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Abstract

:

The energy consumption of purely convective (i.e., various air volume (VAV) mixing ventilation) and combined radiant and convective HVAC systems (chilled ceiling combined with mixing ventilation—CCMV or personalized ventilation—CCPV) was investigated with multi-variant simulations carried out the IDA Indoor Climate and Energy software. We analyzed three different climates: temperate, hot and humid, and hot and dry. Our results show that the use of CCPV substantially reduced energy consumption compared to the conventional VAV system in hot climates. We also show that increasing the room temperature to 28 °C is an effective energy-saving strategy that can reduce consumption by as much as 40%. In the temperate climate, the VAV system was preferable because it used less energy as it benefited from outdoor air free-cooling. The control strategy of the supply temperature of personalized air had an impact on the energy demand of the HVAC system. The most efficient control strategy of the CCPV system was to increase the room temperature and keep the supply air temperature in the range of 20–22 °C. This approach consumed less energy than VAV or CCMV, and also improved the relative humidity in the hot climate.
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1. Introduction


Personalized ventilation (PV) provides clean air to individual workstations and is known to have substantial energy-saving potential because it allows for different control strategies to be implemented simultaneously. The primary approach to reduce energy consumption is to decrease the supply airflow rates compared to conventional ventilation solutions. First, the outdoor airflow rate can be reduced due to higher ventilation effectiveness of the PV at workstations [1]. In addition, the supply of the ventilation air due to occupancy can be limited to times when people are present at workplaces. Another strategy is to increase the room temperature above the comfort limits given in standards [2,3,4] and use local convective cooling, while also giving individuals control to set local thermal environment preferences at their workstations. For this approach, it has already been demonstrated that the thermal environment of the room will still be acceptable [1,5,6,7].



Several studies on PV systems focused on hot climates where the usual design room temperature is relatively low (21–23 °C), mostly due to the dehumidification. Thus, increasing the target room temperature using PV can provide significant energy savings. Moreover, since outdoor temperatures are often above 20 °C, the energy required for air-cooling in the air handling unit (AHU) are a considerable part of building energy needs. Sekhar et al. [8] reported energy savings between 15–30% by implementing PV combined with mixing ventilation relative to mixing ventilation alone in a warm and humid climate (Singapore) when the room temperature setpoint was increased to 26 °C. The savings depended on the outdoor airflow rate provided by mixing ventilation working as a conventional system (7 or 15 L/s per person).



Schiavon et al. [9] performed multi-variant energy simulations to study the influence of different energy savings strategies on energy consumption in Singapore. They showed energy use could be reduced up to 51% using PV instead of the total volume systems commonly used today. They confirmed that increasing the room temperature, reducing supplied air via improved local ventilation effectiveness at the workstations, and supplying air according to occupancy are effective energy-saving strategies. Skwarczyński [10] studied the influence of dehumidification on energy consumption, which is especially relevant for hot and humid climates. Traditionally, the dehumidification process is carried out by cooling outdoor air below the dew point temperature and reheating it to the supply temperature, thereby increasing the energy consumption. Compared to mixing ventilation with dehumidification, energy savings between 54–73% were achieved by using PV combined with mixing ventilation with dehumidification, and savings ranged from 24–51% for PV with dehumidification combined with mixing ventilation. When dehumidification was implemented in both ventilation systems, the energy savings increased between 44–63%, and maximum savings were achieved when the room temperature setpoint was increased to 28 °C.



Schiavon and Melikov [11] studied the energy use of PV in Copenhagen’s cold climate. They showed that the energy consumption of PV was between 61–268% compared to mixing ventilation depending on the control of the supply temperature of personalized air. The most efficient approach for PV was to supply air at a constant temperature of 20 °C and increase the target room temperature to 28 °C. They also showed that reducing the supply airflow rates was not an effective energy-saving strategy in the cold climate.



Another promising, energy-saving solution for HVAC systems utilizes radiant cooling technique, which is more efficient than total volume air systems. The most popular heat carrier for radiant hydronic cooling systems is water. Due to differences in density and specific heat capacity, the thermal conductivity of water is roughly 4000 times than air for the same fluid volume. Furthermore, the chilled ceiling (CC) is defined as a high-temperature cooling system since it operates using relatively high temperatures of the cooling water (usually between 14 °C and 16 °C); thus there are extensive possibilities for low energy or free-cooling refrigeration processes. Because the CC removes a substantial amount of sensible heat from the space, the supply air rate can be reduced to the amount required to remove latent heat and fulfill the hygienic air quality requirements [4], which, in turn, allows for the dimensions of ducts and fans to be reduced. Such design should provide greater energy savings, because less air needs to be transported and conditioned in the AHU.



In practice, the energy savings of radiant cooling depends on ventilation operation (supply air temperature, outdoor airflow rates), cooling loads of the zone, and climate [12]. Due to the superior cooling efficiency of water compared to air, an increase in the cooling load leads to an increase in energy savings for a CC compared to total air cooling systems. The tendency is valid for the CC combined both with mixing ventilation and with the displacement ventilation. Thus, savings are higher in a hot climate, where air-conditioning requires substantially more energy than in a temperate climate. Energy savings reported for a system that combined CC and displacement ventilation in Kuwait varied from 25 to 53%, depending on the outdoor air ratio [13,14,15,16,17]. Energy analyses of CC combined with desiccant cooling in Hong Kong indicated savings up to 44% in primary energy were attainable compared to a constant total volume system. Investigations performed in the Dutch climate showed similar energy use of air-water system to all-air system working on various air volume (VAV) mode [18]. Sodec [19] performed simulations using TRNSYS (Thermal Energy System Specialists, LLC, Madison, WI, USA) for the climate in Essen (Germany), in which he compared a VAV system, CC combined with mixing ventilation, and CC combined with displacement ventilation. All three systems had equal energy use under standard operation. However, savings between 10–20% were possible when free-cooling was implemented into refrigeration for the CC. In Essen’s climate, the CC combined with mixing ventilation had 17% lower energy use than when combined with displacement ventilation. The difference was due to a higher supply air temperature with displacement ventilation.



The use of CC has an impact on the capital costs [12]. Reducing the airflow rate allows for a smaller AHU, but the installation of a CC carries additional costs for the cooling panels. Conversely, as cooling loads increase, total air systems’ capital costs grow more rapidly than for a system combined with a CC [12]. Moreover, the use of a chilled ceiling reduces the electrical peak power consumption, contributing to the electrical network’s stability. However, despite the decreased energy consumption of the fans that results from reducing the airflow, the electrical demand for cooling towers and pumps increases as well, thus, the total energy use of the system must be considered when analyzing it’s overall effect on the network stability. Life cycle assessment analyzes showed that CC system and its components have a lower impact on the environment compared to the VAV system in tropics [20].



Energy analysis studies have shown that computer simulations may be used to improve the HVAC systems’ performance and maximize the efficiency of the CC system to reduce energy use [12,18,21,22,23,24,25]. The energy performance of a combined CC and PV has not been studied yet.



This study compares the energy consumption of three systems: chilled ceiling combined with personalized ventilation (CCPV), the chilled ceiling combined with constant air volume (CAV) mixing ventilation (CCMV) and VAV mixing ventilation. Different climate zones were considered to identify the conditions for which chilled ceiling combined with personalized ventilation is an optimal energy consumption solution.




2. Materials and Methods


We performed energy consumption simulations for a zone representing an office room with the IDA Indoor Climate and Energy (IDA ICE) 4.62 software (EQUA Simulation AB, Solna, Sweden). The IDA ICE software has been validated according to methods given in standards EN 15255:2007, EN 15265:2007 and ANSI/ASHRAE Standard 140–2004 [26,27,28] and by empirical study [29,30,31,32,33,34]. We simulated identical buildings located in three different climates: temperate (Katowice, Poland), hot and humid (Singapore), and hot and dry (Dubai). The ASHRAE IWEC2 “typical” weather files were used for each location. The “typical” year weather files were based on the Integrated Surface Hourly (ISH) weather data archived in the National Climatic Data Center. We carried out all analyses with dynamic simulations with 1 h timestep for the calculation period of one year.



2.1. Zone Description


In this study, the zone we considered represents one office room for two employees. It was located on the first floor and had one external wall (orientation south). The details of building envelope construction are presented in Table 1. Internal walls, floor and ceiling were modeled as adiabatic, and the effect of thermal mass was considered.



Different building operation strategies were analyzed to account for the impact solar shading control had on the climate control system. The primary case considered here assumed a window without shading. Additionally, we also modelled the effect of integrated shading using two specific device types: internal vertical blinds (g multiplier 0.45, T multiplier 0.12, U multiplier 0.5), and external blinds (g multiplier 0.14, T multiplier 0.09, U multiplier 1.0). The solar radiation was used as a shading control, and we assumed that the shading device was drawn when the solar radiation exceeded 100 W/m2 on the inside of the window.




2.2. Internal Heat Gains and Occupancy


We simulated two occupants with an activity level of 1.2 met in the model. The occupancy profile, shown in Figure 1, assumed an 8 h working day with a 0.5 h lunch break. Weekends and public holidays in Poland were taken as days off. Each occupant used a personal computer (65 W), which was turned on when the employee was present in the office.



Four ceiling light units with a power of 40 W and luminous efficacy of 100 lm/W were included in the model. The control strategy was based on the light intensity set points and schedule. Electric lighting was turned on during working weekdays from 8:00 AM to 4:30 PM when the light intensity at the workplace was below 500 Lux and switched off when it increased above 1000 Lux.




2.3. Simulated Cases


All simulated cases are listed in Table 2, and the VAV mixing ventilation was chosen as the reference system. The second system is the chilled ceiling combined with CAV mixing ventilation working on reduced airflows (CCMV). For those two systems, the maximum room temperature was 26 °C [4]. The third simulated system was chilled ceiling combined with personalized ventilation (CCPV). Three operation strategies were analyzed for this system:




	(1)

	
CCPV26-3K–the system maintained a maximum room temperature of 26 °C. The supply air temperature was controlled based on the room air temperature (equal to the return air temperature), as shown in Figure 2. When the room air temperature was less than or equal to 20 °C, the supply air temperature was kept at 20 °C. As the room air temperature increased, the supply air temperature was linearly increased to the design temperature difference of 3 K (between room setpoint temperature and supply air temperature). If the room temperature exceeded 26 °C, then the supply air temperature was kept at 23 °C;




	(2)

	
CCPV28-3K–the maximum room temperature was increased to 28 °C with the design supply temperature difference of 3 K. The supply air temperature was controlled in the range from 20 to 25 °C as shown in Figure 2;




	(3)

	
CCPV28-6K–the maximum room temperature was 28 °C. The designed temperature difference between room air temperature and supply air temperature was increased to 6 K. The supply air temperature was controlled in the range from 20 to 22 °C as shown in Figure 2.









We analyzed the performance of each system when subjected to various levels of solar heat gains and studied three solar shading strategies: none, external horizontal blinds, and internal vertical blinds.



Current standards [3,4] recommend the operative temperature as designed room temperature. However, because VAV systems are controlled according to air temperature and it is difficult to describe local conditions at workstations with PV, the air temperature was a base room temperature setpoint parameter, while additional cases used operative temperature (coded with OT). Therefore, the influence of the room temperature control parameter on the energy use was studied. Moreover, systems using CC were also analyzed with the dew-point supervisor control to limit the vapor condensation risk (cases are coded with Ctrl).



The supply airflow rates were selected to fulfill recommendations in EN 16798-1 [4]. The differences in the response time of the PV and the mixing ventilation system to occupants’ activities were not studied.




2.4. Description of HVAC Systems


2.4.1. Chilled Ceiling (CC)


In our calculations we assumed that CC panels covered 75% of the ceiling area and had total cooling power of 1700 W (100 W/m2 according to recommendations [12]). We built the supervisory control macro to avoid vapor condensation on the ceiling surface (coded as Ctrl). The supply water temperature was controlled based on the moisture content of the return air. There was no control of the relative humidity of the air supplied by the ventilation systems.




2.4.2. Personalized Ventilation (PV)


The PV system supplied 100% outside air. We used two temperature setpoint controls. During working hours (8:00 A.M. to 4:30 P.M. on weekdays), the supply air temperature was controlled based on the return air temperature (Figure 2). For all other times, we kept the constant setpoint of 16 °C. Figure 3 presents the schematic model of the air-handling unit for personalized ventilation.




2.4.3. CAV and VAV Mixing Ventilation (MV)


For cases with mixing ventilation, the air-handling unit was identical to the PV. The setpoint for supply air temperature was kept constant at 16 °C.




2.4.4. Zone Heating


The office located in the temperate climate of Katowice (Poland) requires an additional heating system in winter. The electric radiator was located under the window to compensate heating demand and keep the minimum room temperature of 20 °C.






3. Results


Used energy provides a measure of the amount of energy supplied by the plant to the distribution systems. It consists of energy for zone heating and cooling, AHU heating and cooling, and the domestic hot water circuit (not included in analyses). Detailed reports on used energy for each climate also gives the amount of free energy recovered in the AHU air-to-air heat exchanger.



The use of a hydronic CC system improves the heat transport efficiency because it uses water instead of air as the thermal distribution fluid. It also enhances the plant efficiency, since the cold water temperatures are higher compared to air systems, and influences the energy demand of fans and pumps [12,24]. Thus, in this work we report the delivered energy to the used energy to provide an overview of the total energy that has been purchased to cover building demands.



The thermal environment was evaluated based on the average values of the following parameters: air temperature, operative temperature and relative humidity according to EN 16798-1 [4] for occupied time. The classification based on the relative humidity separates the requirements for dehumidification and humidification. The results of the thermal environment evaluation for cases with maximum heat gain level and room air temperature control are presented in the following for simplicity.



3.1. Temperate Climate (Katowice)


3.1.1. Energy Use


In Figure 4 the energy usage of each system is shown for a temperate climate. The most energy-efficient system at high heat load was VAV. The use of the CC resulted in lower energy use for air-cooling in AHU, but its energy use for zone cooling was substantial, whereas VAV benefits from outdoor air free-cooling. The change of the ventilation system from MV to PV further increased energy use. The warmer supply air from PV resulted in lower energy use for air-cooling and zone heating, but CC’s energy use increased by 41% and the air heating by 95%. The increase of the room temperature from 26 °C to 28 °C at CCPV system resulted in 22% lower energy use of CC, achieving total energy use comparable to CCMV system. Changing the control strategy of personalized air temperature between CCPV28-3K and CCPV28-6K resulted in additional 10% energy savings. Supplying cooler air reduced the amount of energy used by CC and for air heating in AHU.



Solar shading decreased solar heat gains substantially—by 52–54% with internal vertical blinds and 64–69% with external blinds, and resulted in a substantial decrease in the energy used for zone cooling. The most notable reductions in CC energy use due to external shading occurred for the CCMV (99.4%) and the CCPV28-6K (99.5%) systems. With the VAV, the energy used for air-cooling in the AHU decreased by 40–60%. However, in the temperate climate of Katowice, the solar shading also resulted in higher zone heating needs—30–40% higher for internal blinds and double for external shading. The type of solar shading device did not influence the total energy used for VAV, CCMV and CCPV28-6K. For the CCPV26-3K and CCPV28-3K, external blinds were more energy efficient than internal solar protection.



The use of solar shading devices reduces the total energy used by the CCPV so much that it consumes less than VAV. The most economical combination was CCPV28-3K with external blinds, and, in both cases, CCPV28-6K with solar shading. The energy used by these systems was 14–16% lower than comparable cases with VAV.



Controlling the system based on operative temperature resulted in a 5–11% increase in energy use of CC compared to control using air temperature, and the impact on the other components of energy use was negligible.




3.1.2. Delivered Energy


The energy delivered for the zone conditioning is presented in Figure 5, where it can be seen that the CCMV performed similarly to VAV. At 26 °C, the largest amount of delivered energy occurred for the CCPV system without solar shading and was 15% higher than VAV. This increase is due to higher demand for cooling and heating personalized air in the AHU.



Increasing the room temperature to 28 °C did not reduce the total amount of delivered energy at CCPV28-3K compared to VAV and CCMV. The energy for cooling was similar to CCMV, but more energy was required for heating the supply air in the AHU. A slight decrease of 1% was achieved with CCPV28-6K. Supplying personalized air at a lower temperature than with CCPV28-3K resulted in a lower amount of energy for heating air in the AHU.



These results indicate that external blinds are not an efficient solar shading strategy to reduce delivered energy in Katowice. It reduces the energy consumed for cooling, but it simultaneously increases the demand for zone heating. Aside from CCPV26-3K and CCPV28-3K, the total delivered energy was higher when external blinds were used than when there was no solar shading. In the cases considered here, internal blinds were more efficient and each system’s total delivered energy was lowest. They decreased the cooling demands by 34–41%, but increased heating up to 12%.



The total delivered energy for all cases was lowest for CCPV28-6K with integrated internal blinds, which used 5% less energy compared to VAV with internal blinds. The use of operative temperature instead of air temperature as a control parameter resulted in a 1–3% increase in the total delivered energy.




3.1.3. Thermal Environment Quality in Room


In cases where mixing ventilation was used, i.e., VAV and CCMV, the zone air temperature met the requirements for category I over 50% of the occupied time (Figure 6). With CCPV26-3K, the criteria was met 41% of the time, but conditions at workstations were substantially improved because of the PV. All three systems at the setpoint temperature of 26 °C performed at a satisfactory level and provided room thermal environment conditions that met category II criteria for nearly the entire occupied time. The cooling requirements were not met when there was no shading with two systems: VAV (9 h per year), CCPV26-3K with dew-point control (4 h) and when control was based on operative temperature (2 h); however, such short periods are considered negligible.



At both CCPV28-3K and CCPV28-6K, room air and operative temperature were above 27 °C for 47–52% of the occupied time and did not exceed the 28 ± 0.5 °C setpoint. Both system configurations provided conditions of a higher category to the workstation compared to other space in the zone. These results indicate CCPV28-3K as a configuration with better performance than CCPV28-6K.



When we used the system control based on the air temperature, the VAV system performed slightly better in the long-term than CCMV. The maximum air and operative room temperatures were obtained with the VAV system, 27.5 °C and 28.5 °C respectively. Using CCPV26-3K, the maximum values were 0.2 K lower than with VAV. With the CCMV, the maximum air temperature was 26.3 °C and operative temperature was 27.7 °C. Changing the control parameter to operative temperature resulted in an improved thermal environment for CCMV and CCPV26-3K. At both CCPV28-3K and CCPV28-6K, the differences were negligible. For all systems, both internal and external solar shading systems improved thermal conditions in the zone.



Figure 7 presents the zone relative humidity in the percentage of the occupied time. The relative humidity was only slightly affected by the system type or solar gains (differences were within ±5%). Most of the time, the relative humidity was between 30% RH and 50% RH, but it decreased during the heating season. The minimum relative humidity in all cases was at the level of 5–7% RH.





3.2. Hot and Humid Climate (Singapore)


3.2.1. Energy Use


The energy use, shown in Figure 8, indicates substantial energy savings due to CC in the climate of Singapore. The energy used for air-cooling in the AHU was reduced by 39% with CCMV compared to VAV, which resulted in a 27% lower total energy use compared to VAV. The replacement of the MV with PV resulted in further energy savings. CCPV26-3K brought 26% savings in the energy used for air-cooling in the AHU and 49% increase of energy used by CC comparing CCMV. Due to CC’s high energy efficiency, the total energy used at CCPV26-3K was reduced by 38% and 14% for VAV and CCMV respectively.



The elevated room temperature of 28 °C resulted in a 22% reduction in cooling demand for CC at CCPV28-3K and 35% lower at CCPV28-6K compared to CCPV26-3K. However, keeping the design temperature difference between supplied personalized air and room temperature of 6 K at CCPV28-6K resulted in 8 and 13% higher energy use for air-cooling compared to CCPV26-3K and CCPV28 -3K.



Both solar shading devices performed well. The solar gains were reduced by 38–46% with external blinds and by 39–48% with internal vertical blinds, which decreased the total energy use. For VAV system, both solar shading devices netted energy savings of 18%. When the CC was used, energy savings were 8–10% with external blinds and 5–6% with internal blinds.



Regardless of the solar shading control, CCPV28-3K used the lowest amount of energy. The potential savings were predicted to be 36–43% compared to VAV and 22–23% compared to CCMV. The use of the operative temperature instead of air temperature as a control parameter resulted in 1% higher total energy use, which is negligible.




3.2.2. Delivered Energy


Figure 9 presents the amount of delivered energy for each case in Singapore. The highest energy demand was for the VAV system, even with solar shading. The use of CC decreased the amount of delivered energy by 26% for the CCMV system and by 35% at CCPV26-3K compared to VAV. Increasing the room temperature resulted in further energy saving, for example, the energy demand at CCPV28-3K was 40% lower than at VAV. The decrease in energy consumption was lower at CCPV28-6K (36%).



Solar shading had the most significant impact on delivered energy with a VAV system. The external shading resulted in a 14% decrease in delivered energy, and savings for internal blinds were 9%. For systems using CC, decrease in energy demand was 5% with external blinds and 3–4% with internal blinds.



When the external blinds were used, radiant systems’ total energy savings compared to VAV were smaller than when without solar protection, but still substantial–18% for CCMV, 28% for CCPV26-3K, 34% for CCPV28-3K, and 30% for CCPV28-6K. Similarly, with the internal blinds savings were 21%, 36% and 33%, respectfully.



The lowest total delivered energy was for the CCPV28-3K case with external blinds, which netted a 34% reduction compared to VAV. Moreover, the energy demand for this system was the smallest for all solar control strategies. In this climate, the increase in energy demand due to control according to operative temperature instead of air temperature was only 1%.




3.2.3. Thermal Environment Quality in the Room


The conditions provided by the VAV system met the criteria for the highest thermal environment category, evaluated based on the zone air temperature (Figure 10), at all solar gain levels. The VAV system also performed better than CCMV and CCPV due to the zone operative temperature–except for the case of CCMV with room temperature control using operative temperature. For this configuration, the CCMV system performed best and held the maximum zone air temperature to 25.8 °C with operative temperature of 26.1 °C.



At the CCPV26-3K, the air temperature exceeded 26 °C for 53% of the time when there was no solar shading (66 h in which cooling requirements were not met, and a maximum air temperature 27.9 °C and operative temperature 28.4 °C). Due to the operative temperature, the CCPV26-3K performed slightly worse than CCMV when solar gains were maximum. With solar shading, both systems performed comparably. At all three configurations of CCPV-3K, the supply air temperature from personalized ventilation for the entire occupied time met the category I requirements. When the room temperature was 28 °C, CCPV28-3K did not meet the cooling needs for 6 h, and neither did CCPV-28-6K for 4 h; however, such short periods are considered negligible.



Solar shading improved the thermal environment for VAV and CCPV26-3K. For other systems, solar shading had a minor impact on the quality of the thermal environment.



Changing the system control from air temperature to operative temperature resulted in a decrease in both the air and operative temperature by 0.1–0.3 K. This led to an improvement of the thermal environment category in the room for systems using 26 °C as the setpoint.



The use of PV as the sole ventilation system in the room had a major impact on the relative humidity (Figure 11). At CCPV26-3K, the relative humidity exceeded 70% RH for 81–83% of the time. When the room temperature was set to 28 °C, the CCPV28-6K provided an indoor environment with lower relative humidity than CCPV28-3K, as the supply air was more cooled and, therefore, dehumidified in the AHU.



Solar shading had a negligible influence on the zone relative humidity. The room control using operative temperature instead of air temperature slightly increased the room’s relative humidity, but the impact was negligible. The differences in the classification were within ±1% of the occupied time.





3.3. Hot and Dry Climate (Dubai)


3.3.1. Energy Use


As shown in Figure 12, Dubai’s energy use was highest for the VAV system without solar shading. The use of CC resulted in substantial energy savings for air-cooling in the AHU. For CCMV, the AHU cooling was 54% lower than for VAV, which, including energy used by CC, resulted in 30% lower total energy use compared to VAV. Changing the ventilation system from MV to PV resulted in further energy savings for air-cooling—65% less energy compared to VAV. Thus, including energy used for zone cooling, CCPV26-3K brought total energy use savings of 35%.



Increasing the room temperature from 26 to 28 °C was an effective energy-saving strategy. It resulted in 15% and 23% lower energy use of CC at CCPV28-3K and CCPV28-6K, respectively, than at CCPV26-3K. The CCPV26-3K and CCPV28-3K were the only configurations that required heating in the AHU; however, the energy used in this process was exceptionally small (0.1–0.2 kWh/year for CCPV26-3K and 0.3–0.8 kWh/year for CCPV28-3K). Changing the supply air temperature control using lower temperatures for CCPV28-6K resulted in no heating in the AHU. The lowest energy use was at CCPV28-3K, followed by CCPV28-6K. Compared to VAV, the energy savings depended on the solar gains and were around 38–40% and 35–39% for CCPV28-3K and CCPV28-6K respectively.



Solar gains decreased by 54–60% with external blinds and between 50–53% with internal blinds, and, therefore, strongly influenced the energy use. The external horizontal blinds were more efficient than the internal vertical blinds. The external blinds led to 26–34% savings in energy use, whereas the internal blinds resulted in 18–22% savings. Using operative temperature instead of air temperature as a room control parameter increased the energy used by the AHU for air-cooling and by CC. In total, energy use increased by 2%.




3.3.2. Delivered Energy


Results of energy consumption analyses, shown in Figure 13, indicate that radiant cooling systems are an efficient solution for Dubai’s climate. The use of CC resulted in substantial energy savings. For the largest heat gains considered here, the CCMV systems required 30% less delivered energy than the VAV system. Replacing the mixing ventilation with PV increased savings to 34% at CCPV26-3K compared to VAV. Increasing the room temperature to 28 °C resulted in an additional 5% savings with CCPV28-3K and 4% with CCPV28-6K.



The use of solar shading devices corresponded to the largest savings with the VAV system—which was the most energy-consuming system—and the performance improved by 29% with external blinds and 19% with internal blinds. With the CC, energy consumption was 18–20% lower with external blinds, and 13–14% less when compared to cases with no shading devices. The delivered energy was the lowest for all cases using the CCPV system and external shading (savings compared to VAV of 26% at CCPV26-3K, 31% at CCPV28-3K and 29% at CCPV28-6K).




3.3.3. Thermal Environment Quality in Room


Results of simulations show that the conditions corresponding to the thermal environment category I were most often provided in the zone at 26 °C with the VAV system (Figure 14). Category II requirements were exceeded by the VAV system without shading (2% of the occupied time) and by CCPV26-3K (from 5 to 17% depending on the heat load). For 46 h, the CCPV26-3K could not meet the zone’s cooling needs (38 h with the control regarding operative temperature). This, in turn, resulted in a large overshoot above the 26 °C setpoint—the maximum air temperature was 28.6 °C and operative temperature 29.2 °C. At CCPV28-3K, the cooling requirements were not met for 26 h (with the control according to operative temperature for 19 h), which led to 2.2 K overshoot above the setpoint.



In all cases with the CCPV system, the temperature of the personalized air supplied at the workstation met the criteria for the category I nearly the entire time (99–100%).



The use of solar shading resulted in lower room air and operative temperatures for each system considered here. In addition, the use of operative temperature as a control parameter decreased both the air and operative temperature up to 0.3 K. The thermal environmental quality in the room improved as a result of these control strategies.



For nearly entire time, the relative humidity met the criteria for category II for the VAV and CCMV systems (Figure 15). With the CCPV, the maximum room relative humidity increased to 83.7%. The high values occurred most often for CCPV26-3K (14% of the occupied time with the relative humidity above 70%). For CCPV28-6K, the relative humidity did not exceed 73% and met the category II requirements 86% of the time.



The solar control strategy and the room temperature control using air/operative temperature had a negligible impact. The differences in the classification were within ±1% of the occupied time.






4. Discussion


In both hot climates, the systems we propose that combine chilled ceiling with personalized ventilation were found to be the most energy-efficient systems among HVAC solutions considered. In such climates, the energy consumption is due to cooling the supply air in the AHU. Using the chilled ceiling substantially decreased the energy use for air-cooling in the AHU, and, ultimately, reduced the total energy delivered to the building. Compared to VAV, the CCMV system required 18–26% less energy in Singapore and 18–30% less in Dubai. Replacing mixing ventilation with PV netted additional savings of 4–7%. These energy savings were the result of the control strategy—PV operated with airflow rates dependent on the occupancy, and increasing the supply air temperature setpoint. Warmer supply air led to greater demand for cooling by the CC, however, the energy savings for air-cooling in the AHU was larger than this increase.



The CCPV system provides different thermal conditions at the workstation compared to other regions in the occupied zone due to PV, which was shown in [1]. We used the supply air temperature from PV to evaluate the thermal environment quality at workstations for the CCPV system in energy simulations. In all cases, the thermal environment provided by PV at the workstation was in a higher category than in the remaining room space. Thus, the use of the localized convective cooling from PV directly at workstations is an efficient, energy-saving strategy that holds the elevated temperature in the room without negatively impacting the occupants. Increasing the setpoint from 26 °C at CCPV26-3K to 28 °C at CCPV28-3K decreased the delivered energy by 8% in Singapore and by 7% in Dubai.



The energy savings in both locations depended on the heat loads in the zone, which were influenced by the solar gains. The largest savings were 39–40% compared to VAV, and occurred when no solar shading devices were used with the CCPV28-3K. These results are consistent with the findings reported in previous studies which have also shown that of the energy savings of CC increase as the heat gains increase [12]. For all system configurations considered here, the CCPV28-3K consumed the least energy.



Simulation results showed that replacing mixing ventilation with PV strongly affected the room’s relative humidity in Singapore and Dubai. The maximum relative humidity with CCPV reached 84% and exceeded 70% for most of the occupied time in Singapore. High room temperature and humidity adversely affects occupants’ comfort, health, performance, and PAQ. However, all studies on PV, including previous sections of this project [1,7], showed that PV significantly improves occupants’ thermal comfort at the workstation. Moreover, previous studies on PV revealed that it significantly improves occupants’ wellbeing [6,7]. At the temperature of 28 °C and RH of 70%, the SBS symptoms intensity, performance, and PAQ were comparable to results obtained at 23 °C and 40% RH without PV. Based on these results, we conclude that an increase in relative humidity is not an issue regarding the occupants, especially in Dubai where high RH values occurred less often than in Singapore. The RH in Singapore exceeded 70% for more than 80% of the occupied time at CCPV26-3K, and 70% of the time at CCPV28-3K. If the humidity is held at these relatively high values for long periods of time, unwanted side effects like to microbial growth and degradation of the building construction can occur. Present studies do not include the dehumidification of supplied air; nonetheless, the CCPV28-6K protocol showed that centering the control strategy on the temperature of personalized air supply substantially decreased the room’s relative humidity. Changing the allowable maximum temperature difference between room and supply air from 3 K to 6 K resulted in 1350 less occupied hours (50% of the occupied time in the year) with RH above 70%. This improvement was achieved using only 5% more energy than CCPV28-3K, but the energy savings compared to the VAV system were still substantial (33–37% in energy demand, 31–40% in energy needs). Similar savings were reported by Skwarczyński [10], who studied the influence of the PV combined with mixing ventilation with and without dehumidification on energy consumption in Singapore. Energy consumption reduced as much as 38% when dehumidification was integrated with PV and mixing ventilation compared to mixing ventilation alone. It is the only energy simulation study on PV where the influence of the dehumidification process on energy use was included. Further studies on the CCPV system should include control of the room humidity in the climates via dehumidification in the AHU or by room portable dehumidifiers.



The CCPV system appears to be a very promising energy-saving solution for hot climates. However, further analyses in a hot and humid climate that include a dehumidification are needed. Previous studies [9,10] on energy consumption of PV combined with mixing ventilation in Singapore showed that the supply air temperature does not change the energy consumption. In present studies of PV combined with radiant cooling, changing the supply temperature control strategy from CCPV28-3K to CCPV28-6K increased energy consumption up to 7% and 3%, respectively. Moreover, the control strategy affected the room’s relative humidity, as the PV was the only ventilation system in the room. Decreasing the supply air temperature increased the energy needed for air-cooling, but it could be a sufficient strategy to reduce the room’s relative humidity. Moreover, lower supply air temperature would drop the secondary heating coil’s energy use during the dehumidification process when needed. Decreasing the supply air temperature would also be positive from the perspective of the life cycle assessment of the CC [20].



In the temperate climate of Katowice, the VAV system outperformed the CCPV system. When there was no solar shading, the most energy-efficient system was VAV, as cold outdoor air had a free-cooling effect. The performance of VAV and CCMV were nearly equivalent with external blinds, which reduced the zone cooling needs by almost 100%. Based on the investment costs and these results, the VAV system is preferable. For the CCPV system, the personalized air temperature control required supply air heating for most of the year, even with the recuperator. It generated additional energy needs compared to VAV and CCMV systems. These results are consistent with previous findings on PV systems operating in cold climates [11]. However, we observed the energy savings were possible with CCPV when combined with solar shading. The energy usage was 7% lower at a room temperature of 26 °C and 14% lower at 28 °C when compared to similar VAV cases. In both instances with CCPV at 28 °C, the zone cooling was substantially reduced when external blinds were used. Comparing CCPV28-3K and CCPV28-6K, it can be noted that changing the supply temperature control influences the energy needs for zone cooling. Lower supply temperatures at CCPV28-6K resulted in lower heating needs in the AHU and decreased the CC needs to 3.5 kWh/year. Such a low value indicates further PV analyses without conjunction with a separate cooling system in the temperate and cold climate. Schiavon and Melikov [11] suggest that the best control strategy for personalized air in a cold climate is to keep it constant at 20 °C. Implementing this control strategy in current studies would further decrease the zone cooling needs. Still, the combination of PV with a zone heating system may be necessary.



For the temperate climate, the energy consumption at VAV and CCPV28-6K was similar when external blinds were used. Yet the use of PV would give occupants the individual control over the thermal conditions at their workstations and improve their comfort, PAQ, and bring health benefits compared to VAV [35,36]. As previous research showed, differences in preferable sensation could be up to 1.4 points on the 7-point sensation scale [37,38]. Moreover, the PV system’s response time to achieve optimum room environment with varying occupant activity level (e.g., moving apart and coming back to the workstation) is much faster than total volume systems [7]. On the other hand, PV combined with a CC would increase the initial investment costs. It has been shown that the use of external blinds substantially decreases the zone cooling needs. When the proper solar control strategy is used, personalized ventilation could be proposed as a single ventilation and cooling system in the zone.



The operative temperature is recommended by standards [3,4] as a parameter to control the designed room temperature. However, in this study the air temperature was selected as a setpoint parameter for simplification in comparing analyzed systems (VAV systems was controlled according to air temperature) and due to difficulties in describing local conditions at workstations with PV. Results showed that when the operative temperature was used as a control parameter, the thermal environment quality improved. However, it slightly increased the energy use for zone cooling and, in a case of the supply air temperature control based on room temperature, for air-cooling in the AHU. The total delivered energy increased by 1–3% in all three climates when the room control was regarding the operative temperature.




5. Conclusions


The CCPV system is a promising solution for hot climates and substantially decreased the energy consumption compared to the VAV system and was also superior to the CCMV system. Increasing the maximum allowed room temperature further improved the energy efficiency of this strategy. In the temperate climate, the VAV system was preferable as it benefits from outdoor air free-cooling and has lower initial costs. The similar energy performance for the CCPV system was achieved at elevated room temperature of 28 °C when solar shading devices were used. It has been shown that in all three climates, the proper control of the supply temperature of personalized air is relevant. The CCPV system influences energy needs and consumption and affects the room’s relative humidity in the hot climate. In the temperate climate, however, only an impact on energy use was observed. The most efficient control strategy of the CCPV system was to increase the room temperature and keep the maximum permissible supply temperature difference of 6 K (CCPV28-6K), i.e., in the range of 20–22 °C. It allowed for lower energy consumption than with VAV and CCMV, and improved the relative humidity in the room located in the hot climate. In the temperate climate, it allowed for lower energy consumption compared to other control strategies. In addition to substantial energy savings, it improved the room’s relative humidity without extra dehumidification in a hot climate.
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Nomenclature








	Abbreviations
	



	AHU
	air handling unit



	CC
	chilled ceiling



	CAV
	constant air volume



	CTRL
	control macro for cooling water temperature of CC



	HVAC
	heating, ventilation and air-conditioning



	MV
	mixing ventilation



	OT
	room temperature control based on operative temperature



	PAQ
	perceived air quality



	PV
	personalized ventilation



	SBS
	sick building syndrome



	VAV
	variable air volume



	Symbols
	



	A
	surface area, m2



	d
	thickness of wall layer, m



	g
	solar heat gain coefficient (SHGC)



	q
	flow rate, L/s



	RH
	relative humidity, %



	T
	light transmittance



	Tv
	visible light transmittance (VLT)



	ta
	air temperature, °C



	to
	operative temperature, °C



	tw
	cooling water temperature, °C



	U
	heat transfer coefficient, W/(m2∙K)



	λ
	thermal conductivity, W/(m∙K)



	Subscripts
	



	B
	pollution source from the building



	P
	pollution source from people
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Figure 1. Occupancy profile. 
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Figure 2. Supply air setpoint control during the working day. 
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Figure 3. Schematic model of the personalized ventilation air-handling unit. 
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Figure 4. Energy use for Katowice. 
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Figure 5. Delivered energy for Katowice. 
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Figure 6. Quality of room thermal indoor environment in % of the occupied time in four categories in Katowice based on air temperature (room—mean zone air temperature, WS—supply air temperature of personalized air). 
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Figure 7. Relative Humidity in % of the Occupied Time in Katowice 
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Figure 8. Energy use for Singapore. 
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Figure 9. Delivered energy for Singapore. 
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Figure 10. Quality of thermal indoor environment in % of the occupied time in four categories in Singapore based on air temperature (room—mean zone air temperature, WS—supply air temperature of personalized air). 
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Figure 11. Relative humidity in % of the occupied time in Singapore. 
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Figure 12. Energy use for Dubai. 
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Figure 13. Delivered energy for Dubai. 






Figure 13. Delivered energy for Dubai.



[image: Energies 14 01133 g013]







[image: Energies 14 01133 g014 550] 





Figure 14. Quality of thermal indoor environment in % of the occupied time in four categories in Dubai based on air temperature (room—mean zone air temperature, WS—supply air temperature of personalized air). 
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Figure 15. Relative humidity in % of the occupied time in Dubai. 
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Table 1. Characteristic of building envelope construction.
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	Building Envelope
	Area (m2)
	U (W/(m2∙K))
	U∙A (W/K)
	% of Total





	Wall:

gypsum d = 0.026 m; λ = 0.220 W/(m∙K)

concrete d = 0.150 m; λ = 1.700 W/(m∙K)

light insulation d = 0.180 m; λ = 0.036 W/(m∙K)

concrete d = 0.080 m; λ = 1.700 W/(m∙K)

gypsum d = 0.026 m; λ = 0.220 W/(m∙K)
	5.82
	0.18
	1.05
	11.36



	Windows:

glazing: Pilkington Insulight 6-15Ar-S(3)4 (2-glass) with outer glass Optifloat Clear, cavity width 15 mm argon, inner glass Pilkington Optitherm S3. g = 0.59, T = 0.52, Tv = 0.79, U = 1.1 W/(m2∙K)

frame: U = 2.0 W/(m2∙K)
	6.36
	1.19
	7.57
	81.85



	Thermal bridges
	
	
	0.63
	6.79



	Total
	12.18
	0.76
	9.25
	100.00
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Table 2. Details on the simulation cases (MV—mixing ventilation, PV—personalized ventilation, CC—chilled ceiling, CAV—constant air volume, VAV—variable air volume, Ctrl—cases using supervisory control macro, OT—cases using operative temperature as room temperature control).
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Case

	
Room Temperature

	
Ventilation System

	
Room Cooling Units

	
Window Shading Blinds




	
Setpoints

	
Control Sensor

	
Type

	
Supply Airflows

	
Type

	
Supervisory Control






	
VAV

	
Min.: 20 °C

Max.:

26 °C

	
ta

	
VAV MV

const. 16°C

	
Minimum: qB = 12 L/s or qB + 2∙qP = 26 L/s (during occupancy)

Maximum: depending on the cooling demand

	
-

	
-

	
None




	
VAV (ext blind)

	
External horizontal




	
VAV (int blind)

	
Internal vertical




	
CCMV

	
Min.: 20 °C

Max.:

26 °C

	
ta

	
CAV MV

const. 16 °C

	
Constant: qB = 12 L/s

At occupied hours:

qB + 2∙qP = 26 L/s

	
CC 1700 W

	
None

	
None




	
CCMV Ctrl

	
ta

	
Dew-point

	
None




	
CCMV Ctrl OT

	
to

	
Dew-point

	
None




	
CCMV Ctrl (ext blind)

	
ta

	
Dew-point

	
External horizontal




	
CCMV Ctrl (int blind)

	
ta

	
Dew-point

	
Internal vertical




	
CCPV26-3K

	
Min.: 20 °C

Max.:

26 °C

	
ta

	
PV

Δt = 3 K

	
Constant: qB = 12 L/s

Additional due to occupancy:

qP = 7 L/s per person when present

	
CC 1700 W

	
None

	
None




	
CCPV26-3K Ctrl

	
ta

	
Dew-point

	
None




	
CCPV26-3K Ctrl OT

	
to

	
Dew-point

	
None




	
CCPV26-3K Ctrl (ext blind)

	
ta

	
Dew-point

	
External horizontal




	
CCPV26-3K Ctrl (int blind)

	
ta

	
Dew-point

	
Internal vertical




	
CCPV28-3K

	
Min.: 20 °C

Max.:

28 °C

	
ta

	
PV

Δt = 3 K

	
Constant: qB = 12 L/s

Additional due to occupancy:

qP = 7 L/s per person when present

	
CC

1700 W

	
None

	
None




	
CCPV28-3K Ctrl

	
ta

	
Dew-point

	
None




	
CCPV28-3K Ctrl OT

	
to

	
Dew-point

	
None




	
CCPV28-3K Ctrl (ext blind)

	
ta

	
Dew-point

	
External horizontal




	
CCPV28-3K Ctrl (int blind)

	
ta

	
Dew-point

	
Internal vertical




	
CCPV28-6K

	
Min.: 20 °C

Max.:

28 °C

	
ta

	
PV

Δt = 6 K

	
Constant: qB = 12 L/s

Additional due to occupancy:

qP = 7 L/s per person when present

	
CC 1700 W

	
None

	
None




	
CCPV28-6K Ctrl

	
ta

	
Dew-point

	
None




	
CCPV28-6K Ctrl OT

	
to

	
Dew-point

	
None




	
CCPV28-6K Ctrl

(ext blind)

	
ta

	
Dew-point

	
External horizontal




	
CCPV28-6K Ctrl

(int blind)

	
ta

	
Dew-point

	
Internal vertical
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