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Abstract 
High performance low exergy ventilation systems have the potential to reduce the 
energy consumption of HVAC in buildings, and provide better air quality for 
occupants. Based on this concept, several efficient ventilation systems, which 
includes decentralized system and radiant cooling, were designed at ETH Zurich in 
Switzerland where they are successfully implemented in a buildings. To evaluate the 
performance of these systems in the tropics, these technologies have been 
implemented in a prototype laboratory in Singapore (BubbleZERO – Zero Emission 
Research Operation). In this paper, the performance of the installed systems in our 
laboratory are evaluated based on different sets of experiments conducted by our 
team. The results of experiments have shown that the designed ventilation system 
could reduce dew point level in space below the acceptable level to avoid the risk of 
condensation on the radiant cooling panels.     

Keywords – low exergy ventilation system; tropics; decentralized air supply; high 
temperature cooling; ventilation effectiveness; humidity level 

1. Introduction  

Although the majority of the world’s largest cities lie outside the 
equatorial zone, many of the fastest growing metropolises lie in this area. If 
we are to address the global problem of climate change, we must consider 
the potential of bringing modern climatasation to the buildings of these 
rapidly developing cities. We cannot allow tropical cities to simply install 
split units throughout, and expect a sustainable or even manageable amount 
of electricity consumption. High performance low exergy building systems 
have the potential to reduce this demand while increasing comfort and 
climate control in buildings.  

We are evaluating this potential in the BubbleZERO (Zero Emission 
Research Operation) laboratory in Singapore. We have brought several 
systems from the ETH Zurich in Switzerland for evaluation in a new tropical 
implementation of low exergy building system design. The BubbleZERO is 
built from two shipping containers that were initially constructed in 
Switzerland, and then connected and transformed into a research building in 
Singapore. The laboratory contains high temperature radiant cooing panels 
on the ceiling and four decentralized air supply units built into the floor, 



which provide the cooling and fresh air supply. They are supplied by a low 
temperature-lift chiller. The initial evaluation involves maximizing the 
sensible cooling supplied at a high temperature through the panels, which in 
turn increases the performance of the chiller. In order to achieve this, the air 
supply system must supply adequate dehumidified air to avoid any 
condensation on the cooling surfaces. This is one of the primary challenges 
for high temperature low exergy systems in the tropics. 

We present the results from the initial evaluation of these systems, as 
well as an overview of the performance from the other advanced features 
installed in the BubbleZERO. These include a CO2 steered exhaust system 
that increases fresh air delivery to the users from the displacement 
ventilation system. The initial models of the cooling system show that a 
decrease of 18-23% in electricity consumption will be possible compared to 
a standard air-based cooling system [1].  

2. Background 

The principle of low exergy design for building systems has been 
studied over the past two decades [2-5]. It stems from the optimization of 
energy systems using the second law of thermodynamics, combining basic 
energy analysis with the concept of entropy generation [6, 7], which in the 
1950’s led to the creation of the term exergy [8]. Low exergy building 
systems strive to minimize losses by reducing large temperature differences 
between system components. For example, combustion is a wastes its 
valuable high-temperatures when it is used to heat a room to just 25 °C, and 
providing chilled water at 4 °C in a district cooling network is a waste of 
cold exergy for when used to maintain nominal room temperatures. 

Radiant systems are used very frequently in the west for low-
temperature heating purposes, but when the concept is used for cooling 
purposes, although the space temperature can be controlled, the issue of 
humidity must be addressed. Climates like Singapore pose a challenge of 
condensation. Condensation can only be prevented if the supplied chilled 
water temperature to the panel is above the dew point of room air. There 
have been successful studies with radiant cooling in the tropics where the 
panel supply was 24 ⁰C, and after 1.5 hours thermal comfort was achieved 
through the lower mean-radiant temperature while the air temperature was 28 
°C [8]. Radiative heat transfer has also been shown to provide higher levels 
of comfort [10]. The heat transfer occurs through both radiation and 
convection, with larger surface areas and lower temperatures leading to 
larger fractions transmitted through radiation, contrary to traditional forced-
air systems. For every 18% increase in the panel area, there is a decrease in 
the exergy of chilled water by 9.6% [11]. Studies have shown that the total 
energy costs can be reduced by 50% when compared with a variable-volume 
system [12]. 



In order to achieve the required dehumidification to operate the radiant 
cooling panel, we utilize a decentralized air supply system in combination 
with localized exhaust utilizing CO2-controlled openings. This system has 
been shown to more effectively supply fresh air [13], and to operate with a 
minimized pressure loss through networked distribution [14]. The potential 
to capture wind energy to reduce fan power has also been demonstrated for 
the networked decentralized supply system [15]. We have implemented this 
system in the BubbleZERO laboratory to minimize exergy consumption for 
air supply, and we are researching its dehumidification performance in 
combination with the radiant panel system. 

3. Research Methodology  

Other than the complexity of designing new ventilation system 
components, there are many issues that should be considered in every 
climate before implementing new systems in real buildings. It is surprising 
that even a well-known distribution system like Under Floor Air Distribution 
System (UFAD) is still suffering from a lack of enough standards and 
guidelines compared to conventional ceiling distribution system. This fact 
shows the importance of design guidelines for any new ventilation systems 
for different climates. We use several experiments to evaluate different 
aspects of the combination of decentralized air supply system and radiant 
cooling. Different scenarios are designed and implemented for operating 
hydraulic pumps and decentralized unit fan speed. Various sensors are 
installed on the hydraulic system, air ducts and also at different points in the 
space to monitor and record water flow-rate, temperature and humidity. 

In the first setup of experiments, the dehumidification capacity of 
decentralized air supply units are assessed under different heat exchanger 
arrangements inside the units. Two arrangements of three heat exchangers 
inside the units are shown in Fig. 4.  

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Two arrangements (right-arrangement A, left-arrangement B) of 

three heat exchangers inside the units. 
 



In arrangement A, cold water is supplied to the second cooling coil and 
this and the first coil cool and dehumidify the incoming hot and humid air. 
The third coil in this arrangement gets the warmer water from the return of 
the first coils and provides reheating for the dehumidified air. The air ducts 
from the output of these uints to the floor diffuser are in the void space of 
raised floor. Units with arrangement B are on the other side of laboratory, in 
which air ducts embedded in a concrete slab. In this arrangement, cold water 
is supplied directly to the third heat exchangers and all three cooling coils 
cool and dehumidify the incoming hot and humid air. Since air at the output 
of these units goes through concrete, available thermal mass of slab is used 
for reheating the supplied air through floor diffusers.    

In the second setup, the transition of dew point level in the space from 
initial condition (equal to outside air) to steady state condition was 
monitored over the time. Throughout the experiment, the flow-rate and 
temperature were monitored in both air and water sides of the system. 
During the experiment two occupants were working with a laptop on their 
desk, and air was supplied through seven floor diffusers (Fig. 5). The goal of 
the experiment is to evaluate the performance of decentralized units for 
keeping the dew point temperature below 18 °C at panel level. For the 
radiant cooling panel to work effectively in temperature range of 18-19 °C, 
the maximum dew point should not exceed this limit to avoid condensation 
on panels. 

 

 
Fig. 5 Modeled geometry of BubbleZERO with two persons inside 

 
A tracer gas technique was used to determine the air exchange rate and 

ventilation effectiveness of the system with variable supply of units. A multi-
point sampler (Innova 1303) and a photoacoustic multi-gas analyzer (Innova 
1312) are installed in the laboratory. A small amount of the SF6 (tracer gas) 
was released at the center of the lab and the concentration of gas was 
monitored at four different locations inside the lab at occupant level. Also 



two sampling points were put in the exhaust air stream. Since the volume of 
the laboratory is small (less than 70 m3), uniform mixing of the tracer gas in 
the space was achieved after several minutes. Air Exchange Rate (AER) in 
units of Air Changer per Hour (ACH) is calculated based on the slope of the 
tracer gas concentration curve in logarithmic scale as follows,  

 

𝐴𝐶𝐻 =
ln𝐶 0 − 𝑙𝑛𝐶 𝜏

𝜏
                  (1) 

Where C(0) is the concentration at time=0 , C(τ) is the concentration at time 
= τ  and τ is the total measurement period (h). Air Exchange Effectiveness 
(AEE) is calculated based on the test method described by ASHRAE 
standard 129 by determining the age of air (A) and nominal time constant 
(τn). These three parameters are defined as follows [16],  

𝐴! =
𝑡!"#$ − 𝑡!"#$" 𝐶!,!"#
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                      (2) 
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                      (3)  

𝐴𝐸𝐸 =    𝜏! 𝐴!"#                 (4) 

in the above equations, Ai is age of air at location i, Aex,m is age of air in 
exhaust airstream m, Aavg is average age of air measured in breathing level, 
tstop is beginning of decay graph, tstop is final tracer gas measurements, Qex,m is 
the rate of airflow in exhaust airstream.  

4. Results 

4.1 Heat Exchanger Arrangements in Decentralized Units 
 
Two decentralized supply units for each arrangements A and B of the 

heat exchangers are installed on each side of laboratory. Dry bulb and dew 
point temperatures at output of each unit type were monitored over the time 
when they were working under full fan capacity. The measured temperatures 
at the output of these four units are compared in Fig. 6.  

In arrangement B, all three heat exchangers provide cooling and 
dehumidification, and in arrangement A, the third heat exchanger is utilized 
to provide sensible reheat. As expected, the difference between dry bulb and 
dew point temperature is higher in arrangement A (around 2 °C), and units 
with arrangement B can reach to lower dew point (around 12 °C, coil contact 
factor = 0.83). In the second type of units the output air will go through ducts 
embedded in concrete, which has thermal mass that will provide sensible 
reheat for air supplied through floor diffusers to be at comfortable 
temperatures.  

 



    
  
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6 Measured dry bulb and dew point temperatures at outputs of units  
 

4.2 Controlling Humidity Level in Space 
In order to evaluate the capacity of the system for providing enough 

latent cooling for the space, the humidity level of space was monitored 
before and after switching on the air supply units. The transition of the dew 
point level in space from an initial value (close to outside air) to an 
acceptable level for the radiant system operation (below 18°C) is shown in 
Fig. 7. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Shift of dew point temperature at panel level from outdoor 
condition to acceptable level 

 



Unfortunately the cooling capacity of laboratory chiller was not enough 
to handle both the heat gain of space and the fresh air. The amount of time 
needed to reduce the dew point to acceptable levels could be much shorter 
with a suitable chiller (for this setup it is around 3 hours).  The average dew 
point of the space is also shown in Figure 7 above to be slightly below the 
dew point range at panel level. Vertical stratification of dry bulb and dew 
point temperatures of conditioned space are shown in Fig. 8. There is a slight 
increase in dew point temperature with height, and more significant increase 
in dry bulb temperature typical of displacement ventilation. Thie increase of 
temperature from feet to head is around 3 °C, which is below allowable 
vertical air temperature difference between head and ankles based on 
ASHRAE standard 55-2004 [17].  

    
 

 
 
 
 
 
 
 
 
 
 

Fig. 8 Vertical thermal stratification in conditioned space 
 

4.3 Effectiveness of Ventilation System 
The calculated air change rates based on the decay rate graph of SF6 gas 

in the space at different supply unit fan speeds (4000-8000 rpm) ranged from 
0.9 to 2.2 ACH. The amount of outdoor air (with AEE=1) for the designed 
space is equal to a flow rate of 0.9 to 2.1 lit/s/m2, which is above the 
Singapore standard [19] limit for office buildings (0.7 lit/s per square meter 
of floor area). The calculated age of air and air exchange effectiveness in 
different points at breathing level are summarized in Table 1. With lower 
supply air velocity (4000 rpm), the effectiveness of the ventilation system 
falls under displacement ventilation category (AEE = 1.12), but at full 
capacity of the units (8000 rpm), the effectiveness is around 1, which is 
equal to overhead systems. Based on ASHRAE standard 62.1-2007 [18], 
ventilation effectiveness of low velocity cool air floor supply (0.8 m/s or 
supply jet height of 1.4 m) is around 1.2. Since even at full capacity of units, 
the supply air velocity is lower than this threshold, the lower effectiveness 
indicates some degree of exfiltration in space at full fan speed. Results of 
smoke test experiments in the laboratory also showed some level of 
exfiltration from the space.  



 
Table	  1.	  Age	  of	  air	  and	  Air	  Exchange	  Effectiveness	  at	  breathing	  level	  under	  fan	  speed	  of	  4000	  and	  8000	  rpm	  

Sampling	  
Point	  

Ai	  (s)	   Aex	  (s)	   Aavg	  (s)	   τn	  (s)	   AEE	  
4000	   8000	   4000	   8000	   4000	   8000	   4000	   8000	   4000	   8000	  

Occupant	  1	   3970	   1690	   -‐	   -‐	  

3818	   1685	  

-‐	   -‐	  

1.124	   0.998	  

Occupant	  2	   3569	   1604	   -‐	   -‐	   -‐	   -‐	  
Occupant	  3	   3914	   1630	   -‐	   -‐	   -‐	   -‐	  
Occupant	  4	   ×	   1817	   -‐	   -‐	   -‐	   -‐	  
Exhaust	  1	   -‐	   -‐	   ×	   1528	   -‐	   -‐	  

4289	   1681	  
Exhaust	  2	   -‐	   -‐	   4289	   1834	   -‐	   -‐	  

×	  	  	  missed data	   
 

5. Discussion 

In the experiments conducted in our laboratory, the feasibility and 
effectiveness of the newly designed ventilation system has been assessed. 
Since the design of the BubbleZERO laboratory is unique, calculating the 
sensible heat ratio of BubbleZERO (the ratio of sensible heat gain to 
sensible+latent total heat gain) is not straightforward, but this remains a key 
aspect of its performance. The sensible cooling provided from the chiller to 
the radiant panels at 18 °C can be supplied with half as much exergy as the 
same amount cooling would require with the chiller at 8 °C for latent cooling 
of fresh air. Previous calculations of the BubbleZERO laboratory give a 
value of 0.6 to 0.76 sensible to latent heat ratio with standard fresh air supply 
rates [1]. Considering the enthalpy changes on a psychometric chart going 
from tropical outdoor conditions to off coil temperature to indoor air 
conditions [19], there is a clear challenge for our type of direct outdoor air 
supply (DOAS), which lacks any recirculation. Evaluation of more typical 
ceiling distributed mixing ventilation with recirculation provides an 
opportunity to optimize the enthalpy difference [20]. Nevertheless we have 
shown that our decentralized system can achieve this enthalpy change, and 
although it must dehumidify all the incoming air, the amount of air is greatly 
reduced. The radiant cooling system frees the DOAS from the requirement to 
meet the total cooling demand alone. DOAS may have airflow rates more 
than 5-7 times lower that still meet fresh air ventilation standards, while the 
radiant system supplies any additional sensible load at half the exergy input 
per unit cooling. The addition of CO2 controlled exhaust ports allows further 
optimization of the fresh air supply and effectiveness [12-14], and passing 
more of the cooling load over to the high performance radiant system. Other 
challenges exist for DOAS, like lower air speeds may not being acceptable to 
users in the tropics who prefer higher air speeds. We present an overall 
comparison of conventional and decentralized DOAS system in terms of air 
quality and energy consumption in Table 2.  



Table 2 Overall comparison of conventional and decentralized DOAS 
Ventilation System Energy Cost IAQ Integration 

Conventional 
𝑚! =

!"#!$%&"  !!"#  !"#$
!!(!!""#!!!"##$%)

  

𝐻!"#$ = 𝑚!(ℎ!"#$% − ℎ!""  !"#$) 
Lower water distribution cost 

Drought risk 
Higher air movement - 

Decentralized 
DOAS 

𝑚! =
!"#!$%&"  !!"#  !"#$!!!"#$"%$&'

!!(!!""#!!!"##$%)
  

𝐻!"#$ = 𝑚!(ℎ!"#$!!% − ℎ!""  !"#$) 
Lower air distribution cost 

Better thermal comfort due 
to radiant heat exchange 

Less floor to floor 
height and 

reducing size of 
duct system 

Feedbacks for 
Decentralized 

DOAS 

Potential for energy saving, ma is 
a critical parameter in terms of 
IAQ and feasibility of installing 

energy recovery systems  

For tropics, passive 
radiant/convective chilled 

beam is preferred than 
radiant panel which is 

more effective at 
convection  

Reduction in 
investment cost 

of building 
construction 

 

6. Conclusion and Future Works 

In this paper the performance of a decentralized air supply system 
combined with radiant cooling panel are evaluated with different sets of 
experiments.  It was shown that heat exchanger arrangement inside the 
decentralized units plays an important role in dehumidification capacity of 
the units. We also could achieve an acceptable level of dew point in our 
laboratory to assure feasibility of combining this system with high 
temperature radiant cooling in the tropics without risk of condensation. The 
results of tracer gas experiments have shown that ventilation effectiveness of 
system is around 1.12 at nominal supply rates, and can be categorized in 
displacement ventilation group. Comparison the decentralized DOAS type 
with conventional system reveals that the amount of supplied air to 
conditioned space plays a critical rule in terms of air quality, energy 
consumption and feasibility of system to be combined with energy recovery 
system. Future work will include evaluating a desiccant-based 
dehumidification system that will eliminate the need for low temperature 
mechanical latent cooling, thereby facilitating low temperature-lift operation 
of the entire cooling demand, which could more than double the efficiency of 
the entire cooling system over the best systems today.   
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