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Abstract: Under Floor Air Distribution (UFAD) offers the twin benefits of energy-efficient heating and 
cooling while also maintaining thermal comfort and improving indoor air quality. Several design tools 
are available to verify and optimise UFAD designs, including Building Energy Simulations (BES), 
Computational Fluid Dynamics (CFD) and physical prototype testing. In this study, the methodology, 
applicability and accuracy of these three tools have been analysed and compared. This was undertaken 
as part of the design process for the 150 Collins St office project, a premium-grade office project in 
Melbourne. Using BES, it was found that the building would generate 33 kg CO2-e/m² p.a. with the 
NABERS methodology, qualifying it for a 5.5 Star NABERS (National Australian Built Environment Rating 
System) Rating. Analysis of CFD results indicated that the UFAD system could achieve a Predicted Mean 
Vote (PMV) of -0.5 to within 1.0m of the façade (under summer design conditions). Throughout the 
course of a year, the PMV was maintained between -0.5 and 0.5 for 98.27% of the occupied time. The 
design also allowed for a 150% increase over the minimum outside air for occupants. Overall, the 150 
Collins St project demonstrated a successful design pathway for UFAD implementation, where 
integrated HVAC (Heating, Ventilation and Air Conditioning) and façade design led to significant building 
energy and thermal comfort outcomes. 
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1. Introduction 

Under Floor Air Distribution (UFAD) is becoming more popular in projects due to purported 
improvements in energy efficiency and Indoor Environment Quality (IEQ) over ceiling-based Variable Air 
Volume (VAV) air conditioning. A review of the technology and its development has been published by 
Zhang et al. (2014). UFAD systems deliver low velocity air at floor level, which rises vertically through the 
occupied zone to return vents at ceiling level. Because the air enters the space at floor level, natural 
stratification of the air occurs and air needs to be conditioned only in the occupied zone.  

However, UFAD systems pose challenges that are not encountered in traditional VAV systems. 
Raised floor systems supply air through an underfloor plenum. Supply air temperature needs to account 
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for temperature increases in the floor as well as the room load (Xue, 2013). Air quantities need to be 
tuned accurately to provide sufficient conditioning but prevent oversupply or drafts can occur. 
Oversupply can lead to the entire height of the space being conditioned (mixed air) and therefore more 
heating or cooling than required as well as excess energy (Fuller, 2004). Other barriers to technology 
adoption have been identified (Im et al., 2005). 

Research into practical design methods for UFAD systems under varying indoor and climatic 
requirements is ongoing. Although several guides are available (e.g. Bauman and Daly, 2003; Megerson, 
2013), researchers have also posited different design tools based on their own studies (Lee, 2011; Xue, 
2011). Other aspects of UFAD systems have also been studied, such as indoor environment conditions 
(Tsai et al., 2014), heat transfer in the supply plenum (Xue, 2013) and  thermal comfort (Alajmi et al., 
2015). This research generally employs one or more of three main methods: software Building Energy 
Simulations, CFD and physical testing. CFD can be used with some freedom to simulate UFAD designs 
(Lee, 2011; Xue, 2013). Building energy simulators use a number of different approaches in their 
simulation of UFAD. IES Virtual Environment uses a multi-layered, stratified zone approach (APACHE 
HVAC User Guide, 2015, p466), IDA Indoor Climate and Energy uses an intra-zone algorithm to calculate 
zone stratification (User Manual - IDA Indoor Climate and Energy - Version 4.5, 2013), while EnergyPlus 
provides a range of different simulation options.  

2. Aim 

The aim of this study was to experimentally validate BES and CFD simulations of UFAD in an office design 
during the peak summer cooling period in Melbourne, Australia. This would confirm the suitability of the 
façade and UFAD building design. Additionally, this study would further develop and apply the UFAD 
design methodologies explored in previous research. CFD and BES results would be compared to 
physical experiments to determine the applicability of simulation tools for UFAD cooling design under 
these climate conditions. This was important because there is still some uncertainty as to the capability 
of UFAD system design algorithms to successfully predict the mechanical requirements for a particular 
building. Verification and validation was undertaken as part of the 150 Collins St project (a premium-
grade office). EnergyPlus Building Energy Simulation (BES) software (with the DesignBuilder Graphical 
User Interface) was selected for energy modelling, while DesignBuilder CFD calculations analysed and 
verified thermal comfort in a perimeter office. Further validation was achieved through physical office 
prototype testing undertaken by VIPAC Engineers.  

3. Design requirements and test inputs 

The client brief require that the proposed UFAD system meet prescribed internal conditions on a peak 
design day for Melbourne, Australia (AIRAH Technical Handbook, 2007) as described in Table 1. The 
project was required to obtain a 5 Star Green Star Design and As Built Rating ("What is Green Star?," 
2015) with 12 energy points. A 5 Star NABERS Energy Rating was also mandated. These requirements 
would be verified through BES using the NABERS (formerly ABGR) modelling protocol ("NABERS Guide to 
Building Energy Estimation," 2011) and the Green Star - Office As Built v2 Technical Manual 2005). 

The Fanger Predicted Mean Vote (PMV) and Predicted Percent Dissatisfied (PPD)  are widely used 
numerical measures of thermal comfort that relate the major environmental and physiological variables 
(ASHRAE Handbook - Fundamentals, 2009, p9.17). The multi-equation PMV model is given in ASHRAE 
Handbook - Fundamentals 2009, p9.17). The 150 Collins St project was required to meet PMV targets of 
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-0.5<PMV<0.5: (a) during extreme design day conditions in a west-facing office with a peak solar load, 
and (b) throughout the entire year for >98% occupied office hours (08:00-18:00).  

Table 1: Internal and external design conditions. 

Design Condition Minimum Maximum 

Dry Bulb internal temp. 20°C 24°C 
Relative humidity 40% 60% 
PMV (see next section) -0.5 0.5 
Dry bulb external temp. n/a 34.5°C 
External wet bulb temp. n/a 23.5°C 
Global solar radiation n/a 935 W/m² 

4. Methods and setup 

4.1. Building Energy Simulation 

In this study, DesignBuilder was used as the primary modelling tool. DesignBuilder offers a “full-featured 
user interface to EnergyPlus HVAC” (EnergyPlus Energy Simulation Software 2012). The key to 
DesignBuilder’s simulation capabilities is the integration of the EnergyPlus calculation engine 
(DesignBuilder Simulation 2010). 

For the energy simulation, an accurate representation of the 150 Collins St design was created in 
DesignBuilder (see Figure 1 (L)). The building is 12 storeys tall, with a common envelope and HVAC 
zoning from Levels 5-12, hence Levels 6-11 were considered thermally equivalent. Building fabric, 
glazing, lighting HVAC services and zoning were added to the model as required. Underfloor supply 
plenums were created beneath occupied floors. For the CFD study, a representative west-facing office 
was created on Level 8. This is indicated in Figure 1 (R). 

EnergyPlus offers the modeller several Room Air models in order to assess stratified air designs, 
further indicating the range of design methods for UFAD and displacement compared with a standard 
mixed air condition (Input Output Reference, 2012, p302). While termed UFAD, the system in question 
was designed for a distinct floor subzone. Therefore, modelling was done using the EnergyPlus Three 
Node Displacement System (TND). However, as further verification, the UFAD Exterior/Interior (UE/I) 
setting was also tested in an equivalent model. 

HVAC schedules were set for 55 hours per week as per the design brief, from 07:30-18:30 Monday to 
Friday. Ventilation rates were set at 18.75 L/s/m² in accordance with the goal to achieve 3 points in the 
IEQ-1 credit in a Green Star Office Rating (Green Star - Office v3 Technical Manual, 2008). Internal loads 
were specified also specified as per the design brief: occupancy – 1 person per 10m

2
, lighting – 10 W/m

2
 

and internal equipment – 15 W/m
2
. 

4.2. Computational Fluid Dynamics 

The integral CFD module available within EnergyPlus was used to create a model of a representative 
west-facing facade office. DesignBuilder models the Navier-Stokes equations for continuity, momentum 
and energy as well as turbulence (using a turbulent viscosity term) with the primitive variable method 
(DesignBuilder Simulation + CFD Training Guide, 2009, p162). Navier-Stokes equations are described in 
many references (e.g. Anderson, 1995; ASHRAE Handbook - Fundamentals, 2009). 
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This study used a representative office on Level 8 as the basis for an airflow study on the UFAD 
system. Physical obstructions inside boundary conditions for heat sources, sinks and ventilation were 
added. This included an occupant, chair, desk and computer were added along with air diffusers and 
ceiling lighting. Heat addition by obstructions and surfaces was equivalent to the design brief 
requirements as implemented in the DesignBuilder BES.  

 

Figure 1: 150 Collins St DesignBuilder Model – Building (L) and Level 8 floor plan (R). 

 

Figure 2: 150 Collins St floor layouts – Level 5 (left) and Level 8 (right). 

west CFD office 
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4.3. Physical testing 

As part of verification of the facade and UFAD system and validation of software designs, a physical 
office prototype was constructed and tested by VIPAC Engineers to replicate the west-facing facade 
office. The dimensions were 4.1m (w) × 3.3m (d) × 2.7m (h). The test facade was a manufacturer sample 
and the loading scenario was modelled as accurately as possible and all surfaces were insulated to 
thermally isolate the prototype. An underfloor plenum was created, into which air at 15°C was supplied. 
The entire test office was constructed within a larger environmentally controlled chamber capable of 
maintaining temperatures from -15°C to +50°C. While solar spectrum lamps were not used, solar loading 
was provided through heat pads that were installed on the office floor, window and desk. These 
provided the equivalent solar gain calculated in the EnergyPlus BES. The internal fitout was completed 
by Grocon (the head contractor for the project) and associated subcontractors. Photographs of the test 
setup are shown in Figure 3. Measurements were taken of: air temperature and velocity (measured at 6 
heights across a 63-point grid) and a representative radiant temperature (measured across the 63 points 
at a height of 1.5m).  

4.4. Test parameters 

All three test scenarios used inputs as close as practically possible. Simulation conditions from the 
BES informed the boundary conditions for the CFD study and both BES and CFD informed the VIPAC test 
office (see Table 2). 

 

Figure 3: Test rig setup.  

Table 2: Input parameters. 
Input BES value CFD Value Physical test 

value 

External temperature [°C] 34.5 35.0 34.5 
Internal air temperature set point [°C] 22.5 22.5 22.5 
Supply air temperature (into plenum [°C] 15 n/a 15 
Supply air temperature into zone 17.4 17.5 17.5 
External facade inside surface temperature [°C] 29.2 29.2 29.2 
Air supply rate [L/s] 125 100 125 
External incident solar load [W/m² facade area] 935 n/a n/a 
Resultant internal solar load to floor [W] n/a 483 483 

Floor heat pads 
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5. Results 

5.1. Peak design day 

Table 3 compares the key temperature and thermal comfort results for the three test scenarios. Figures 
4, 5 and 6 display results of temperatures across the zones. 

Table 3: Results from the 3 scenarios. 
Input BES value 

(TND) 
BES value 
(UI/E) 

CFD Value Physical 
test value 

Maximum 
difference 

Internal temperature floor [°C] 19.5 na 19.7 20.3 0.8 
Internal temperature occupied zone  [°C] 21.9 22.4 21.8 22.4 0.5 
Internal temperature mixed zone [°C] 23.0 24.3 22.8 23.6 1.5 
Thermal gradient – floor to ceiling [°C/m] 1.5 1.4 1.3 1.4 0.2 
Air velocity (occupied zone) [m/s] 0.25 0.25 0.1 0.07 0.18 
PMV -1.2 -1.17 -0.8 -0.09 1.11 

 
Legend 

 

Supply air temperature from plenum to thermal zone [°C]  
 

‘Floor’ zone temperature [°C]  
 

‘Occupied’ zone temperature  [°C]  
 

Thermostat registered temperature [°C]  
 

Upper ‘mixed’ zone temperature [°C]  

Figure 4: Vertical zone temperatures from BES – Three Node Displacement (L) and UFAD Exterior (R). 
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Colour Temp. [°C] 

 25 

 24.3 

 23.7 

 23.0 

 22.5 

 21.8 

 21.2 

 20.6 

 19.9 

 19.3 

 18.6 

 18.0 

Figure 5: Air temperature results from CFD.  

 

Figure 6: Air temperature results from physical test office. 

5.2. Annual simulation 

To meet the NABERS and Green Star requirements, a full annual simulation was conducted using the 
DesignBuilder/EnergyPlus model. The results from this simulation are shown in Table 4. Note that for 
the building’s floor area, occupied hours and energy generation mix, the calculation of 33 kg CO2-e/m² 
would qualify the building for a 5.5 Star NABERS Rating, which was greater than a 40% reduction in upon 
the 5 Star level. 
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Table 4: Annual simulation results. 
Green Star Credit BES / Design value Available 

points 
Points 
achieved 

IEQ-1 Ventilation Rates 18.75 L/s/person 3 3 
IEQ-9 Thermal Comfort -0.5 < PMV < 0.5 more than 98.27% of 

occupied hours 
2 2 

Ene-2 Energy Improvement 33 kg CO2-e/m² 15 13 

6. Discussion 

6.1. Temperatures, PMV and design considerations 

Table 3 showed general agreement between simulation and physical measurement. The maximum 
temperature difference across the three vertical zones was less than 1°C. Slightly higher temperatures 
were measured in the physical tests, however all met design brief requirements. All three scenarios 
followed the desired trend of temperature stratification, with a maximum variation of 0.2°C/m in the 
thermal gradient. The similarity of the CFD and BES simulations and their agreement with the physical 
tests points to the accuracy of these methods and their suitability as design tools for UFAD systems.  

All three tests showed a PMV below zero, meaning the occupants would feel cool rather than warm. 
It was noted that the design brief required a PMV between -0.5 and 0.5, however occupants feeling too 
cool under summer conditions indicated that the air conditioning capacity of the HVAC systems was 
more than adequate to cope with the required cooling loads. PMV calculations across the simulations 
did show variation. Differences were probably more attributable to the different inputs (particularly 
relative humidity), rather than ivariation in simulated and measured conditions. In addition, air velocity 
was different. The BES applied a user-input value of 0.25 m/s, while in the CFD simulation and physical 
test the velocities 0.1 m/s and 0.07 m/s, respectively. 

In this study, a lower supply air temperature enabled sufficient cooling while maintaining air 
stratification. This prevented excess air flow, a loss of stratification and higher fan energy consumption. 

6.2. Comparison with other studies 

The simulations of Yu (2010) showing the vertical temperature profile in a zone using the UCSD two-
zone model in EnergyPlus showed very similar results to the simulations conducted for this study. While 
the building in Yu’s study was situated in San Francisco, the typical vertical profile in the UFAD system 
gave a floor supply temperature of 18.7°C, an occupied zone temperature of 23.9°C and a mixed (upper 
zone) temperature of 25.9°C. These results show a consistent approach to the application of UFAD, 
whether in an interior or perimeter office space, however the plenum supply temperatures were 
different due to facade loading variations. 

Despite using different supply air temperatures, the effective air temperatures, air velocities and 
PMV at occupant level were very similar to those recorded by (Alajmi et al., 2015). In Alajmi et al. 
(2015), similar temperature differences were noted between measured air temperatures and the CFD 
model, which also used DesignBuilder for CFD modelling. 

Unlike traditional mixed air methods of cooling, the supply temperature to the underfloor plenum is 
not delivered directly into the occupied space. It was found that, with a substantial solar load on the 
floor, the temperature pickup between the supply duct outlet and the floor diffuser could be as large as 
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3°C, meaning temperatures of 14°C from air handling cooling cools would be required. This aligned with 
Xue (2013) who found that a UFAD system could require a higher cooling load on a peak day, but would 
use less chiller energy annually because the UFAD system was able to maximise free cooling. 

While the review of Zhang et al. (2014) reported potential savings in chiller energy due to the higher 
supply air temperatures, this study and subsequent design have noted that supply temperatures from 
the cooling coil can be lowered to around 13.5-15°C, which is in fact similar to those used in mixed air 
systems (11-12°C). Zhang et al. (2014) also note the period of free cooling available with UFAD systems 
compared with conventional mixed air systems. Importantly, and consistent with the present study, 
Zhang et al. (2014) describe the importance of considering the thermal decay in the supply plenum 
which can account for 40% of the cooling load for the system. 

6.3. Limitations 

While the study showed good agreement between the software and experimental temperatures, there 
were several simplifications in the process. In particular, both the CFD and physical tests were limited in 
their application of the solar load, which was input purely in the infrared spectrum rather than as a 
radiation component across the entire solar spectrum.  

Furthermore, this study and the entire mechanical design for the project highlighted the critical role 
of the floor supply plenum, as studied by Xue (2013). 

Future work focusing on accurately replicating solar loads and the subsequent interaction with the 
occupied zone and supply zone plenum would benefit future UFAD designs. Additional validation studies 
during non-peak periods of the year would also add confidence that BES in particular presents an 
accurate estimation of annual energy consumption. 

6.4. Building current status 

The development at 150 Collins St has reached beyond Practical Completion and is currently in its 
Defects Liability Period. Actual NABERS tracking continues against the modelled benchmarks. As of July 
2015, the building was performing at a rating of 4.7 stars. 

7. Conclusion 

On the basis of the simulations and testing completed for the 150 Collins St project, UFAD can assist in 
meeting thermal comfort and energy goals.  

Using BES, it was found that the building would generate 33 kg CO2-e/m² p.a. with the NABERS 
methodology, qualifying it for a 5.5 Star NABERS Rating. Analysis of CFD results indicated that the UFAD 
system could achieve a Predicted Mean Vote (PMV) of -0.5 to within 1.0m of the façade (under summer 
design conditions). Throughout the course of a year, the PMV was maintained between -0.5 and 0.5 for 
98.27% of the required time. Physical tests corroborated BES and CFD results and further confirmed 
several physical effects of air movement and temperature differentials between stratified zones. 
Physical testing on design day conditions measured a result of -0.09 PMV. This further confirmed the 
suitability of the façade and UFAD design and provided additional confidence for the client.  

The consistency in the results for BES, CFD and the physical tests proved the digital UFAD design 
calculations valid for an office in summer cooling in Melbourne. This contributed to the body of 
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knowledge in UFAD design methods and strengthened the validity of CFD and BES (specifically 
EnergyPlus) as design tools for UFAD systems. 

Overall, the 150 Collins St project demonstrated a successful design pathway for UFAD 
implementation, where integrated HVAC and façade design led to significant building energy and 
thermal comfort outcomes. The use of three different design tools – BES, CFD and physical prototyping – 
provided an opportunity to validate the design (and design methodology) and revealed the benefits in 
terms of energy consumption and thermal comfort. This in turn provided client confidence in success of 
the eventual outcome. 
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