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Abstract 12 

 13 

One of the major challenges in modern buildings is to guarantee healthy indoor air quality and 14 

excellent thermal comfort in an energy efficient manner. In this study, the performance of a micro-15 

environment system combined radiant panel and convective flow was designed and compared to an 16 

all-air diffuse ceiling ventilation (DCV) system. In the analyzed micro-environment system of 17 

personalized ventilation and radiant panel (PVRP), two local personal air terminal devices supplied 18 

clean air directly to occupants. The radiant panels were used to satisfy the required cooling load. The 19 

results show that the air change efficiency with the PVRP was over 60% which was better than the 20 

fully mixing flow (50%). The mean age of air of personalized airflow system was smaller at the 21 

micro-environment near the workstation than the DCV despite the airflow rate was much lower. 22 

Furthermore, the air temperature near the workstation can be maintained at designed value with the 23 

PVRP and the draught rate can be kept at acceptable level. Furthermore, the vertical temperature 24 

difference did not cause thermal discomfort with the PVRP system near the workstation. 25 

Keywords: Personalized ventilation, Micro-environment system, Radiant panel cooling, Diffuse 26 

ceiling all-air system, Thermal comfort, Ventilation efficiency 27 

 28 

1. Introduction 29 

 30 
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In modern cities and urban societies, the office workers spend majority of their time inside a 1 

building. People look forward to work at a satisfactory indoor climate which could provide 2 

superior thermal comfort and indoor air quality [1,2]. Acceptable and comfortable indoor 3 

environment within air-conditioned and ventilated indoor spaces, especially office rooms, will 4 

lead to an increase in workers’ concentration and productivity. As a result, there are demands to 5 

design novel systems to create higher indoor climate and less energy consumption at the same 6 

time [3,4].  7 

There are already some guidelines [5–7] to regulate the ventilation rate (4-10 l/s/person of fresh 8 

air) into office rooms. However, actual volume of inhaled air is only 0.1 l/s/person [8]. Hence, the 9 

air really inhaled by occupants just accounts minor part of the supplied volume.  10 

 11 

It has been proved that the diffuse ceiling ventilation (DCV) system can provide a better indoor 12 

environment because of low-impulse supply from the large ceiling area [9,10]. However, with the 13 

DCV, thermal plumes dominate the air distribution in the room space and supply air from the 14 

perforated ceiling is the minor factor in mixing [11].  15 

 16 

In normal enclosures, occupied zone required control of indoor climate conditions make up just a 17 

small volume of the whole space [12]. Therefore, a uniform indoor environment needs to be 18 

converted to a non-uniform one accommodated by personal preferences [13]. Also, the target area 19 

should be controlled only during occupants’ presence. The occupancy-based system can promote 20 

thermal comfort in warm environments [14,15]. By this way, energy is used only where it is really 21 

required to meet the individual indoor air perception and thermal comfort [16,17]. The previous 22 

study showed the considerable energy saving (up to 75%)can be achieved by adapted individually 23 

controlled indoor environmental devices [18].  24 

 25 

There are some designs for individually controlled micro-environment in the office [19,20] e.g. a 26 

heating chair and a desk-mounted air terminal device of personalized ventilation [21]. Shao et al. 27 

[22] developed the multi-mode ventilation strategy with several single airflow patterns by 28 

utilizing the individual merits of single airflow pattern. The ventilation strategy met variable 29 

demand scenarios according to variations of distribution of occupants and heat load. Similarly, the 30 

non-uniformity of air distribution was used to control thermal conditions of the subzones to 31 

maximally satisfy the thermal preference [23].  Personal comfort systems (PCS) included a heated 32 

shoe insole, heated/cooled wristpad, small deskfan, and heated/cooled chair to provide high 33 

heating and cooling coecient and high whole-body thermal acceptance and thermal comfort 34 

perception [24]. 35 
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Personalized ventilation (PV) has potential to improve the perceived air quality by supplying 1 

clean and cold air directly to occupants, i.e. where and when it is required [25]. The personalized 2 

airflow increases the personal thermal comfort because of the convective cooling effect [26]. The 3 

users can control the direction, airflow rate and temperature of personalized supply air to 4 

accommodate the individual preferences. Several researches have shown that PV combined with 5 

traditional mechanical ventilation systems increase perceived air quality [27,28] and personal 6 

thermal comfort [29,30]. 7 

 8 

Supplying cooling load only by convective effect of high airflow rate might cause thermal 9 

discomfort [31,32]. In order to minimize the draught rate in the occupied zone, an air-water 10 

system can be induced. For example, radiant cooling panels can be used to supply cooling load by 11 

water. By using radiant cooling systems and less airflow rate, air movement at the occupied zone 12 

could be reduced [33,34].   13 

 14 

In the earlier study, the low velocity unit combined with the radiant panel (LVRP) was introduced 15 

[35]. In that concept, the air was supplied downward over the head from 2.1 m level. Presently, 16 

there are no studies of a system where the micro-environment around the workstation is cooled 17 

with the personalized ventilation and radiant cooling panels (PVRP) supported with the diffuse 18 

ceiling all-air system for background ventilation. In the present concept (PVRP), the local airflow 19 

is distributed to dummy horizontally. The main goal of this paper is to design and analyze the 20 

performance of a personal air terminal unit combined with the radiant panel (PVRP) system over 21 

the occupant in the office. The distribution of room air temperature and velocity in the micro-22 

environment close to the workstation, as well as their effect on the ventilation efficiency and local 23 

thermal comfort, were analyzed. The different parameters of indoor environment were compared 24 

between the PVRP system and the reference system - diffuse ceiling ventilation (DCV) [36] under 25 

the same conditions. 26 

 27 

Section 2 introduces the test chamber and experimental methods to analyze the PVRP system. 28 

Section 3 compares the performance of the PVRP and DCV systems regarding the airflow pattern, 29 

ventilation effectiveness and thermal comfort. Section 4 discusses the merits of the PVRP system 30 

and raises the further studies. Section 5 concludes the performance of the PVRP system based on 31 

the results. 32 

 33 

Nomenclature 

(..) 
mean air temperature from the height of 
0.1 m to 1.1 m [°C] PVRP 

personalized ventilation and radiant 
panel system 

 mean exhaust air temperature [°C] DCV diffuse ceiling ventilation 
 ,  local air temperature [°C] HRE heat removal efficiency  
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 T mean supply air temperature [°C] WS workstation 
SD standard deviation of the velocity [m/s] ATD air terminal device  
  mean air speed [m/s] MAA mean age of air [minute] 

SD 
standard deviation of fluctuating 
velocity (m/s)  τ nominal age of air [minute] 

DR draught risk [%] LAC local air change index [%] 
Tu local turbulence intensity [%]  local mean age of air [minute] 
 , local mean air speed [m/s] ACE air change efficiency [%] 
  actual air change time [minute]  〈τ〉  mean age of air [minute] 

 1 

 2 

2. Methods 3 

 4 

The test chamber layout is introduced firstly with designed heat gains. Then the analyzed personalized 5 

ventilation combined with the radiant panel (PVRP) system and the reference system of all-air diffuse 6 

ceiling ventilation (DCV) are presented. The designed parameters of the analyzed systems are 7 

introduced. After that, we show how the physical measurements are conducted. Finally, experimental 8 

errors and uncertainty are analyzed in this section. 9 

2.1. Set-up of test chamber and analyzed systems 10 

 11 

A mock-up of a prototypical office with two identical workstations (WS) (Fig. 1) was located in a test 12 

chamber with dimension of 5.5 (length) × 3.8 (width) × 3.2 (height) m and the floor area was 20.9 m2. 13 

There was a desk with an air terminal device (ATD) for personalized ventilation (PV) at each 14 

workstation. The test chamber was located inside a laboratory hall, ensuring a stable environment 15 

outside the chamber. In Nordic conditions, new office buildings are designed to be very airtight. Thus, 16 

infiltration was not considered in this study. The pressure difference over the envelope in the test 17 

room was monitored and adjusted to be slightly over pressure (1 Pa).  18 

 19 

To evaluate the property of the PVRP, it was compared with the all-air system- diffuse ceiling 20 

ventilation (DCV) studied earlier in the same set-up condition. The designed heat gains include 21 

60 W/floor-m2 (usual heat gain level) and 80 W/floor-m2 (peak heat gain level) in the chamber. Peak 22 

heat load was formed by introducing a higher surface temperature of the window panel and computer 23 

central unit in addition to the other heat gains i.e. occupants, heated foil on floor, laptop, monitor and 24 

lighting.  Fig. 1 a) shows the set-up of the test chamber with the PV terminal device and radiant panels 25 

system (PVRP). Fig. 1 b) presents the set-up of the reference all-air diffuse ceiling (DCV) system [36], 26 

which is a dedicated outdoor air system.  27 

 28 

 29 
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 1 

Fig. 1. Test chamber set-up of a) the local personal air terminal devices with the radiant panel system 2 

(PVRP) and DCV as background ventilation at corridor side and b) the diffuse ceiling all-air 3 

ventilation system (DCV) alone. M1-M18 describes the measured locations by hot-sphere 4 

anemometer with the PVRP system; L1-L15 describes the measured locations by hot-sphere 5 

anemometer with the DCV system, respectively. 6 

Fig. 2 shows the layout of two systems (PVRP and DCV) included in both workstations (WS). There 7 

were a dummy [37]  and laptop at each WS. In this physical measurement, the dummies were used as 8 

the heat gain of the occupants in the office. In this study, the heat gain was selected to correspond to 9 

an activity level of 1.6 met (light activity). This value describes activity level in real office work 10 

according the findings of Mishra [38] and Zhai et al.  [39]. That value is higher than normally used 11 

1.0-1.2 met activity level of sedentary work. Lights were installed over the workstations. The specific 12 

heat gain of light was 5.8 W/m2, which is typical value for the modern office. The simulated warm 13 

window surface was mimicked by with the heated panels where heated water circulates. The surface 14 

temperature of the panels was varied between 31-36oC in the 60 W/m2 case to simulate a sunny day 15 

and 33-40oC in the 80 W/m2 case to simulate the peak solar heat gain [40,41]. The floor was covered 16 

by an electric heating foil (5.0 m×1.0 m) to represent direct solar radiation on the perimeter zone (see 17 

Fig. 1). The floor surface temperature on the heating foil perimeter area was 33.6oC. In the tests, the 18 

heating power of the foil was constant. The surface temperature of unheated floor and walls was 21.7-19 

22.0oC. 20 

 21 

There were two computers at each workstation, one laptop and one computer with central unit under 22 

the desk and a separate monitor. The central unit was simulated with an additional heat source of 0.4 23 

× 0.4 × 0.4 m3 locating on the floor below the desk. 24 

 25 
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 1 

Fig. 2.  a) The set-up of WS with the seated dummy and PV ATD and b) a draft of PVRP system and 2 

perimeter exhaust. 3 

 4 

Table 1 5 

All the heat gains used in the measurements. 6 

Heat flux   
Dummies 

(2 pc.) 

Laptops  

(2 pc.) 

Monitors  

(2 pc.) 

Window panels  

(7 pc.) 
Light   

Computer 

model at 

floor  

Solar 

heat 

gain at 

floor  

Total 

heat 

gain     

(W/floor-

m²) 
(W) (W) (W) (W) (W) (W) (W) (W) 

80 188 75 78 693 116 103 420 1676 

60 188 75 78 381 116 0 420 1258 

 7 

Two PV ATDs were installed on the desk at 40 cm distance from the dummy to supply fresh and cold 8 

air directly to the breathing zone. The designed supply airflow rates were 7 l/s, 10 l/s or 15 l/s from 9 

each PV ATD. The airflow rates 10 l/s and 7 l/s given per person were according to Standard 10 

EN15251 [5] Category A and B for a non-residential building. The airflow rate 15 l/s given per person 11 

was according to EN13779 [42] Category IDA 1 where the occupants are only sources of pollution. 12 

 13 

Above the two workstations, three perforated radiant cooling panels (2400 mm x 1200 mm) were 14 

installed to provide local cooling load (Fig.3). The radiant panels were installed at 2.1 m height so that 15 

even a tall person could easily walk under the panel. The connection of water pipes ∅  12 mm is 16 

presented in Fig. 3a). The radiant panels were uninsulated, leaving the panel area open for free 17 

convection through the panels. The average surface temperature of the radiant panels was 20oC. 18 
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 1 

 2 

Figure 3. a) The connection of water pipes with three radiant cooling panels and b) installation of 3 

radiant cooling panels above two workstations.  4 

 5 

At the corridor side, the DCV was used as background ventilation to supply some airflow with the 6 

PVRP system. The measurement location M3 was selected as a reference temperature location at the 7 

height of 1.1 m. The selected location (M3) close to the workstation can represent temperature at the 8 

occupied zone. The height of 1.1 m represents thermal comfort of a sitting person. At the simulated 9 

window side, there was an exhaust grille to directly capture a major part of the convective flow from 10 

the heated window (see Fig. 2b).  11 

  12 

Contrary to the PVRP where only a part of the DCV panels were used, the outdoor air was supplied 13 

from the whole ceiling area with the DCV concept alone. The exhaust temperature was used as a 14 

reference temperature with the DCV (Fig. 1b). The reference temperature was maintained at 26.0oC 15 

with the PVRP and DCV systems. 16 

 17 

2.2. Experimental facilities and instruments 18 

 19 

There were total 18 measured points (M1-M18) with the PVRP and 15 measured points (L1-L15) 20 

with the DCV systems in the chamber (Fig. 1) to evaluate the thermal environment. In this study, 21 

three measurement points (M1-M3) located at the both sides of the dummy and behind the dummy 22 

were used to evaluate average thermal conditions close to the workstation with the PVRP. The 23 

location in front of the dummy was not used because that location may have influence on the direct 24 

airflow from the PV unit. Thus, it describes the effect of air throwing properties of the PV. The 25 

parameters including air temperature, air velocity, turbulence intensity and draught risk were 26 
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measured with hot-sphere anemometers (with accuracy of ±0.02 m/s ± 2% reference velocity and ± 1 

0.2°C on reference temperature, 2Hz) at the height of 0.1 m, 0.6 m, 1.1 m and 1.7 m at each measured 2 

point. The operative temperature (with accuracy of ± 0.3°C) was measured at 1.1 m height [43] at M3 3 

(reference location) with the PVRP by Dantec (see Fig. 1a). The mean radiant temperature was 4 

calculated by the same device. 5 

 6 

All the measurement equipment was calibrated before the measurements were conducted. Before the 7 

measurements, the marker smoke was released from the air inlet duct to visualize the indoor airflow 8 

pattern. High intensity lights and a video camera were used to record the airflow patterns. Each test 9 

was conducted under stable conditions and each location was measured 10 minutes [44].  10 

 11 

In this study, ventilation efficiency was evaluated by measuring concentration of tracer gas CO2 and 12 

analyzed by the tracer-down method [45]. The reason was that the size of CO2 molecules is similar to 13 

the other molecules in the air. CO2 concentration was measured with the PVRP at two points at the 14 

height of 1.1 m (one located near the dummy and another at an unoccupied zone– M6) and one 15 

location at the exhaust (EX) to evaluate the air change efficiency (ACE) in the whole space. With the 16 

DCV, CO2 concentration was measured at three points (red point in Figure 1 b): one at the dummy, 17 

one at the exhaust and one at the unoccupied zone. 18 

Due to the heating and cooling load balance, the total airflow rates used with the two heat gains were 19 

different with the DCV system alone, as shown in Table 2. With the PVRP system, the supplied total 20 

airflow rate (from the PV and DCV) was kept the same (42 l/s) with 60 W/floor-m² and 80 W/floor-21 

m² (Table 3). Thus, the airflow rate with the air-water system (PVRP) was much lower than with the 22 

all-air system (DCV). The temperature of air supplied from the PV ATD device was maintained at 23 

20°C. Supply air temperature from the DCV was 15°C. Table 4 shows the water flow rate circulated 24 

in the radiant panel pipes based on the cooling load required in the chamber. 25 

 26 

Table 2 27 

The airflow parameters at the two heat gain levels with the DCV system.  28 

Heat flux (W/floor-

m²) 

Room air temperature 

(°C) 

Required airflow rate 

(l/s) 

Supply air temperature 

(°C) 

80 26 153 17 

60 26 118 17 

 29 

Table 3 30 
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The airflow rates and parameters of the PV ATD and background ventilation with the PVRP system. 1 

Airflow rate 

of each PV 

terminal 

Airflow rate at 

unoccupied zone 

(DCV) 

Total airflow 

rate  

Supply air 

temperature of PV 

Supply air 

temperature of DCV 

(background) 

(l/s) (l/s) (l/s) (°C) (°C) 

7 28 42 20.0 15.0 

10 22 42 20.0 15.0 

15 12 42 20.0 15.0 

 2 

Table 4 3 

Cooling load balance between the supplied air and cooling water with the PVRP under different 4 

designed heat gains. 5 

Total heat 

flux 

Total heat 

gain 

Supply air 

cooling 

capacity 

Inlet water 

temperature 

Outlet 

water 

temperature 

Water flow 

rate 

Radiant panel 

cooling 

capacity 

(W/floor-m²) (W) (W) (°C) (°C) (kg/s) (W) 

80 1680 600 15 16.9 0.10 1080 

60 1260 590 15 16.5 0.09 670 

 6 

2.3 Experimental errors and uncertainty 7 

 8 

Experimental error is the difference between the measured value and the true value or between two 9 

measured values.  Experimental error is evaluated by its accuracy and precision. Accuracy measures 10 

how close a measured value is to the true value or accepted value. Since a true or accepted value for a 11 

physical quantity may be unknown, it is sometimes not possible to determine the accuracy of a 12 

measurement. Precision measures how closely two or more measurements agree with other.  Melikov 13 

et al. [46] proposed that the minimum realistic absolute expanded uncertainty at the 95% confidence is 14 

dU  ±(0.025 +  0.025U) for the mean air velocity. This means that the typical mean air velocity 15 

levels are correspondingly e.g. 0.1 ± 0.028 m/s and ± 28% and 0.2 ± 0.03 m/s and ± 15%, 16 

respectively. Consequently, the relative uncertainty increases towards lower air velocity levels and 17 

dominates the uncertainty of functions on airflow characteristics. The uncertainty of hot-sphere 18 

anemometers is ±0.02 m/s ± 2% reference velocity, therefore, the typical mean air velocity levels are 19 

correspondingly e.g. 0.1 ± 0.022 m/s and ± 22% and 0.2 ± 0.024 m/s and ± 12%, which uncertainty is 20 

lower. 21 
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 1 

2.4 Evaluation indices 2 

 3 

Performance of the PVRP system regarding to thermal comfort and ventilation efficiency for the 4 

dierentiated zonal environment was analyzed.  5 

The distribution of air temperature and velocity were measured at heights of 0.1 m, 0.6 m, 1.1 m and 6 

1.7 m, which represent the ankle level, the waist level, the head level and the boundary of the 7 

occupied zone in the whole space, respectively.  8 

 9 

The local thermal discomfort was evaluated by the draught risk index. Draught represents the 10 

unwanted local cooling of a human body caused by air movements. The DR is as given by Eq. (1) 11 

  34 − ,, − 0.05.0.37 ∙ , ∙  + 3.14 (1) 

where , is the local mean air temperature,  , is the local mean air speed from 0.05 m/s to 0.5 m/s, 12 

and   is the local turbulence intensity in percent from 10% to 60% . If , <0.05, use ,=0.05; if 13 

DR> 100%, use DR=100%. According to ISO 7730 standard [47], DR<10% meets the Category A of 14 

thermal environment; DR<20% meets the Category B. Category A means the high level of 15 

expectation to indoor environment and is recommended for spaces occupied by very sensitive and 16 

fragile persons with special requirements while Category B means the normal level of expectation. 17 

 18 

Turbulence intensity () is defined by Eq. (2), as 19 

  SD

  × 100 (2) 

where SD means the standard deviation of fluctuating velocity and  means the mean air velocity. 20 

Heat removal efficiency (HRE) [48] is proposed to measure the effectiveness of heat removal from a 21 

space as Eq. (3) 22 

HRE   − T
(..) − T

 
(3) 

where (..) means the mean air temperature from the height of 0.1 m to 1.1 m,   means the 23 

temperature at exhaust terminal and T means the supply air temperature. 24 
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The heat removal efficiency is used to evaluate the capability of ventilation and cooling systems to 1 

create a local micro-environment close to the workstation. In practice, that means temperature 2 

difference between the occupied zone and exhaust.  3 

Ventilation efficiency of the PVRP and DCV system was analyzed by the concept of the air change 4 

efficiency (ACE), which is used to evaluate how fast the air can be replaced in a room compared to 5 

the theoretically fastest rate with the same ventilation airflow [45]. 6 

The actual air change time  can be derived from the room mean age of air (MAA) 〈τ〉 and it is 7 

defined as Eq. (4). 8 

  2〈τ〉  (4) 

 9 

Air change efficiency (ACE) can be explained as the ratio between the theoretically shortest possible 10 

air change time (nominal age of air) τ [49] to of the average time it takes to replace the air in the 11 

room  as Eq. (5) 12 

  


∙ 100%  (5) 

 13 

where ϵ is the air change efficiency (ACE), 〈τ〉 is the mean age of air (MAA)   is the actual air 14 

replacement time. 15 

Because ACE is also the ratio between τ and τ, the Eq. (5) can be shown as: 16 

  
2〈τ〉 ∙ 100% 

 

(6) 

 

 17 

The local air change index (LAC), ϵ
, specifies the ventilation efficiency of local condition, as the 18 

ratio between the nominal age of air () to the local mean age of air (), in Eq. (7) 19 

ϵ
  

 ∙ 100%  (7) 

 20 

The local air change index was calculated at the CO2 measurement points included near the dummy 21 

and M6 with the PVRP system. 22 

The mean age of the room air is calculated from the weighted area under the curve using Equation (8) 23 

[49] 24 
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〈τ〉 
∑  + 

2 ∙ ( + ) ∙  + 
2  + 

 ∙ 1
 + 



∑  + 
2 ∙ ( − ) + 





 (8) 

 1 

The nominal time constant is calculated by Equation (9):   2 

 3 

τ 
∑  + 

2 ∙ ( − ) + 






 

(9) 

where  is the concentration of CO2 at time  = ,   is the absolute value of the slope of the 4 

decay curve. 5 

 6 

3. Results 7 

 8 

Based on the experiments conducted in the test chamber, the airflow pattern of the PVRP was shown 9 

by using the smoke. The heat removal efficiency was compared between the perimeter exhaust and 10 

the standard exhaust valve. Then the indoor air quality regarding with age of air and air change 11 

efficiency was analyzed. At last, the thermal comfort including temperature profile, velocity profile 12 

and draught risk were shown.  13 

 14 

3.1.  Airflow visualization of smoke test 15 

 16 

The airflow structure of the PV around the workstation was visualized by the maker smoke to assess 17 

the airflow pattern of the PVRP system. When the personalized airflow rate was at the minimum 18 

setting (7 l/s), the air jet turned slightly upward because of the combined buoyancy flow of the 19 

computers and dummy (Fig. 4 a). However, the jet still reached the breathing zone. The momentum 20 

flux of the jet overcame the effect of the buoyancy effect, and the jet was able to approach the dummy 21 

when the personalized airflow rate was increased to 15 l/s.  The central axis of the jet was aligned 22 

with the level of the subject's chest and after the jet collided with the dummy, it turned both 23 

downwards and upwards along the body. Hence, the personalized airflow entrained the convective 24 

boundary layer existing the human body and cooled down the upper body. It should be noted that the 25 

smoke visualization presented the performance without breathing effect. In the case of a real person, 26 

especially when using low supply airflow rate, the effects of inhalation and exhalation can reduce the 27 

ventilation efficiency, which is not considered in this study.   28 
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 1 

Fig. 4. Smoke visualization of the personalized airflow pattern with a) 7 l/s and b) 15 l/s. The red 2 

arrows mean the main direction of the air jet. 3 

 4 

3.2. Heat removal efficiency 5 

 6 

Table 5 shows the heat removal efficiencies of the all-air DCV were 0.96 and 1.02 with the standard 7 

exhaust valve and the heat gains of 60 W/floor-m2 (118 l/s) and 80 W/floor-m2 (153 l/s), respectively. 8 

With the all-air system, a small temperature difference exits which also affects the HRE because of 9 

heat gain distribution and the number of airflow rates. With the perimeter exhaust and PVRP system, 10 

the HRE was increased from 1.03 to 1.07 when the personalized airflow rate was increased from 7 l/s 11 

to 15 l/s with 60 W/floor-m2. The corresponding values were 1.03 (7 l/s) and 1.11 (15 l/s) with 80 12 

W/floor-m2 (Table 5). It should be noted that the total supplied airflow rate was constant at 42 l/s for 13 

the both studied heat gain levels in the PVRP case. As a result, the HRE was improved with the 14 

increasing heat gain and personalized airflow rate, with the personalized airflow rate being stronger of 15 

the two. As shown in Table 5, the HRE was better with the PVRP already at 7 l/s than with the DCV 16 

system. One reason for this was that the perimeter exhaust could capture the majority of the 17 

convective thermal plume of the simulated window and radiation heat gain from the window entered 18 

mostly to the whole space. Another reason was that the personalized airflow solution can provide spot 19 

cooling at the workstation. Therefore, the air temperature in the micro-environment at the workstation 20 

was lower with the PVRP than with the fully mixed system (DCV). 21 

Table 5 22 

Heat removal efficiency of the PVRP and DCV systems. 23 

HRE 60 W/floor-m2 80 W/floor-m2 

DCV 0.96 1.02 

PVRP (7/28 l/s) a 1.03 1.03 
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PVRP (10/22 l/s) b 1.06 1.04 

PVRP (15/12 l/s) c 1.07 1.11 
a The airflow rate from each PV ATD was 7 l/s and the rest of airflow rate was 28 l/s from the DCV, 1 

the total airflow rate was 7*2+28=42 l/s 2 

b The airflow rate from each PV ATD was 10 l/s and the rest of airflow rate was 22 l/s from the DCV, 3 

the total airflow rate was 10*2+22=42 l/s 4 

c The airflow rate from each PV ATD was 15 l/s and the rest of airflow rate was 12 l/s from the DCV, 5 

the total airflow rate was 15*2+12=42 l/s 6 

 7 

3.3.  Ventilation efficiency 8 

 9 

3.3.1. Mean age of air 10 

 11 

Fig. 5 shows the distribution of the mean age of air (MAA) near the dummy and in the unoccupied 12 

zone with the PVRP and DCV systems. With the case of 60 W/floor-m2 and personalized airflow rate 13 

of 7 l/s, the MAA was 25.4 minutes near the dummy with the PVRP. It was nearly the same in the 14 

unoccupied zone at M6 (25.5 minutes). The reason was that less personalized airflow and more 15 

background airflow of DCV created a rather uniform environment in the whole space. If the 16 

personalized airflow rate was 15 l/s, MAA was 22.6 minutes near the dummy and 26.7 minutes in the 17 

unoccupied zone, respectively. This indicates that personalized ventilation had a noticeable effect on 18 

the MAA near the dummy at higher airflow rates. As the total flow rate (42 l/s) of the PVRP was kept 19 

the same all the time, MAA decreased near the dummy and increased in the unoccupied zone, 20 

respectively.  21 

With the PVRP, MAA near the dummy was smaller with heat gains of 80 W/floor-m2 than 60 22 

W/floor-m2 at different personalized airflow rates. With 80 W/floor-m2, the higher heat gain of the 23 

computer central unit, warmer window surface and higher radiant cooling of the panel accelerated the 24 

air replacement in the room compared with the case of 60 W/floor-m2. As a result, the higher heat 25 

gain level enhanced the performance of ventilation close to the workstation and contributed to the 26 

decline of the mean age of air. It should be noted that the interaction of several flows was rather 27 

complex when the thermal load is higher. 28 

 29 

With the DCV system, the average MAA was 25.2 minutes near the dummy and at a slightly higher 30 

level (26.4 minutes) in the unoccupied zone (L2) under 60 W/floor-m2. Therefore, MAA was smaller 31 

near the dummy and higher in the unoccupied zone (M6) with the PVRP compared to the DCV 32 
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system. Even though the total airflow rate of the DCV system was 2.8 times higher than with the 1 

PVRP, MAA was lower. The reason was that the supply air was quite evenly distributed to the whole 2 

space with the DCV while the PVRP supplied part of the air directly to the occupied zone. Thus, the 3 

ventilation efficiency was higher with the local supply arrangement.  4 

With the DCV, MAA was shorter with 80 W/floor-m2 (22.2 minutes) than with 60 W/floor-m2 (25.2 5 

minutes). This is because the supplied airflow rate of DCV was increased significantly by 30% from 6 

118 l/s to 153 l/s which accelerated the air replacement and then decreased the MAA with the 7 

increasing heat gain from 60 W/floor-m2 to 80 W/floor-m2 in the ventilated space.  8 

 9 

Fig. 5. The distribution of MAA air under the DCV and PVRP systems with a) 60 W/floor-m2 and b) 10 

80 W/floor-m2. 11 

 12 

3.3.2. Local air change index 13 

 14 

Fig. 6 shows that the distribution of local air change index (LAC) was inverse to the distribution of 15 

MAA. LAC of the PVRP system was around 130% near the dummy with all the three personalized 16 

airflow rates under 80 W/floor-m2. However, for the DCV the index was 101%, corresponding to 17 

fully mixed conditions. Therefore, the PVRP replaced air faster in the micro-environment close to the 18 

workstation compared to the DCV. In addition, LAC increased from 129% to 133% near the dummy 19 

and reduced in the unoccupied zone (M6) with the increasing personalized airflow rate from 7 l/s to 20 

15 l/s. Therefore, with increasing the personalized airflow rate from 7 l/s to 15 l/s with the PVRP 21 

system, local indoor air quality may slightly be enhanced in the micro-environment. 22 
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 1 

Fig. 6. The distribution of LAC indices with the DCV and PVRP systems under a) 60 W/floor-m2 and 2 

b) 80 W/floor-m2. 3 

 4 

3.3.3. Air change efficiency 5 

 6 

The air change efficiency (ACE) was between 60% and 70% with the PVRP depending on 7 

personalized airflow rate which was higher than with the DCV system (less than 50%). Therefore, the 8 

ventilation efficiency with the PVRP system was better than with the standard mixed ventilation 9 

(50%).  As a result, a higher ACE can be created with the PVRP system and supplying less outdoor 10 

air, whereas the ACE of the DCV system is lower with larger airflow rate (118 - 153 l/s). This is 11 

because the nominal age of air of the PVRP system was longer than that of the DCV. Therefore, ACE 12 

was higher with the PVRP system according to Eq. (6) while the MAA was similar with both setups. 13 

Because the heat gain was distributed asymmetrically, the airflow was not fully mixed in the whole 14 

space. That led to 50 % of ACE with the DCV. 15 

 16 

 17 

Fig. 7. ACE with the DCV and PVRP systems. 18 
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3.4. Thermal comfort 1 

 2 

3.4.1. Temperature profile 3 

 4 

The temperature at the reference location as well as the exhaust air temperature with the PVRP system 5 

were summarized in Table 6. Air temperature, operative temperature, mean radiant temperature and 6 

exhaust temperature all decreased with the increasing personalized airflow rate. With the PVRP 7 

system, increasing airflow rate from 7 l/s to 15 l/s decreased the temperature difference between the 8 

mean room air and operative temperature at 80 W/floor-m2. The PVRP system created a significant 9 

temperature difference (from 0.2°C to 0.7°C) between the exhaust air and room air at the reference 10 

point, particularly with the higher personalized airflow rate. The higher heat gain made this difference 11 

more obvious. Therefore, better thermal comfort can also be achieved in the micro-environment near 12 

the workstation at the higher heat gain level.  Average difference between the operative temperature 13 

and mean radiant temperature was rather small.  This indicates that the radiant asymmetry was not a 14 

problem. The surface temperature of the simulated window was 33oC and 39oC with 60 W/m² and 80 15 

W/m² and the wall surface temperature was 22oC. Therefore, the maximum radiant temperature 16 

asymmetry due to the warm wall was 4oC, which met Category A according to ISO 7730 standard 17 

[47]. This indicates the warm window did not cause thermal discomfort. The surface temperature of 18 

the heating foil and radiant panel were 34oC and 20oC, respectively. Therefore, the radiant 19 

temperature asymmetry due to the cool ceiling was 3.5oC, which fulfilled the Category A also. 20 

Fig. 8 shows the contribution of the convection flow to the mean temperature distribution at the 21 

horizontal level (1.1 m), from the corridor side and micro-environmen at the WS to the window side. 22 

Air temperature was increased gradually from the corridor to the window when the DCV system 23 

supplied the airflow evenly to the whole space. This was because the strenght of heat gain was 24 

decreased from the window to the corridor. The temperature of the DCV system were 0.8°C higher at 25 

the window side than the corridor side with 60 W/floor-m2.  26 

With the DCV as background ventilation (corridor side in Fig 1. a), the room air temperature of the 27 

PVRP was lowest close to the corridor side when the personalized flow rate was 7 l/s. The horizontal 28 

temperature differences of the PVRP system were between 0.4°C and 0.6°C. Thus, compared to the 29 

DCV, the horizontal temperature difference was smaller.  With the higher personalized flow rate or 30 

less heat gain, the PVRP system can maintain a desirable temperature (below 26°C) in the micro-31 

environment at WS.  32 

 Table 6 33 

The average thermal conditions with the PVRP in different test cases.                                                                                                                             34 
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Heat 
gain  

Air 
flow 
rate of 
each 
PV 
terminal 

Air 
temperature 

Operative 
temperature 

Mean 
radiant 
temperature 

Exhaust air 
temperature  

Average 
difference 
between 
operative 
and mean 
radiant 
temperature 

Average 
difference 
between 
exhaust- 
room air 
temperature 
at the 
reference 
point  

(W/m2) (l/s) (°C) (°C) (°C) (°C) (°C) (°C) 

60 
7 26.3 26.4 26.4 26.5 -0.04 0.18 

10 25.9 26.1 26.3 26.1 -0.17 0.24 
15 25.6 25.9 25.9 25.9 0.06 0.31 

80 
7 26.6 26.3 26.4 26.7 -0.11 0.18 

10 26.5 26.2 26.2 26.7 0.05 0.25 
15 25.9 25.9 26.0 26.5 -0.13 0.57 

 1 

 2 

Fig. 8. The mean air temperature at 1.1 m with the DCV and PVRP systems at a) 60 W/floor-m2 and b) 3 

80 W/floor-m2. 4 

The mean room air temperatures near the dummy at vertical level with the PVRP (M1 – M3 in Fig.1a) 5 

and DCV (L9 and L10 in Fig.1b) systems were shown in Fig. 9. As shown in Fig. 9 a), the air 6 

temperature at 1.1 m height was 0.1-0.8°C lower with the PVRP than with the DCV at 60 W/floor-m2. 7 

Only the highest personalized flow rate (15 l/s) was able to keep the air temperature near the dummy 8 

under 26°C at 80 W/floor-m2 (Fig. 9b). The reason was the increased heat flux of the simulated 9 

window. Therefore, the strength and distribution of the heat gain have a notable effect on the vertical 10 

temperature distribution, which further affect the airflow pattern in the rooms. 11 

The temperature distribution at the vertical level was quite different with the PVRP and DCV systems. 12 

However, in all the cases, the vertical differences were quite small. With the DCV, the room air 13 

temperature was highest near the dummy zone (more than 26°C) at 1.1 m height. Therefore, the all-air 14 

diffuse ceiling system cannot create the best thermal environment at the occupied zone in the studied 15 
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room. With the PVRP, the lowest air temperatures were between the heights of 0.1 m to 1.1 m and the 1 

highest air temperatures occurred at 1.7 m level in most of the cases. When the PV airflow rate was 2 

increased, the vertical temperature profiles were quite similar, and the temperatures dropped down 3 

evenly at different heights. The vertical temperature difference in all the cases fulfilled the Category 4 

A of standard EN 15251 (2°C) [5]. 5 

 6 

Fig. 9. The mean temperature difference at the vertical level with PVRP (M1 – M3) and DCV (L9 and 7 

L10) systems with a) 60 W/floor-m2 and b) 80 W/floor-m2. 8 

 9 

3.4.2. Velocity profile 10 

 11 

The horizontal distribution of the mean air velocity is shown in Fig. 10. The highest air velocity 12 

always occurred at the corridor side with the DCV. It happened because there was a large-scale 13 

circulating airflow pattern from the window side to the opposite corridor side created by the 14 

asymmetric heat load distribution. With the PVRP system (7 l/s), the trend of horizontal mean air 15 

velocity distribution was similar with the DCV system, but much lower (less than 0.1 m/s).  The 16 

highest mean air velocity (above 0.12 m/s) at M1-M3 was measured micro-environment at the 17 

workstation with the PVRP when the personalized airflow rate was increased to 10 l/s and 15 l/s. The 18 

literature [50] proves that air velocity of a jet should be higher than 0.3 m/s to penetrate the breathing 19 

zone. In this study, air velocity close to the breathing zone was not measured. However, based on the 20 

smoke visualization (section 3.1), the airflow was strong enough to reach the breathing zone. Also, 21 

with the higher personalized flow rate, the air velocities at the window side and the corridor side 22 

decreased accordingly. 23 
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 1 

Fig. 10. The mean velocity distribution at the horizontal level with the DCV (L9 and L10) and PVRP 2 

(M1 – M3) systems at a) 60 W/floor-m2 and b) 80 W/floor-m2. 3 

With the lowest personalized flow rate (7 l/s), the air velocity was low (less than 0.12 m/s) near the 4 

workstation at both heat gain levels in Fig. 11.  The mean air velocities were able to fulfill the 5 

Category A [47] (0.12 m/s) demand with the PVRP (7 l/s). This indicates that the personalized airflow 6 

rate of 7 l/s did not cause unacceptable air movement at the measured locations nor significantly 7 

increase draught risk. When the supplied personalized airflow rate was 10 l/s or 15 l/s per person, the 8 

highest velocities were located between the heights of 1.1 m and 0.6 m at the two heat loads and met 9 

the category B requirement (0.18 m/s). The highest velocity occurred between the heights of 0.6 m 10 

and 1.1 m with the PVRP system because of the installation height of the PV ATD and gravity of cold 11 

air. However, it is clear that the highest velocity happened at 0.1 m height with the DCV system. 12 

Hence, the PVRP system had a potential to avoid thermal discomfort at the ankle level. When the 13 

personalized airflow rate was increased from 10 l/s to 15 l/s, the average velocity (P1-P3) between the 14 

heights of  0.1 and 1.1 m was increased from 0.09 m/s to 0.10 m/s with 60 W/floor-m2 and 0.09 m/s to 15 

0.12 m/s with 80 W/floor-m2. The location in front of the dummy was not measured. The air 16 

movement may cause discomfort for sensitive occupants, but in a real application, the personal 17 

control can avoid this risk. 18 

 19 
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Fig. 11. The mean air velocity distribution at the vertical level under the PVRP (M1 – M3) and DCV 1 

(L9 and L10) systems with a) 60 W/floor-m2 and b) 80 W/floor-m2. 2 

 3 

3.4.3. Local thermal discomfort 4 

 5 

With the both systems, the draught risk (DR) was relatively low in all the cases (Fig. 12), The highest 6 

DR happened at the heights of 0.6 – 1.1 m with the PVRP system which was similar with the air 7 

velocity distribution. With the lower personalized airflow rate, DR was below 10% with the PVRP 8 

system. When the personalized flow rate was increased to 15 l/s, the draught risk increased to 12 % 9 

and 18 % at the 1.1 m height level at 60 W/floor-m2 and 80 W/floor-m2, respectively. Hence, heat gain 10 

also had an obvious effect on the draught rate with the PVRP system. With the DCV system, the 11 

draught risk at the 1.1 m height was also low (6 %). However, the draught risk at the ankle level (0.1 12 

m) was much higher with the DCV (10 %) than with the PVRP (less than 5%). The reason for the 13 

high draught risk of the DCV at the floor level was the return flow created from the corridor by the 14 

convection flows.  15 

 16 

Fig. 12. Draught risk under the PVRP (M1 – M3) and DCV (L9 and L10) systems with a) 60 W/floor-17 

m2 and b) 80 W/floor-m2. 18 

 19 

4. Discussion 20 

 21 

The PVRP system enables the creation of a micro-environment where the local indoor climate can be 22 

individually controlled by each user. Therefore, it makes the simultaneous reduction of energy 23 

consumption and enhancement of indoor air quality and thermal comfort. From the energy saving 24 
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perspective, the demand-controlled local environment has a remarkable potential in modern 1 

commercial buildings where people spend just part of the day at their own workstations. 2 

The elaborating air velocity can enhance the thermal sensation in a hot environment. Thus, the air 3 

velocity is one factor to improve the thermal comfort in an energy efficient manner. However, if the 4 

air velocity is too high, the thermal discomfort will occur. With the PVRP system, the airflow was 5 

supplied directly to the dummy, but the local draught risk was not found to significantly increase. 6 

However, draught risk would be higher near the face. In real applications users can control their 7 

personalized airflow rates and direction and thus the actual risk of draught is even lower.  8 

It is well-known that the metabolic rates estimated from the measurements of CO2 agree well with the 9 

range of metabolic rates recorded in large field studies in offices [51]. Based on CO2 concentration 10 

and the known ventilation rate, it has been indicated that metabolic rates decreased when the 11 

ventilation rate decreased [52]. One logical explanation is that increased muscle tonus at higher work 12 

rates explains the higher metabolic rate at increased ventilation rate [53]. Another underlying 13 

mechanism could be that subjects may unconsciously reduce their breathing rate at low ventilation 14 

rates. This indicates that metabolic rate is not constant during working hours and it varies depending 15 

on activity level. Also unconsciously reduced breathing rate could be a significant factor and this 16 

supplementary hypothesis requires more validations in future studies. 17 

The vertical temperature (<0.3oC) near the workstation was negligible with the PVRP compared to the 18 

Category A (3oC) of ISO 7730 standard [47]. The temperature difference between the workstation and 19 

exhaust was maximum 0.6oC. This indicates the energy saving potential by using the PVRP system. 20 

For the practical usage, the higher local airflow rate increases the air movement and enhance thermal 21 

sensation for a human subject. In the study, we focused on physical measurements without human 22 

subject test.  23 

From the aspect of ventilation efficiency, the PVRP system achieved higher air change efficiency 24 

(ACE) compared to fully mixed ventilation. The reason was that the airflow structure of the PV 25 

diffuser can be considered as displacement type flow which performs between fully mixed flow (50%) 26 

and ideal piston flow (100%). Hence, the performance regarding the ventilation efficiency of the 27 

PVRP system was similar with that of the displacement ventilation. As for the local air change index 28 

(LAC), the values measured at the dummy was much higher than 100%. Thus, air change index with 29 

the PVRP was better than the mixed ventilation (100%). Compared to the traditional method where 30 

the fresh air is supplied far from the occupants, the PV ATD installed in front of the occupant supplies 31 

the clean air more straightly to the occupants. Therefore, less contaminants are induced within the 32 

clean supply air before it arrives the breathing zone, possibly improving the perception of air quality.   33 
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It has been proven that PV combined with the mixing ventilation or displacement ventilation provides 1 

a better indoor environment compared to the use of traditional mechanical ventilation alone [27]. Also, 2 

desk fans near the occupants can be used to improve thermal comfort by increasing air movement. 3 

Still, it has been noted that as a result of increasing air movement, some people feel draught and to 4 

solve this problem, radiant cooling has been introduced.  5 

The PVRP system combined with the diffuse ceiling ventilation introduced in this study can 6 

simultaneously provide good indoor air quality and low draught risk. The localized radiant cooling 7 

can decrease the convective flow around a human body and improve the perceived air quality (PAQ) 8 

acceptability.  However, this improvement is not as obvious as what can be provided with the 9 

convective cooling by rising the air movement [54].   10 

 
11 

The complicated thermal experiences of occupants have notable effect on their thermal comfort e.g. 12 

their behaviour, physiology and psychology conditions [55]. Therefore, there should be an 13 

individually controlled environment to meet the variable responses whenever necessary. The PVRP 14 

system makes it possible to control the airflow rate (local velocity) of the personalized air to 15 

customize the environment according to the individual preferences. It should be noted that some users 16 

may choose low personalized airflow rate and supply air at high temperatures in order to feel 17 

comfortable. Therefore, the background ventilation should be adapted in conjunction with the PV in 18 

the space especially when the high heat and/or pollution loads exist. 19 

The analyzed system is to some extent restricted by the set-up of the space, affecting the possible 20 

radiant panel installation both from height and size perspectives. In order to maximize efficiency, the 21 

application of this system needs careful consideration of the type and location of the personal 22 

ventilation ATD and WS in relation to the geometry of the ventilated space. A properly designed 23 

PVRP system would lead to substantially lower temperature in the micro-environment and thus 24 

further improve the perceived air quality (PAQ) acceptability compared to the traditional mechanical 25 

ventilation. 26 

 27 

According to the physical measurement, the air quality and thermal comfort were improved at the 28 

target micro-environment. The application of the PVRP system in other building types should be 29 

further studied. The human subject test should be carried out to study thermal sensation with different 30 

airflow rates and flow directions with individual control. The highest accepted air velocity could be 31 

used as starting point to further study the effect of air movement on temperature difference between 32 

the occupied zone and exhaust. The performance of the PVRP system with different varied metabolic 33 

rates should be further studied and analyzed the possible effects of metabolic rate on the indoor 34 
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thermal environment. Based on of these, it is possible to estimate potential energy saving more 1 

accurately.   2 

 3 

5. Conclusion 4 

 5 

The objective of this paper was to compare the performance of the personalized ventilation combined 6 

with the radiant panel system (PVRP) to that of the diffuse ceiling all-air ventilation system (DCV) 7 

experimentally. The airflow pattern, indoor air quality and thermal comfort were analyzed in the test 8 

chamber.  9 

The smoke visualization showed that the personalized ventilation air terminal devices supplied the 10 

fresh air horizontally to the occupants and created a micro-environment around the dummy.  11 

Heat removal efficiency was higher with the PVRP system combined with the perimeter exhaust than 12 

with the DCV system alone even with much lower airflow rate. 13 

The results show that MAA was shorter with the PVRP (22.6 minutes) than that with the DCV (25.2 14 

minutes) near the dummy. Increasing personalized airflow rate decreased MAA near the dummy. Also, 15 

the ACE was higher than 60% by using the PVRP system and increased with the personalized airflow 16 

rate while it was around 50% when using the DCV.  17 

The mean temperature in the micro-environment at the workstation when using the PVRP system was 18 

below 26°C with the higher personalized airflow rate or lower heat gain, which is 0.1-0.8°C lower 19 

than with the DCV system. With the PVRP system combined with the perimeter exhaust, the 20 

temperature in the micro-environment was 0.2°C-0.7°C lower than the exhaust temperature. Spot 21 

cooling was achieved at the workstation with these devices. With the higher personalized airflow rate, 22 

the velocity at 0.1 m height can remain at a reasonable value without draught risk.    23 
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