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Abstract

:

In Kuwait, where the government subsidizes approximately 95% of residential electricity bills, most of the country’s energy consumption is for residential use. In particular, air-conditioning (AC) systems for cooling, which are used throughout the year, are responsible for residential electric energy consumption. This study aimed to reduce the amount of energy consumed for cooling purposes by developing a thermal comfort-based controller. Our study commenced by using a simulation model to investigate the possibility of energy reduction when using the predicted mean vote (PMV) for optimal control. The result showed that control optimization would enable the cooling energy consumption to be reduced by 33.5%. The influence of six variables on cooling energy consumption was then analyzed to develop a thermal comfort-based controller. The analysis results showed that the indoor air temperature was the most influential factor, followed by the mean radiant temperature, the metabolic rate, and indoor air velocity. The thermal comfort-based controller-version 1 (TCC-V1) was developed based on the analysis results and experimentally evaluated to determine the extent to which the use of the controller would affect the energy consumed for cooling. The experiments showed that the implementation of TCC-V1 control made it possible to reduce the electric energy consumption by 39.5% on a summer representative day. The results of this study indicate that it is possible to improve indoor thermal comfort while saving energy by using the thermal comfort-based controller in residential buildings in Kuwait.
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1. Introduction


1.1. Background and Objective


As the amount of fossil fuel use increases, the amount of CO2 generated artificially increases greatly, and therefore many problems, such as global warming, are caused by the greenhouse effect [1]. Since most of these greenhouse gases are generated by energy use, active measures such as energy saving and energy efficiency improvement should be taken to reduce energy consumption, In the building sector, it consumed more than 40% of global energy mainly electricity and emit 1/3 of global greenhouse gas through combustion of fossil fuels for generating electricity [2,3].



Kuwait is one of the countries with the highest energy consumption in the world. According to the Kuwait Ministry of Energy and Water (MEW), Kuwait’s annual energy consumption per capita in 2014 was approximately 15,213 kWh, ranking seventh in the world. In addition, the power generation capacity of the power plant built in Kuwait is approximately 18,259 MW as of 2015 and the annual average increase in the power generation capacity has approximated 5% since 2000. Therefore, reducing the electric energy consumption is one of the country’s major challenges [4].



According to the MEW, the Kuwaiti sector with the highest energy consumption is residential buildings, as shown in Figure 1, and this sector accounts for approximately 49% of the country’s total energy consumption. Of this amount, the largest portion, approximately 60%, is used for air-conditioning (AC) in residential buildings. Therefore, at government level, it has become a matter of great urgency to reduce the energy consumed for cooling purposes in residential buildings in Kuwait.



Residential homes in Kuwait use large amounts of energy for cooling because Kuwait has the hottest weather in the Arabian Peninsula with its tropical desert climate. Moreover, residents receive a subsidy on electricity rates, use air-conditioning throughout the year, with few variations in the temperature during the year [5].



A study on the energy-consuming behavior of home occupants in Kuwait was carried out by Al-Mumin et al. [6]. Their investigation showed that excessive energy usage could be attributed to leaving on the lights or not controlling the air conditioners regardless of whether they were in the room. In addition, the possibility of energy reduction depending on occupant behavior was investigated by using simulation. Studies showed that turning on/off the lights according to the occupants’ schedule and lowering the cooling setpoint to 24 °C could reduce electrical energy consumption by approximately 36%.



Ameer and Krarti [7] explained why Kuwait was finding it difficult to meet the demand for electric energy during the summer season, namely, the fact that 95% of the electricity bill of each residential house is subsidized gives residents little incentive to conserve electricity. This subsidy places a significant financial burden on the government and ultimately affects all Kuwaitis negatively. This study suggested a solution to sustain the energy supply to all residential homes and to reduce government expenditure on energy subsidies. Their suggested approach would be to strengthen the building energy code issued by the MEW, implement a rebate policy, and increase the electricity bill gradually. This study determined that it would be possible to reduce the subsidy by up to 61% of the existing energy subsidy.



Kellow [8] pointed out that the MEW implemented building energy conservation standards as the problem of energy consumption became more serious. The standards cover building elements such as insulation, windows, and types of glass, and AC systems. According to their simulation results, these building standards would be able to reduce the growth rate of the peak electrical load by 25%. This would also stem the rate at which the annual electrical energy production would need to grow by 12%, which corresponds to a saving of approximately 65 million barrels of oil.



This means that automatic control is essential to reduce building energy consumption in Kuwait. The objective of automatic control is to reduce energy consumption while maintaining the occupants’ optimal thermal comfort. Thus far, indoor temperature control has been performed passively depending on the occupants’ temperature requirements. However, research showed this control method to be unsuitable to control the AC systems of residential buildings for the purpose of comfort, because it may not only result in an uncomfortable indoor thermal environment but could also waste cooling or heating energy [9].



In addition, temperature control is important in terms of reducing the energy consumption of a building and reducing device capacity. Sadineni and Boehm [10] investigated the potential of peak electrical load reduction in a climate dominated by the need for cooling. The simulation results showed that a 2.2 °C increase in thermostat temperature decreased the average demand for the peak period (1:00 p.m.–7:00 p.m.) by 69% of the demand of a standard home.



Li et al. [11] investigated the effect of optimizing the control of the indoor thermal environment for thermal comfort and energy saving based on online monitoring of thermal sensation. The results showed that thermal sensation-based control could adjust the temperature setting in a timely fashion according to the occupants’ integrated thermal sensations, although they do not necessarily state their subjective perception. Their work also revealed that thermal sensation-based control can achieve a more comfortable thermal environment than setpoint-based control. Furthermore, thermal sensation-based control saves 13.8% in daily energy consumption compared to the setpoint-based control method.



Given these conditions, a technical solution appears to be the most likely to reduce residential energy consumption effectively. The most realistic way to lower the energy consumption at present is to reduce energy wastage by appropriately adjusting the cooling setpoint temperature. That is, if the cooling temperature setting is appropriately adjusted such that it corresponds to the thermal comfort level experienced by the occupant, the amount of electric energy that is wasted can be reduced.



This motivated us to develop a thermal comfort-based controller (TCC) using the predicted mean vote (PMV) index, which is used to automatically control the setpoint temperature of the AC system to optimize the thermal comfort of the occupant. The optimal set temperature is automatically calculated based on the thermal comfort indicator measured in real time in the controller, and the set temperature is transmitted to the AC by the communication device to save electric energy. This study quantitatively compared the cooling energy consumption according to the application of the controller using a real-scale climatic environment chamber that can be tested using a real model.




1.2. Previous Work


According to the survey of Al-Mumin et al. [6], the AC temperature setpoint of most Kuwaiti houses was very low and was not controlled in correspondence with continuously changing indoor and outdoor environments. Generally, most Kuwaiti houses have central AC systems and all rooms are air-conditioned all day long throughout the summer season (mid-March until the end of November).



Previous research discovered that, if the AC set temperature is controlled such that it corresponds to the indoor and outdoor environment, the cooling energy consumption can be greatly reduced. Therefore, a strategy that minimizes the cooling energy consumption while optimizing the thermal comfort of residents is required. This study proposes the use of TCC using PMV [12,13], which is the most commonly used thermal comfort indicator. The PMV index, which is determined by four objective and two subjective variables, is expressed on a scale of −3 to 3 and the comfort level is expressed on a scale of −0.5 to 0.5.



Previous studies have shown that using the PMV index can reduce energy consumption without sacrificing thermal comfort [14]. For example, Yan et al. [15,16] found that when a fuzzy logic controller based on PMV is applied to a direct expansion type of AC in Hong Kong, their indoor experiment with small scale model showed that the electric energy consumption could be reduced by 4−7.6%.



Goyal et al. [17] analyzed the extent to which rule-based feedback control and model predictive control (MPC) algorithms, both of which used the PMV index, affected the energy consumption of AC systems in a commercial building in Florida, USA. Both algorithms reduced energy consumption by approximately 40% compared to conventional controllers without sacrificing thermal comfort. These results were similar to those of a simulation study by Goyal et al. [18]. To summarize, the use of rule-based feedback control algorithms is simpler than that of MPC algorithms and rule-based feedback control produced fewer errors. Therefore, because the performance difference between the two algorithms is not large, feedback control, which is a simpler control algorithm, is more economical. The main disadvantage of MPC is that substantial computational resources are required for model development and optimization [19].





2. Energy Saving Potential of Thermal Comfort-Based Control


This section describes the use of building energy simulation (BES) to investigate the energy saving potential of the thermal comfort-based control for houses in Kuwait. BES has been developed as a tool to assess the impact of energy conservation measures through complex calculations of the energy performance of existing buildings [20,21]. The BES has the capability of determining the effect of automatic control based on the thermal comfort of the occupants. To this end, we established a model to simulate a house in Kuwait by using the structure and occupancy information of buildings. The simulation model was then calibrated by conducting a comparison with the measured data. Ahmad et al. [22] showed that an uncalibrated simulation model produced a discrepancy between the monitored and calculated consumption levels in the ±30% range, and the discrepancy would rise to the ±90% range for end-use. Therefore, the simulation model was calibrated to ensure the reliability of the results. The reduction in cooling energy consumption was quantitatively derived using the calibrated model when the control method based on thermal comfort was applied.



2.1. Establishment of a Simulation Model


Experiments using a simulation model contribute to decision-making because results are easily obtained and examined within a short duration [23]. To obtain reliable results, however, the simulation model must accurately simulate the thermal behavior of actual houses in Kuwait. Therefore, in this study, a typical Kuwaiti house, as shown in Table 1, was selected as the study target to establish an accurate simulation analysis model. In addition, information about the building such as its geometry, structure, occupancy, and operating information were mostly obtained from drawings (architectural, electric, and mechanical drawings) and interviews with the residents.



The target building was a typical three-story house occupied by six residents, including two maids. The building was constructed using reinforced concrete for the structure and soil cement blocks. Figure 2 shows the drawings that were provided of the configuration of building materials. The thermal performance of the wall, as calculated using the provided information, was found to be 0.579 W/m2K. The window consisted of an aluminum frame and double pane clear glazing, and its thermal performance was 3.299 W/m2K. The exterior of the window was fitted with an aluminum shutter to block solar radiation, a main cause of the rise in the indoor cooling energy consumption during the daytime. This is the typical structure of ordinary houses in Kuwait, and the structure is almost standardized. In addition, the thermal performance of roofs, interior walls, floors, slabs, and doors calculated by the drawings provided was 0.410 W/m2K, 1.186 W/m2K, 0.396 W/m2K, 2.296 W/m2K, and 3.316 W/m2K, respectively.



ESP-r was used as the simulation tool to investigate performance of thermal comfort-based controller. ESP-r provides dynamic simulation and the result of simulation is well-validated through many experiments and inter-program comparisons [24]. In addition, ESP-r enables code modification as an open-source-based tool and therefore provides extensive flexibility such as implementation of thermal comfort-based controller. To find the optimal set temperature in ESP-r, code that determines the temperature at which PMV is close to zero was added. Figure 3 shows the execution sequence. A subroutine LETDRIVR evaluates the physiological and sensory response of the human subject to the thermal environment and returns PMV using the array of set-temp. The optimal set temperature was computed iteratively at each simulation time step, hence, the value of setpoint, which is the optimal set temperature calculated based on the current time, becomes the set temperature of the next time step.



A simulation model was established based on the provided drawings and the information gathered during interviews, as shown in Figure 4. The AC installed in the building was the CAV rooftop package unit. Figure 4 shows the HVAC system zoning of the building on the mechanical drawing.




2.2. Calibration of Simulation Model


The simulation model was calibrated by collecting information on the external environment, electrical power consumption, and occupancy pattern of the target building in 2017. The hourly external environmental measurement items were air temperature, humidity, irradiance, wind direction, and wind speed, and were collected through weather station (DAVIS 6250) installed on the roof. The electrical energy consumption was collected from the distribution panel, and the occupancy pattern was collected by the infrared indoor motion detecting device on the ceiling. As the target building was an actual residential house, the possibilities of performing experiments and evaluations for the entire house were limited. Therefore, only the AC3 zone on the 1st floor, which was the space shared by the family members, was available for correcting the simulation results and for verifying the PMV-based controller to be developed. In addition, the electrical power consumption and occupancy pattern of the AC3 zone were monitored. As the simulation calibration for the AC3 zone involved significantly large errors while the building was being used by the occupants, it was not possible to secure reliable data for the simulation correction. Therefore, a more accurate simulation calibration was performed using the data collected from September 23 to 29 when none of the occupants were at home.



Figure 5 shows the corrected results of the simulation model as well as the daily errors during the calibration period. In terms of the calibration of the simulation model, the ASHRAE guideline 14 [25] specifies a coefficient of variation of root-mean-squared error (CV-RMSE) of 30% or less and a mean bias error (MBE) of ±15% for hourly data. The corrected MBE of the model based on hourly data was found to be -13%, but the calculated RMSE was approximately 36%, which slightly exceeded the ASHRAE guideline 14 criterion of 30%. As mentioned above, data collection and calibration were performed under limited conditions, which limited the accuracy of the simulation model. Therefore, when the calibration of the simulation model was made based on measured data, it was not easy to meet the CV-RMSE requirement of 30% or less considering the uncertainty of variables due to various constraints. Therefore, the simulation was performed after deciding that 6% would not significantly affect the results of the simulation. According to the calibration results, the difference between the simulation results and the measured hourly energy consumption was up to about 5.6 kWh.




2.3. Implementation of Simulation and Result Analysis


Among the data required for PMV calculation, the temperature, mean radiant temperature (MRT), humidity, and the airflow velocity, which are objective indicators, are calculated with the simulation tool. However, the metabolic rate of people (MET) and cloth value of people (CLO), which are subjective indicators, must be provided separately. Therefore, the value of MET was assumed to be 90 W/m2 in this study. The value of CLO was assumed to be 0.5 for summer and 1.0 for intermediate and winter seasons by referring to ASHRAE standard 55 [25]. For the target building, the annual indoor set temperatures, which were manually set by the occupants, were examined by interviewing the residents, and the results are shown on the left in Table 2. The change in the optimal set temperature (PMV = 0) of the AC3 zone obtained by simulation is shown in Table 2 on the right. The set temperature optimized using PMV sharply changed on May 1 and October 1 because of the change in the CLO value. Al-Mumin et al [6] investigated occupancy patterns and operation schedules of electrical appliances in Kuwait house, and their survey results were applied to the simulation model.



The reduction in the annual cooling energy consumption in the AC3 zone was calculated by implementing thermal comfort-based AC control in the simulation, and the results are shown in Figure 6. According to the simulation results, the annual cooling energy consumption was 79,305 kWh when manually controlled by the occupants but it decreased to 52,731 kWh under automatic thermal comfort-based control. In other words, the cooling energy consumption was reduced by 33.5% by using thermal comfort-based control. Therefore, the simulation confirmed that a considerable amount of cooling energy could be saved by appropriately controlling the AC set temperature alone in Kuwaiti houses.





3. Development of Thermal Comfort-Based Controller


The simulation results in Section 2 showed that the cooling energy consumption can be greatly reduced by using a thermal comfort-based controller. Based on this possibility, this study developed TCC suitable for a residential house in Kuwait. Existing developments and applications of a temperature controller using the PMV index are first discussed. Then, our approach to developing TCC for a Kuwaiti residential house based on sensitivity analysis and measured data is presented. Finally, the method for the configuration and control of the TCC that was developed based on the results of the study is introduced.



3.1. Sensitivity Analysis of Variables


PMV calculations are performed on four types of objective data, air temperature, MRT, relative humidity (RH), and air velocity, and two types of subjective data, CLO and MET. However, these variables do not have an equal influence on the PMV. This section describes the sensitivity analysis conducted to determine the effect of these six variables on the PMV in the subject residence.



Hawila et al. [26] investigated the impact of PMV-based thermal comfort control during the heating period in a highly glazed room. According to the study, the energy consumption in a comfort-controlled space was highly sensitive to occupant-related parameters (metabolic rate and clothing level) and the mean radiant temperature compared to other parameters such as the relative humidity. Zhang et al. [11] used the PMV index to optimize the control of thermal comfort and energy saving by monitoring the thermal sensation online. The study concluded that the PMV model has limitations in terms of its practical application. More precisely, selected PMV variables are difficult to monitor accurately and continuously owing to the limitations of experimental facilities. Therefore, providing accurate data to TCC sensors is the first step to ensure accuracy and reliability.



The accuracy of the data input into the controller is critical for developing the TCC for a Kuwaiti residential house. In addition, optimization of the TCC development necessitates identifying which data should be collected more accurately for this purpose. This was achieved by conducting a global sensitivity analysis using ASHRAE standard 55 [27] coded in Python and using Latin hypercube sampling (LHS). The PMV sensitivity index was calculated using the standardized rank regression coefficient (SRRC). SRRCs can be estimated from a regression analysis, which is standardized to the variances of dependent and independent variables are 1. The sensitivity index makes it easy to interpret quantitative measurements of the influence of input parameters on model outputs (Figure 7). The sensitivity index indicates the degree of influence of the six variables on the PMV, and the sign (+ or −) of the sensitivity index indicates the correlation between the variable and the PMV index. Separate sensitivity analyses were conducted for when the PMV was greater than or less than zero. The analyses were divided in this way because the sign of the correlation for each factor switches when PMV = 0. If the sensitivity analysis were conducted for all PMV values, the resulting sensitivity of each factor would be inaccurate.



The results of the sensitivity analyses showed that air temperature had the greatest influence on the PMV when PMV > 0, followed by MRT, MET, and air velocity in descending order. This result indicates that air temperature is the most important factor when setting the target temperature during the summer. However, when PMV < 0, MET had the greatest influence on PMV, followed in decreasing order by the air temperature, CLO value, and MRT. This result indicates that MET is the most important factor when setting the target temperature during the winter. Since houses in Kuwait are not heated, it is pointless to focus on PMV values less than zero. Therefore, accurate calculation of the AC setpoint temperature by the TCC in Kuwaiti residential houses requires accurate real-time data on the air temperature, MRT, MET, and air velocity.



On the other hand, two significant matters need to be taken into consideration when installing the TCC, namely the application of a sensor and the installation location for measurements of the four objective variables. It is preferable to install the TCC units on the same wall as existing thermostats in a residential house. Therefore, it is necessary to compare the MRT and airflow measurements along the wall with those in the center of the room among the four objective items. The position of the sensor should be defined more clearly if the difference in the MRT and air velocity in the PMV results is large between measurements along the wall and in the center of the room.



The characteristics of black bulb thermometers used to measure the MRT and air velocity sensors must be considered. The temperature and humidity sensors are robust and well understood, and, therefore, their use in the TCC was not expected to cause significant problems. However, the black bulb thermometers and air velocity sensors may be difficult to physically incorporate into the unit and may cause it to become prohibitively expensive. The sensitivity analysis in this study determined that the MRT and air velocity affect the PMV calculations. However, the air velocity sensors detect lower air speeds when they are installed on walls than when they are in the center of rooms. Furthermore, the problems associated with the size and installation location of the black bulb thermometers for measuring the MRT also have to be solved.



Consequently, it is necessary to analyze the effect of MRT and air velocity in detail when calculating the optimal temperature using PMV. In this regard, sensors were installed in the center of a cooling zone during August in a residential building in Kuwait (the residential house in Table 1). The data showed that the average indoor air temperature was 18.8 °C, the average MRT was 18.6 °C, the average RH was 54.6%, and the average air velocity was 0.09 m/s. The difference between the actual indoor air temperature as measured at the center of the cooling zone and the MRT was only 0.2 °C (Figure 8).



The following scenarios were analyzed to determine whether the black bulb thermometer and air velocity sensor should be included in the TCC. Based on the data measurements for the month of August, the PMV calculation of the following two scenarios were compared to basecase, the calculated PMV from the measured data.



Scenario (1) indoor air velocity = 0.09 m/s (the constant average value in August).



Scenario (2) indoor air temperature = MRT.



The optimal target temperature was determined by recursively calculating the PMV for each scenario using ASHRAE standard 55 coded in Python. Figure 5 shows the correlation between the two scenarios and the basecase. The larger the degree of scattering, the larger the error of the calculated PMV is when a scenario is applied. The figure shows that Scenario 2 has less impact on the actual PMV calculation than Scenario 1. The results also showed that the PMV for Scenario 1 had an average difference of 0.4 and the average PMV for Scenario 2 was 0.1 (Figure 9). Given these results, the optimal setpoint temperature differed by 4 °C for Scenario 1 and 1 °C for Scenario 2 (Figure 10).



The distribution of the PMV values and target temperatures of the base case (Measured) and two scenarios were analyzed (Figure 11). The PMV values were distributed between −2 and −0.2 in all the scenarios but had the highest frequency between −1.7 and −0.4. The optimal setpoint temperature had the highest frequency between 24 °C and 25 °C. It was found that the occupants’ thermal comfort was predicted to be at a higher temperature when Scenario 1 and Scenario 2 were applied as compared to the base case. This showed that the frequency of the PMV index in both scenarios is higher at −0.8 and −0.7 in Figure 11, such that the frequency of the optimal set temperature also has a lower temperature distribution at 24 °C. The difference in the frequency of the two scenarios showed that Scenario 1 is predicted to be warmer than Scenario 2. This result indicates that an indoor air velocity of 0.09 m/s had a greater influence on the PMV and target temperature calculations than when the indoor air temperature was equal to the MRT. Therefore, to maintain the optimal PMV, the optimal setpoint temperature was lower in Scenario 1 than in Scenario 2.



Next, the hourly PMV distribution was analyzed for the month of August by controlling the indoor temperature by using the two scenarios. Here, it should be noted that the PMV is always 0 when the temperature is optimally controlled, and thus the PMV range shown in Figure 12 is an error because of the assumptions on which the two scenarios are based. If the indoor setting temperature is controlled by these two scenarios and the PMV is in the thermal comfort range, the two scenarios do not have a significant effect on the indoor thermal comfort. As shown in Figure 12, the daily PMV of both scenarios is in the range of −0.5 to 0.5. Therefore, even if the PMV is controlled by the optimal setpoint temperature by using the two scenarios, the influence of these two scenarios is within the thermal comfort range. In other words, occupants would feel comfortable regardless of whether the temperature was controlled as in either scenario.




3.2. Development of Controller and Composition


The thermal comfort-based controller-version 1 (TCC-V1) was developed based on the results of the sensitivity analysis and the thermal comfort range analysis for each scenario in Section 3.2. At constant indoor air velocity of an average value and for an MRT value equal to that of the indoor air temperature, the PMV range was acceptable. Therefore, based on the results of the scenario analysis, the ability to measure the air velocity and the MRT were not considered when the TCC-V1 was designed. As such, the TCC-V1 was neither equipped with a black bulb thermometer nor an air velocity sensor for the present study.



The TCC-V1 we developed contained a controller, a communications unit, a monitoring device, and sensors. Their respective functions are as follows (Figure 13):




	
Controller: the core of the TCC-V1. The controller computes the PMV index and the target temperature in real time based on data collected by the sensors.



	
Communication device: enables communication between the controller and the AC unit.



	
Monitoring device: confirms controller computational results by sending data to the controller. Although this function can be performed by the controller, the monitoring device acts as a data backup.



	
Sensors: measure temperature, humidity and whether the room is occupied and then sends the data to the controller.








Most Kuwait houses use traditional on/off controllers. The control sensor usually takes the form of an on/off thermostat and humidistat. On/off control is a simple and inexpensive way but is not accurate and quality [22].



In this study, the PMV index was obtained from the ASHRAE standard 55 [28] and a feedback method was used for temperature control in the TCC-V1 control. Feedback temperature control is an operation method that corrects the control amount to match the target temperature by returning the output signal to its input signal. The control method used in this study controlled the value of a variable by varying the target temperature with time to ensure that PMV = 0.



Operation of the TCC-V1 involved data communication between its individual devices (Figure 14). The controller acted as the brain of the TCC-V1 by computing the PMV in real time based on data collected by the sensors. In this study, PMV was computed based on the temperature, humidity, MRT, air velocity, cloth value of people (CLO), and metabolic rate of people (MET). The target temperature was set such that PMV = 0, which is achieved by iterative calculation using the ASHRAE standard 55 and then transmitted to the AC unit. This process was continually repeated while the system was being operated. If the target temperature were to be adjusted manually, this value was sent to the controller and set as the target temperature. However, manual control was not tested in this study.





4. Experimental Performance Evaluation of TCC-V1


4.1. Experimental Scope and Method


The goal of this study is to determine the effectiveness of the TCC-V1 at reducing AC electric energy consumption while maintaining the user’s thermal comfort. This study was conducted in the following stages:




	
Develop the TCC-V1 device such that it can compute the appropriate target temperature to maintain occupant comfort by iteratively computing the real-time PMV and communicate with the AC accordingly.



	
Use the analysis of the meteorological data of Kuwait to select a representative day from the summer (May–September), the intermediate seasons (March, April, October, and November), and winter (December–February).



	
Install an inner chamber containing the AC and TCC-V1 device to mimic a residential house for one or two people inside of a real-scale climatic environment chamber (outer chamber in Figure 15).



	
Set the climatic condition (the temperature and humidity on each selected representative day) in the outer chamber and evaluate and compare the corresponding AC electric energy consumption according to the AC control with and without the TCC-V1 device.








The experimental AC conditions and their corresponding values are provided in Table 3. Since the TCC-V1 was not equipped with a black bulb thermometer and an indoor air velocity sensor, the indoor air velocity was set to 0.09 m/s and the MRT was set to the actual indoor air temperature. CLO was set to 0.5 for the summer season and 1.0 for the winter season and the value of MET was set to 90 W/m2 based on the interviews with the occupants of a residential house in Kuwait (Table 1).




4.2. Experimental Weather Conditions


The weather conditions of the outer chamber were set by selecting three representative days that are most similar to the seasonal averages based on the analysis of Typical Meteorological Year (TMY) weather data provided by the US Department of Energy (DOE). Representative days with the values closest to the average temperature and average relative humidity were selected (Table 4 and Figure 16).




4.3. Climatic Environment Chamber


The performance of the TCC-V1 was evaluated by using a Real-scale Climatic Environment Chamber (RCEC) as described in Section 4.1. The RCEC was manufactured in accordance with the Environmental Engineering Considerations and Laboratory Tests (MIL-STD-810G) specifications promulgated by the US Department of Defense. Various climatic conditions, including the temperature, humidity, rainfall, snowfall, and insolation can be controlled in these chambers (Table 5).




4.4. Manufacturing and Installing the Experimental Chamber


The inner chamber, shown in Figure 17 and Figure 18, was manufactured and installed to compare the energy consumption of the AC unit. The inner chamber was 5 m long, 3.5 m wide, and 2.3 m high, and was designed to be large enough to accommodate one or two people. The walls, ceiling, and floor were manufactured with 100-mm-thick thermally insulated urethane panels. LED lighting and a split-type AC unit were also installed in the chamber. PVC-framed sliding double-pane glass windows (3790 mm long, 1840 mm high, and 24 mm thick) were installed in the façade of the chamber. This inner chamber was installed in the RCEC.





5. Results and Discussion


5.1. Summer Season—August 10


The AC temperature was set to 18 °C without implementing the TCC-V1 and the indoor average temperature of the inner chamber was 17.1 °C on Aug. 10, the representative day of the summer season. The difference between the AC setpoint temperature and the indoor average temperature was 0.9 °C, and the AC temperature was higher than the indoor average temperature. This was because the volume of air cooled by the AC was relatively large and covered the entire space, resulting from the large AC capacity compared to the space within the inner chamber.



On the other hand, the range within which the AC setpoint temperature was controlled by the TCC-V1 system was 21~23 °C and the indoor average temperature of the inner chamber was 19.9 °C. This was 2.8 °C higher than without using the TCC-V1 (Figure 19). These results, as stated previously [3], show that the indoor air temperature in a Kuwaiti house could be maintained at an even higher level.



Controlling the AC without using the TCC-V1 resulted in 21.38 kWh of electric energy being consumed, whereas using the TCC-V1 to control the AC consumed 12.93 kWh. Thus, the TCC-V1 reduced energy consumption by 39.5 % (Figure 20). The average PMV values were −1.21 and 0.06 without and with the TCC-V1, respectively. These results show that it is possible to save cooling energy and improve the indoor thermal comfort by using the TCC-V1 even in the intermediate seasons. This clearly indicates that the reduction in cooling energy and improvement in thermal comfort when using TCC-V1 would be great in the summer season, which is the longest season and extends over approximately six months in Kuwait.




5.2. Intermediate Season—October 17


The range of AC temperature setpoints controlled by TCC-V1 was 22~24 °C on October 17, the representative day of the intermediate season and the indoor average temperature of the inner chamber was 21.2 °C. On the other hand, the AC temperature was set to 21 °C without using TCC-V1 and the indoor average temperature of the inner chamber was 19.5 °C. This was 1.7 °C higher than without using TCC-V1 (Figure 21). The temperature difference was attributable to the high AC capacity for the inner chamber space as described in Section 4.1.



Controlling the AC without using TCC-V1 consumed 5.6 kWh of electric energy, whereas using the TCC-V1 to control the AC consumed 4.91 kWh. Thus, the energy saving by employing the TCC-V1 was 12.4 % (Figure 22). The average PMV values were −1.15 and −0.28 without and with the TCC-V1, respectively. These results show that it is possible to save cooling energy and improve thermal comfort by using the TCC-V1 even in the intermediate season.




5.3. Winter Season—January 8


The AC was not operated on January 8, the representative day for the winter season, because the indoor temperature of the inner chamber remained below the AC setpoint temperature (Figure 23). However, the AC still consumed 0.43 kWh of electric energy both with and without the TCC-V1 because of its base load.



The outdoor average temperature on January 8 was 13.1 °C and the indoor average temperature was 15.3 °C. The average PMV value was −0.5 and this indicates that the indoor thermal comfort did not deteriorate, even though the AC was turned off in the winter season.





6. Conclusions


Saving the cooling energy consumption of residential houses is one of the key elements of energy demand management in Kuwait, and one way to solve this problem is to introduce automatic setpoint temperature control for AC systems. Our simulation results showed that the cooling energy consumption can be reduced by approximately 33.5% by using a thermal comfort-based controller. Based on this possibility, we developed an automatic temperature setpoint control system which is TCC-V1. The TCC-V1 automatically maintains the optimal indoor temperature by using the predicted mean vote (PMV) index, which is a well-known thermal comfort performance indicator. We demonstrated the applicability of TCC-V1 by running an empirical experiment using a real scale model. Development of the TCC-V1 included sensitivity analysis of the six variables in relation to the PMV to determine the influence of these variables on the PMV calculation.



The TCC-V1 uses real-time input from sensors to iteratively calculate the PMV and the optimal set temperature. The performance of the TCC-V1 was verified experimentally. The performance evaluation was carried out for August 10, October 17, and January 8 as meteorologically representative dates for the summer, intermediate, and winter seasons, respectively. These conditions were reproduced in the RCEC and measured comparatively. The performance evaluation using the real scale model and RCEC confirmed that the cooling energy consumption can be greatly reduced by implementing TCC-V1. The main experimental results are as follows.




	
On August 10, a representative day of the summer season, the TCC-V1 reduced the electric energy consumption by 39.5% and the PMV was improved from −1.21 to 0.06.



	
On October 17, a representative day of the intermediate season, the TCC-V1 reduced the electric energy consumption by 12.4% and the PMV was improved from −1.15 to −0.28.



	
The results of the experiment conducted on January 8, a representative day of the winter season, showed that the AC was not in operation because the indoor temperature of the inner chamber was always below the setpoint temperature of the AC unit.








The results showed that a TCC-V1 automatic AC control system can greatly reduce the electrical power consumption of AC units in Kuwaiti residences. Further enhancement of the performance of the control device would require the optimization and reliability of the device to be secured. One of the most important components of the control device is the sensors that produce the input information. This study investigated the necessity of applying the MRT and air velocity sensors. Based on two scenarios with measured data, this study omitted these two sensors in the PMV calculation of the residence in Kuwait. However, application of the TCC-V1 developed in this study would require more detailed experimentation and analysis of the sensor configuration.



A future study of the effectiveness of the TCC-V1 would have to be conducted in an actual residential house in Kuwait. This would necessitate the development of the TCC-V2 model with more precise control, and the optimal position of each PMV sensor would need to be determined. In addition, future development of the final version of the TCC would need to consider the impact of the uncertainty surrounding the subjective thermal comfort [29], and the applicability of advanced control techniques such as a data-driven approach [28].
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Nomenclature




	AC
	Air conditioner



	ASHRAE
	American society of heating, refrigerating and air-conditioning engineers



	CAV
	Constant air volume



	CLO
	Cloth value of people



	CV-RMSE
	Coefficient of variation of root mean-squared error



	DOE
	Department of energy



	HVAC
	Heating, ventilation and air conditioning



	MBE
	mean bias error



	MET
	Metabolic rate of people



	MEW
	Ministry of energy and water



	MPC
	Model predictive control



	MRT
	Mean radiant temperature



	PMV
	Predicted mean vote



	RCEC
	Real-scale climatic environment chamber



	RH
	Relative humidity



	TCC
	Thermal comfort-based controller



	TMY
	Typical meteorological year
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Figure 1. Energy consumption by type of building (left) and energy consumption in residences for specific purposes (right). 
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Figure 2. Exterior wall and window structures of actual houses. 
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Figure 3. Analysis sequence in ESP-r for the calculation of the optimal temperature. 
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Figure 4. ESP-r simulation model and classification of cooling zones. 
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Figure 5. Calibration of simulation model with measurements conducted in the AC3 zone of the target house in Kuwait. 
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Figure 6. Cooling energy consumption depending on the temperature control method. 
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Figure 7. Sensitivity analysis results to determine the impact of factors affecting thermal comfort. 
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Figure 8. The data of four variables measured in the center of a cooling zone in August for demonstration of two scenarios. 
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Figure 9. Predicted mean vote (PMV) error between the basecase and two scenarios. 
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Figure 10. Optimal setpoint temperature error between the basecase and two scenarios. 
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Figure 11. PMV frequency distributions in measurement and two scenarios. 
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Figure 12. Daily PMV error in two scenarios with optimal setpoint of base case. 
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Figure 13. Air conditioner (AC) unit, TCC-V1, PMV meter installation status in the inner chamber. 
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Figure 14. Operational flowchart of TCC-V1. 
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Figure 15. View of real-scale climate environment chamber and mock-up chamber for experiment. 
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Figure 16. Temperature and RH distribution of each representative day. 
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Figure 17. View of RCEC and installation of inner chamber for experiment. 
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Figure 18. Size and configuration of inner chamber, location of air conditioner and sensor. 






Figure 18. Size and configuration of inner chamber, location of air conditioner and sensor.



[image: Energies 12 03348 g018]







[image: Energies 12 03348 g019 550] 





Figure 19. Experimental results recorded on August 10. 
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Figure 20. Comparison of electric energy consumption with and without TCC-V1 control on August 10. 
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Figure 21. Experimental results recorded on October 17. 
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Figure 22. Comparison of electric energy consumption without and with TCC-V1 on October 17. 
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Figure 23. Experimental results recorded on January 8. 
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Table 1. Overview of the house to be simulated.
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Items

	
Contents

	
Remarks

	
Exterior View






	
Location

	
Aqaila, Kuwait

	
Single Family (6 people)

	
 [image: Energies 12 03348 i001]




	
Completion

	
2013

	
-




	
Stories

	
4 floors

	
-




	
Structure

	
R.C.

	
R.C., Cement Block, Fiber Glass, Cement Mortar




	
Plot Area

	
375 m2

	
-




	
Gross Area

	
879.22 m2

	
-




	
Gr. Floor Area

	
319.75 m2

	
2 Reception Areas, Swimming Pool




	
1st Floor Area

	
255.12 m2

	
Living Room, Kitchen, Dining Room, Study, Theater




	
2nd Floor Area

	
255.12 m2

	
1 Master Bedroom, 3 Bedrooms, Kitchen




	
3rd Floor Area

	
70.7 m2

	
Maid’s Room, Laundry Room
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Table 2. Annual changes in the indoor set temperature by each control method.
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	Manual Control by Occupant
	Thermal Comfort Based Control
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Table 3. Conditions for experimental performance evaluation.
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Items

	
Without TCC-V1

	
With TCC-V1






	
AC Temperature setpoint

	
August 10: 18 °C

	
Automatically set




	
October 17: 21 °C




	
January 8: 23 °C




	
Input data (fixed value)

	
CLO: 0.5 (August 10 and October 17), 1.0 (January 8)




	
MET: 90 W/m2




	
Air velocity: 0.09 m/s




	
Measurement Value

	
Real-time AC electric energy consumption




	
Air temperature and RH of inner and outer chamber




	
AC temperature setpoints controlled by TCC-V1




	
PMV index











[image: Table] 





Table 4. Average temperature and humidity of each representative day.
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Items

	
Summer Season

	
Intermediate Season

	
Winter Season




	
Period

	
May–September

	
March, April, October, and November

	
December–February






	
Representative date

	
August 10

	
October 17

	
January 8




	
Average temperature and RH

	
Temp.

	
RH

	
Temp.

	
RH

	
Temp.

	
RH




	
37.58 °C

	
12.5%

	
26.18 °C

	
11.67%

	
13.10 °C

	
59.46%
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Table 5. Specifications of real-scale climatic environment chamber.
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Internal volume

	
10 m × 10 m × 4.5 m
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Temperature

	
−30–80 °C




	
Humidity

	
10–90%




	
Insolation

	
800–1200 W/m2




	
HVAC system

	
530 m3/minute




	
Cooling system

	
123 kW




	
Heating system

	
240 kW




	
Rainfall

	
each module set of 150, 40 and 25 mm/h




	
Snowfall

	
50 mm/h through movable gun












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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