as heat loss. This framework continuously monitors thermal performance, identifies mismatches between supplied energy and the product's theoretical requirements, and improves data-driven energy management in industrial drying processes.
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Introduction
Industrial drying is a high energy process as large amount of thermal energy is required to heat the product and remove moisture content during the produc-tion process [1], [2]. In a drying system with hot water circulation, the thermal energy produced by the boiler is conveyed by the circulating water and transferred to the drying air through a radiator-blower unit. The thermal efficiency of such a system is not only dependent on the capability of keeping the required temperature inside the oven, but also on the matching of supplied energy to the actual energy demand during the drying process. If the temperature energy input is too high, it may result in increased energy consumption. If the energy input is too low, it may result in failure to achieve the necessary drying conditions. To be able to work efficiently with the energy, information is required on the thermal state of the oven and the energy delivered by the heating system.
Manual monitoring of industrial drying process parameters results in suboptimal performance evaluation because data are collected only at discrete intervals. This approach records operating conditions at specific moments, leaving changes during the process, such as fluctuations in oven temperature, humidity, hot water temperature, and flow rate consistency, unrecorded [3]. This limitation is significant when dynamic parameter evaluation is necessary during drying. For example, variations in water flow rate and inlet-outlet temperature differentials directly influence the amount of heat transferred into the drying system. In contrast, real-time monitoring facilitates the identification of periods with excessive or insufficient thermal energy supply.
Internet of Things (IoT) technology provides an integrated approach for combining sensors, embedded data acquisition systems, automated data processing, and real-time visualization in industrial environments [4]. IoT has been extensively implemented to monitor physical process variables and enhance access to operational data within industrial processes. [3]–[5]. In industrial drying, for example, the monitoring of temperature, humidity, and flow rate is often still performed manually. This method cannot directly verify the accuracy of energy distribution; consequently, the thermal energy supplied to the dryer and the actual energy requirements of the product being dried cannot be precisely determined. By combining thermodynamic calculations with the physical parameters that are continuously monitored, it is possible to transform the sensor data into thermal energy information [2], [6]. This combination allows the IoT monitoring function to go beyond a simple process visualization to a direct evaluation of energy requirements.
The research focuses on the development and implementation of an IoT-based frame-work for the evaluation of thermal energy requirements. The system is used for the industrial drying process of mosquito coil products, hot water circulation is used as a source of thermal energy. The developed framework continuously monitors oven air temperature, relative humidity, inlet and outlet hot water temperatures, and water flow rate, then integrates these measurements with thermal energy calculations and real-time data visualization. The thermal energy supply being monitored is compared with the theoretical energy demand, calculated from the energy needed for product heating and water evaporation, to identify thermal energy gaps during industrial operations. This study aims to demonstrate how the integration of IoT-based monitoring and physics-based thermal calculations can support continuous evaluation of drying conditions and provide a data-driven foundation to improve industrial energy management.
Materials and Methods
Industrial Drying System and Study Framework
In this study, the industrial drying system is a closed loop hot water circulation system. Hot water generated by the boiler is circulated within the distribution pipes and subsequently routed into the radiator installed inside the drying oven. Thermal energy from the hot water is then transferred to the air inside the oven and distributed using a blower. After passing through the radiator, the water is channeled back to the boiler to be reheated and recirculated. The drying ovens (18 ovens) are operated at temperatures around 75–80 °C with a capacity of approximately 24,000 products per batch. A schematic representation of the industrial drying system and hot-water circulation is shown in Fig. 1.

[image: ]Fig. 1. Schematic representation of the industrial drying system and hot-water circulation.

The monitoring system is configured to characterize the drying environmental conditions and the thermal energy supplied through the hot water circulation. Air temperature and relative humidity inside the oven are monitored and recorded to represent the drying environmental conditions, while the inlet hot water temperature, outlet hot water temperature, and water flow rate are measured to calculate the thermal energy input to the oven. Monitoring points were selected to obtain the key physical parameters required for the thermal energy evaluation.

IoT Instrumentation and Data Acquisition
The monitoring system integrates field measurement instruments with an ESP32-based data acquisition unit. The water temperature at the radiator inlet and outlet is measured using PT100 resistance temperature detectors (RTDs), while the hot water flow rate is measured using a vortex flow meter. The PT100 has a temperature error of ≤ ±0.5 °C, while the vortex flow meter has an accuracy of ±2.5% of the reading. Air temperature and relative humidity inside the oven are monitored using a temperature–humidity sensor installed in the drying system. The measured parameters consist of oven air temperature, relative humidity, inlet hot water temperature (Tin), outlet hot water temperature (Tout), and water flow rate. 
Sensor data is acquired by the ESP32-based system and transferred to a computer at 27-min intevals, where it is continuously recorded using Microsoft Excel Data Streamer. Power Automate is utilized to automate the data transfer and processing, while Power BI is used to visualize the monitored parameters along with their temporal changes. This architecture enables continuous acquisition and visualization of thermal operating parameters during the industrial drying process.
Thermal Energy Requirement of the Drying Product
The theoretical thermal energy requirement of the product is estimated based on drying measurement results at the laboratory scale. The calculation considers two main energy components: sensible heat (see Eq. 2.) required to raise the product temperature from the initial condition to the drying temperature, and latent heat (see Eq. 2.) required to evaporate the moisture content. The total theoretical energy requirement is expressed as the sum of these two components (see Eq. 3.). 
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where Qtheoretical is the total theoretical thermal energy requirement; Qsensible is the sensible heat required to increase the product temperature from its initial temperature to the drying temperature; Qlatent is the latent heat required for moisture evaporation from the product; mp is the mass of the product being dried; cp is the specific heat capacity of the product; Td is the drying or final product temperature; Ti is the initial product temperature; mw is the mass of water evaporated from the product during drying; and hfg is the latent heat of vaporization of water.

In the laboratory-scale calculation, we used a single wet product unit (mosquito coil). The product's initial mass was 43.03 g, decreasing to 27.43 g after drying at 75°C from room temperature. The mass of water lost during this drying process was 15.60 g. We then used this mass to calculate the thermal energy at the laboratory scale, resulting in 4.83 kcal per coil; this figure comprised 0.52 kcal of sensible heat (the heat required to raise the water temperature from room temperature to 75°C) and 4.31 kcal associated with water evaporation. Using a linear approach, we determined the energy required to evaporate water from 24,000 product units—matching the industrial batch capacity—by multiplying the laboratory-scale energy requirement by the total number of products in a batch. The final product must meet industrial specifications, specifically a moisture content of 7.0–9.5%.

Actual Thermal Energy Supply
The actual thermal energy supplied to the drying oven is calculated based on continuously monitored hot water parameters. The rate of thermal energy released by the circulating water is determined based on the mass flow rate and the temperature difference between the inlet and outlet flows using the Eq. 4.
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Where  is the thermal energy rate,  is the mass flow rate of hot water, Cp is the specific heat capacity of water, while Tin and Tout represent the inlet and outlet water temperatures, respectively. This calculation is applied to the monitored data to obtain the temporal profile of the thermal energy supplied during industrial operations.

Thermal Performance Assessment
The thermal performance is evaluated by comparing the actual thermal energy supplied by the hot water circulation with the theoretical energy requirement of the product [7]. The difference between these two values in this study is defined as the thermal energy gap (see Eq. 5.):
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The relative thermal energy gap is calculated using the Eq. 6.
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A positive value indicates that the monitored thermal energy supply is greater than the theoretical energy requirement of the product, whereas a negative value indicates that the monitored thermal energy supply is below the theoretical reference value. The thermal energy gap is used as an evaluation indicator and is not entirely interpreted as heat loss, as the thermal energy contributions to heating the air inside the oven, trays, structural components, as well as the energy carried away through the exhaust air and lost to the ambient environment, are not quantified separately in this study.

Measurement Uncertainty Analysis
The uncertainty in thermal energy supply is calculated through the propagation of measurement uncertainties associated with the hot water flow rate and the inlet-outlet temperature difference. The parameters include the PT100 temperature measurement error (±0.5°C) and the vortex flow meter error (±2.5% of the reading). Assuming independent measurement uncertainties, the uncertainty in the inlet-outlet temperature difference () is calculated as follows (Eq. 7).
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Where dan  are the uncertainties of the inlet and outlet temperature measurements, respectively. For uncertainty of thermal energy supply calculation () was estimated using Eq. 8.
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Where  represents the uncertainty of the hot-water flow rate and  is the temperature difference between the inlet and outlet.
Results and Discussion
Implementation and Performance of the IoT-Based Monitoring Framework
The Internet of Things (IoT) monitoring framework was successfully implemented on the industrial drying system to continuously acquire thermal parameter data, which can subsequently be used for process evaluation. Five parameters were monitored: air temperature and relative humidity inside the oven, as well as the inlet hot water temperature, outlet hot water temperature, and water flow rate. The two parameters measured inside the oven represent the drying environmental conditions, while the other three parameters are used to characterize the thermal energy supplied through the hot water circulation. Sensors to measure these five parameters were installed directly on the drying oven and the hot water distribution lines to acquire data under actual industrial operating conditions.
Fig. 2. illustrates the architecture and data flow of the developed monitoring framework. The sensor measurement data recorded by the ESP32 is transmitted to the acquisition system via wireless communication between the ESP32 units. The data received by the ESP32 at the data acquisition unit is then forwarded to a computer to be recorded by Microsoft Excel Data Streamer. Microsoft Power Automate is utilized to automate the data transfer process from Microsoft Excel Data Streamer, which executes every time a new data row is detected. The transferred data is then displayed in real-time by the PowerBI Streaming API in the form of graphical visualizations. This integrated architecture connects the process parameter measurements on the dryer to a centralized digital monitoring platform, allowing the thermal conditions during the drying process to be observed continuously without manual data logging. Comparable IoT-based architectures have been documented for continuous industrial energy monitoring. In these systems, field measurements are integrated with digital data acquisition and visualization platforms to facilitate operational energy assessment. [3]–[5].
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Fig. 2. Implementation of the IoT-based monitoring framework: (a) system architecture and data flow; (b) real-time Power BI dashboard.

Throughout the monitoring period, the data acquisition and transmission system functioned continuously, and no data loss was observed. The oven environmental conditions and hot water circulation data were recorded and displayed simultaneously in real-time. These results demonstrate that this IoT monitoring framework is reliable for continuous monitoring at a field scale. The acquisition of flow rate and inlet/outlet water temperature data can be utilized to evaluate the thermal energy supplied to the drying oven. The results of this implementation show that the developed system is capable not only of real-time visualization of drying process parameters but also of evaluating the thermal energy consumed based on the flow rate and water temperature data. Thermal performance evaluation can now be carried out directly thanks to the monitoring system's support.

Thermal Characteristics of the Industrial Drying Process
Temperature and humidity monitoring was conducted at three locations (drying ovens) along the industrial drying line: Oven 1, Oven 9, and Oven 18. These three locations represent the beginning, middle, and end sections of the boiler-supplied hot water distribution line. Oven 1 receives the hot water flow at the start of the distribution line, Oven 9 represents the middle section, and Oven 18 is located at the end of the line, prior to the water returning to the boiler. This sensor placement configuration represents the temperature and humidity conditions at various points along the drying line.
Temperature measurement at the three points of interest confirmed that the ovens were within the required range of 75–80°C (Fig. 3a). Monitoring was done during 27 days of operation and several drying cycles as one product batch requires a drying time of around 2 hours. During this period, temperature variations at each location were relatively small, about ±1 °C. The small temperature variations in Oven 1, Oven 9 and Oven 18 indicate the thermal distribution system can maintain the drying conditions from upstream to down-stream sections along the monitored oven line. No significant temperature drop was seen from first oven to last oven. This condition implies that the heat distribution is capable of maintaining relatively uniform thermal conditions at the three representative locations over several production cycles, thus ensuring consistent drying conditions throughout the process line. 
The relative humidity also displayed relatively small temporal variations during the 27-day monitoring period, varying by ~±1% over a humidity range of ~27% (Fig. 3b.). This low and stable level of humidity indicates that the humidity conditions of the drying air were relatively well maintained over several drying cycles regardless of the fact that moisture was constantly released from the products during the process. Simultaneous humidity monitoring in the upstream, middle, and downstream ovens provides an overview showing no significant differences in the drying environmental conditions inside the ovens along the process line. 
The preservation of the drying space conditions inside the ovens within the optimal range set by the company is supported by the hot water circulation system that supplies heat to the ovens. The observed temperature difference between the inlet water flow at 98 °C and the outlet water flow at 90 °C during operations (see Fig. 3c.) indicates the release of thermal energy from the circulating hot water as it passes through the heating system [2]. The monitored water flow rate (Fig. 3d.) and the inlet–outlet temperature difference can be utilized to calculate the thermal energy input based on the Eq. 4.
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Fig. 3. Thermal characteristics of the industrial drying process during the monitoring period: (a) oven air temperature at three monitoring points; (b) oven relative humidity; (c) hot-water inlet and outlet temperatures; and (d) hot-water flow rate.
Overall, the monitoring results demonstrate that the developed system can capture spatial thermal conditions along the industrial drying line as well as the operational characteristics of its thermal energy supply. The three representative oven locations provide information regarding the system's capability to maintain the required drying temperature from upstream to downstream. Meanwhile, the measurement of hot water parameters is used to calculate the thermal energy supplied to the process. These measurement results are subsequently used to compare the actual thermal energy supply with the theoretical energy requirement of the product.
Theoretical and Actual Thermal Energy Assessment
The theoretical thermal energy requirement used to evaluate the actual energy supplied during operation was determined based on the laboratory-scale product drying evaluation. The energy required by the product to reduce its moisture content consists of the sensible heat to raise the product temperature to the drying condition and the latent heat for water evaporation. The energy requirement calculated for a single product was subsequently converted according to the capacity of the entire industrial oven system, which is approximately 24,000 products. Based on this approach, a theoretical thermal energy requirement of 115,920 kcal h⁻¹ was obtained. This thermal energy value is used as a reference baseline to assess the thermal energy provided during real operation. We derived the theoretical value by linearly scaling the energy requirement of a single product (measured at the laboratory scale) to the industrial batch capacity. It represents an ideal benchmark rather than the absolute minimum energy required for an industrial batch. In practice, energy requirements depend on operational factors in the field, such as product loading methods, airflow resistance, accumulated humidity, and heat and mass transfer that may not be uniform throughout the chamber.

The actual thermal energy delivered to the oven depends on the air mass flow rate, average temperature, and the inlet-to-outlet temperature difference, which are continuously monitored. The calculation of thermal energy depends on the temperature difference between the inlet and outlet, and the relatively small ΔT values during the drying process lead to a higher impact of temperature measurement errors on the calculated thermal energy supply. This real thermal energy corresponds to the heat released by hot-water distribution pipes and transported by air circulating inside the drying oven. The average thermal energy supply during the monitoring period was 151,291 kcal h-1.

Fig. 4 shows the actual thermal energy supplied to the oven as a function of time. This is seen to be greater than the theoretical energy requirement of 115,920 kcal h-1 and also to vary with time. This surplus means that the heating system gives more thermal energy than the estimated thermal need of the product. The extent of difference varied from day to day during the period of observation. For example, on 15 May the thermal energy supply was reduced to about 105 542 kcal h-1, below the theoretical energy value. This pattern underlines the importance of real-time monitoring during drying processes. Relying solely on average energy values ​​over the course of operations would fail to detect short-term operational anomalies—such as instances where the thermal energy supply dips or falls below estimated requirements—underscoring the value of real-time thermal assessment. [8].
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Fig. 4. Temporal variation of the monitored thermal energy supply (blue line) compared to the theoretical thermal energy requirement (red line) during the drying operation.

Thermal Energy Gap and Implications for Energy Management
The average monitored thermal energy supply was about 35,371 kcal h-1 higher than the theoretical energy requirement of the product. When compared to the average thermal energy supplied by the hot water circulation of 151,291 kcal h⁻¹, this difference is equivalent to approximately 23.4%. The magnitude of this gap indicates that the thermal energy supplied by the hot water circulation is not entirely utilized to meet the theoretical requirements for heating and product moisture evaporation. This energy difference is transferred to other parts of the drying system, e.g. heating of the air of the oven, the trays and the oven structures and heat losses through the oven walls, pipes and exhaust air. 
The thermal energy gap can not be completely explained by heat losses to the environment. The theoretical calculations are based mainly on the energy required to heat the product and to evaporate its moisture content. The heat released by the circulation of the hot water is also used to heat the air inside the oven, trays, internal struc-tures, etc., as well as the heat lost through the oven walls, piping, and exhaust air [2], [9], [10]. Since each of these energy transfer pathways is not calculated separately in this study, the observed difference is referred to as the "thermal energy gap". The difference suggests that part of the thermal energy supplied is not taken into account when calculating the theoretical energy requirements of the product, representing a potential opportunity for further energy optimization.
When interpreting the thermal energy difference, the measurement uncertainty is also taken into account. The average inlet water temperatures during the monitoring period were 96.86 °C and the average outlet water temperatures were 91.36 °C, which resulted in a ΔT of 5.50 °C. Based on the PT100 measurement error specification of ±0.5 °C, the propagated uncertainty in ΔT is ±0.71 °C (a relative uncertainty of 12.86%). The vortex flow meter, with a measurement error specification of ±2.5% of the reading, results in a relative uncertainty of 2.50% for the water flow measurement. Propagating these measurement errors yields an estimated relative uncertainty of approximately 13.10% in the thermal energy supply calculation. Table 1 summarizes these results.
Table 1. Measurement uncertainty propagation in thermal energy evaluation.
	Parameter
	Average
	Measurement uncertainty
	Relative uncertainty (%)

	Temperature difference, ΔT
	5.50 °C
	±0.71 °C
	12.86

	Water flow rate, 
	27.52 m³ h⁻¹
	±0.69 m³ h⁻¹
	2.50

	Actual thermal energy supply, 
	151,291 kcal h⁻¹
	±19,814 kcal h⁻¹
	13.10

	Thermal energy gap
	35,371 kcal h⁻¹
	±19,814 kcal h⁻¹
	56.02



The calculated uncertainty in the actual thermal energy supply is approximately 13.10%, corresponding to ±19,814 kcal h⁻¹. This degree of uncertainty is considerable relative to the calculated thermal energy difference of 35,371 kcal h⁻¹. The elevated uncertainty results from the small temperature differential between the inlet and outlet, which amplifies the impact of PT100 measurement error. Therefore, the 23.4% thermal energy difference should be regarded as an estimate of the discrepancy between the monitored thermal supply and the product's theoretical requirements, rather than as an exact quantification of heat loss.
Research indicates that energy management optimization is possible by adjusting hot water temperature and flow rate. When the supplied energy exceeds theoretical requirements, the hot water temperature or flow rate can be reduced; conversely, when the energy supply approaches or falls below theoretical requirements, no reduction is necessary. Although an energy supply surplus was observed on average, the supplied energy was not constant throughout the process. In some periods the energy available was close to or even less than the theoretical requirements. Therefore, decreasing water temperature or flow rate without considering the energy needs in the particular operating conditions could lead to a smaller energy supply than that required for the drying process. In these cases, regular monitoring is necessary to be able to follow the variations in the energy supplied during the process and to find when the energy supplied is higher or similar to the drying needs. [8], [10]. 
In this study, the monitoring system based on IoT is used to monitor the thermal condition change during the drying process. The temperature and flow rate are logged on a real-time basis and then used to compute the energy using physical principles. The difference between the supplied energy and the theoretical energy re-quirements of the process can be found while the system is in opera-tion. This difference is an indicator for evaluation of thermal performance of industrial drying process. The future development of this system could be the automatic controls to adjust the temperature or hot water flow rate so that it can meet the changing energy demands during the drying process.
Conclusion
An IoT-based monitoring system was utilized to assess the thermal performance of an industrial drying process. The system continuously monitored oven temperature, relative humidity, hot water temperature, and water flow rate, and used these data to calculate thermal energy. During operation, the drying oven typically maintained the target temperature range of 75–80°C and sustained low relative humidity. The hot water circulation provided an average energy input of 151,291 kcal h⁻¹, while the theoretical energy required to heat the product and evaporate its moisture content was 115,920 kcal h⁻¹. The resulting difference of 35,371 kcal h⁻¹, representing approximately 23.4% of the supplied energy, should not be interpreted solely as heat loss, since the theoretical calculation considers only the energy necessary for heating the product and evaporating its moisture. The remaining energy may also reflect other thermal loads within the drying system that were not separately measured in this study. The developed framework provides a practical foundation for continuous thermal performance evaluation and supports data-driven adjustments of the thermal energy supply in industrial drying processes. 
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