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Preface 

The California Energy Commission Public Interest Energy Research (PIER) Program supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and 
products to the marketplace. 

The PIER Program conducts public interest research, development, and demonstration (RD&D) 
projects to benefit California. 

The PIER Program strives to conduct the most promising public interest energy research by 
partnering with RD&D entities, including individuals, businesses, utilities, and public or 
private research institutions. 

PIER funding efforts are focused on the following RD&D program areas: 

 Buildings End-Use Energy Efficiency 

 Energy Innovations Small Grants 

 Energy-Related Environmental Research 

 Energy Systems Integration 

 Environmentally Preferred Advanced Generation 

 Industrial/Agricultural/Water End-Use Energy Efficiency 

 Renewable Energy Technologies 

 Transportation 

 

Advanced Design and Commissioning Tools for Energy-Efficient Building Technologies is the final 
report for the Advanced Design and Commissioning Tools for Energy-Efficient Building 
Technologies project (contract number 500-06-049) conducted by the Center for the Built 
Environment, University of California, Berkeley. The information from this project contributes 

to PIER’s Building End‐Use Energy Efficiency Program. 

 

For more information about the PIER Program, please visit the Energy Commission’s website at 
www.energy.ca.gov/research/ or contact the Energy Commission at 916-654-4878. 
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Abstract 

This multi-year project generated significant new and improved software design tools and 
commissioning guidelines for underfloor air distribution (UFAD) systems, new performance 
guidelines for radiant slab cooled buildings, and an updated advanced Berkeley thermal 
comfort model.  This final report presents detailed results in four major task areas as 
summarized below. 

Recommended commissioning guidelines were developed for the following three key elements 
affecting UFAD system performance: (1) procedures for measuring, adjusting, and optimizing 
room air stratification; (2) a new test protocol for determining air leakage from underfloor 
plenums; and (3) strategies and methods for controlling and managing thermal decay 
(temperature gain) in underfloor plenums.  Emphasis is placed on commissioning procedures 
that are practical and as simple as possible for use by commissioning agents, and promote 
energy efficient operation while maintaining thermal comfort. The guidelines were developed 
through a combination of field and laboratory experiments, fundamental energy simulations, 
computational fluid dynamics (CFD) modeling, and simplified design tool studies. 

A number of improvements were made to EnergyPlus/UFAD, a version of the publicly 
available whole-building energy simulation program, EnergyPlus (developed under a previous 
PIER contract), which greatly enhanced its capabilities for modeling the more complex heat 
transfer processes found in UFAD systems. The improved version of EnergyPlus was in turn 
used as a basis for developing a more comprehensive simplified design tool for determining 
design cooling loads for UFAD systems, the first of its kind.   

Radiant slab cooling systems were found to demonstrate strong energy saving performance and 
improved occupant satisfaction in dry western U.S. climates based on a combination of 
occupant satisfaction surveys, two case studies, and whole-building energy simulations.   

The usability of the Berkeley thermal comfort model was improved by developing a user 
tutorial and demonstrated by conducting a case study of a building with a radiant floor slab. 

 

 

 

 

Keywords: underfloor air distribution, UFAD, commissioning, EnergyPlus, energy modeling, 
design tool, cooling load, room air stratification, underfloor plenum, air leakage, radiant 
cooling, TABS, radiant slab, thermal comfort, comfort modeling 
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Chapter 1: Executive Summary 

Introduction 

Underfloor air distribution (UFAD) and hydronic radiant cooling are innovative and relatively 
new space conditioning technologies that are attracting increased attention in recent years due 
to the potential advantages that they offer over conventional overhead air distribution systems.  
Both UFAD and radiant cooling have inherent energy-efficiency potential in the primarily mild 
and dry California climates.  This potential for energy savings is leading to a significant increase 
in the adoption of these technologies, particularly in projects with a focus on green design 
and/or LEED certification.  In addition, CBE’s industry partners, most of them leading 
members of the building industry, have collectively expressed strong interest and support for 
research to develop needed design tools and operating guidelines for UFAD and radiant 
cooling, as well as advanced integrated design solutions involving both technologies. 

In the mid 1990’s, UFAD technology was beginning to experience rapid growth even before a 
full understanding and characterization of some of the most fundamental aspects of UFAD 
system performance had taken place.  Standardized methods and guidelines for designing these 
systems or optimizing their performance did not exist.  Since the founding of the Center for the 
Built Environment (CBE) in 1997 and driven in large part by the strong support from its 
industry partners, CBE has developed and carried out an extensive UFAD research program 
that has been able to produce several significant publications, findings, and design-assistance 
tools in support of the implementation of UFAD.  These include the ASHRAE UFAD Design 
Guide [Bauman 2003], development of an energy modeling capability for UFAD systems based 
on a previous 4-year CEC/PIER-sponsored project, “Energy Performance of UFAD Systems” 
[Bauman, Webster, et al. 2007, Webster et al. 2008a],  and lessons learned from case studies 
[Webster et al. 2008b, Fentress et al. 2009].   

In many respects, radiant cooling now finds itself in much the same point in its development as 
an accepted building conditioning technology, as UFAD did about a decade ago.  Existing 
market conditions are increasing awareness and interest, a limited number of successful projects 
have been completed, but in general, industry knowledge is largely confined to a select few 
innovative designers with experience.  Just as CBE has been able to provide valuable research 
results and design guidelines for UFAD technology, there presently exists an excellent 
opportunity for CBE to conduct well-conceived research that could fill the industry’s 
knowledge-gap on radiant cooling and provide an important impact on the development of this 
technology.  Prior to the beginning of this project, CBE initiated a project on radiant cooling and 
published a scoping study [Moore et al. 2006].  This report characterized the opportunities and 
limitations of radiant cooling strategies for North America and identified research needs that 
CBE was well-positioned and qualified to address.     

Over the past 15 years, CBE has developed an advanced human thermal comfort model that is 
capable of accurately predicting thermal comfort in realistic building environments [Huizenga 
et al. 2001; Zhang et al. 2004].  In particular, the CBE Comfort Model can predict comfort 
conditions caused by local non-uniformities, such as room air stratification in UFAD systems 
and radiant asymmetry in radiant cooling systems.  The availability of such an advanced design 
tool for thermal comfort is closely tied to an accurate assessment of building energy use.   
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This project will leverage off of previous and ongoing CBE research to foster the 
implementation of successful UFAD and radiant cooling systems in California that achieve both 
efficient energy and thermally comfortable performance. 

Research Goals  

The overall goal of this project is to support the design of UFAD and radiant cooling systems in 
California that are energy efficient, intelligently operated, and effective in their performance by 
developing new software tools and building commissioning guidelines.  The development of 
these advanced tools and guidelines will help these two promising yet unfamiliar technologies 
achieve their full potential by providing previously unavailable and sorely needed design and 
operating assistance. 

The goals of the technical project tasks are as follows:  

Task 2. Develop practical commissioning procedures and guidelines for UFAD systems, 
updated with recent research findings and field experience from completed installations.  The 
guidelines will focus on the key elements affecting performance, including (1) room air 
stratification (RAS), (2) underfloor plenum air leakage, and (3) thermal performance of 
underfloor plenums.  The goals of the subtasks are as follows: 

 Room air stratification – Develop commissioning procedures for measuring, adjusting, 
and optimizing room air stratification in relation to acceptance criteria for energy and 

comfort performance. 

 Underfloor plenum air leakage – Develop a practical underfloor plenum air leakage 

testing procedure for use by commissioning agents.  

 Thermal performance of underfloor plenums – Develop adjustment methods and 
acceptance criteria for commissioning plenums for optimal temperature uniformity and 

the ability to supply acceptable temperatures to perimeter zones. 

Task 3. Develop improved and refined whole-building energy simulation (EnergyPlus/UFAD) 
and cooling airflow design sizing software tools to a level that can provide better service to the 
members of the building design and energy analysis community.  These two key energy 
simulation and design tools have been developed by the previously completed CEC PIER-
sponsored project, Energy Performance of UFAD Systems (CEC Contract 500-01-035). 

Task 4. Develop improved guidance for the design and energy analysis of radiant cooling 
systems in California by conducting case studies and occupant surveys in selected buildings, 
and by investigating and comparing existing energy simulations tools suitable for modeling 
radiant cooling systems. 

Task 5. Develop a user-friendly advanced thermal comfort design tool for the evaluation of 
non-uniform thermal environments, such as those produced by UFAD and radiant cooling 
systems. 

Significant Findings and Accomplishments 

The work done under this project generated significant new and improved software design 
tools and commissioning guidelines for UFAD systems, new performance guidelines for radiant 
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slab cooled buildings, and an updated advanced Berkeley thermal comfort model. Highlights 
for each task are described below: 

Task 2. Commissioning Guidelines for UFAD Systems 

The following provides an overview of results for the three main sub-tasks carried out in 
support of the development of commissioning guidelines for UFAD systems. An overall 
summary appears at the end of this section. 

Task 2.1. Room Air Stratification 

Stratification performance was studied in a variety of ways to determine its impact on 
stratification magnitude, energy performance and (indirectly) on comfort. The following 
highlights the significant findings from three basic strategies for improving stratification 
studied using EnergyPlus simulations and the CBE UFAD cooling load design tool. Since these 
studies were conducted with only one of the many possible system configurations the results 
cannot be generalized to all possible system types; however, they do represent typical issues 
inherent to UFAD technology.    

AHU supply air temperature (SAT). Lowering AHU SAT (in this case from 63°F to 57°F) 
causes airflow to be reduced thus decreasing the diffuser airflow and indirectly causing 
stratification to be increased. Additionally, thermal decay is increased which tends to work 
against increased stratification. The overall combined impact of all these effects appears to 
be climate dependent, but fan plus cooling energy has been shown to be increased in all 
climates when lower SATs are used. In cold climates overall energy is decreased due to 
increased reheat heating energy consumption. 

It should be noted that the impact of lower SAT requires further study due to the fact that 
simulations used in this analysis did not fully represent the commissioning case; i.e., the 
number of diffusers was not held constant as SAT was lowered. However, it can be inferred 
from other studies in this project that the energy penalty may be eliminated for well-
designed systems.  

Room temperature setpoints. Increasing room temperature setpoints (e.g., from 75°F to 
77°F or 79°F) increases stratification (approximately doubled as setpoint is increased from 
75°F to 79°F) by lowering airflow, much the same as with lower SAT. Fan energy is reduced 
as well as cooling energy by virtue of less air to cool. However, the increase in stratification 
is an indirect consequence of reducing cooling loads by increasing room setpoints. As 
expected, the combined effect is to reduce energy consumption in all climates. A key 
potential advantage of using this strategy with UFAD systems is that the comfort impact of 
increased setpoints may be mitigated by the lower temperatures in the occupied zone that 
result from increased stratification and by actual and/or perceived occupant control of 
diffusers. 

Diffuser configuration. The most direct way to increase stratification while minimizing 
consequential effects is to improve diffuser performance by increasing the number or 
changing to lower throw diffusers. This appears to be especially true for perimeter zones 
where the load variation is greater. Simulation results show that increasing the number of 
diffusers reduces energy use but the magnitude appears to vary with climate. 
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Blinds control. Since lowering blinds increases stratification, improved performance can be 
derived from instituting a policy to lower blinds at peak lead conditions. 

All of these strategies share one common issue; there are always tradeoffs and unintended 
consequences/side effects to their implementation on energy performance, comfort and/or cost. 
However, for properly designed systems a combination of the strategies above appear likely to 
improve performance. For poorly designed systems more expensive strategies of modifying the 
number or type of diffusers would be necessary. 

Task 2.2. Underfloor Plenum Air Leakage 

A new, practical multi-path air leakage testing protocol was developed that provides more 
comprehensive leakage results by simultaneously characterizing airflow rates through all major 
leakage pathways from a pressurized underfloor plenum, including to the room (Category 2 
leakage), to the return plenum on the floor below (if applicable), to outside the building, to an 
adjacent space not served by the UFAD systems, and any other important air leakage pathways 
(the sum of all leakage rates excluding Category 2 is the Category 1 leakage).  The advantage of 
the multi-path leakage test is that it allows the determination of both Category 1 and 2 leakage 
rates without the difficulty of finding and sealing all Category 2 leakage openings, such as 
cracks along the edge of walls, elevator shafts and columns, as required by the previous 
industry test method [NIBS 2008].  Typically, this has proven to be a time-consuming effort that 
is nearly impossible to successfully complete in practice.  The major sealing work that is 
required for the new method is limited to the diffusers and possibly the plenum inlets served by 
the air distribution system. The development of the new testing protocol included a review of 
the existing industry test method [NIBS 2008] and the performance of two field experiments in 
which the new protocol was applied to existing UFAD installations to verify its effectiveness.  
The new air leakage testing protocol, along with recommendations for maximum acceptable air 
leakage rates, is being incorporated into the revised ASHRAE UFAD Design Guide, currently 
under development by ASHRAE (2011). 

Task 2.3. Thermal Performance of Underfloor Plenums 

New recommendations and strategies for controlling and managing thermal decay in 
underfloor plenums were developed based on extensive laboratory, simulation, and field 
research. Thermal decay is defined as the gain in temperature between the primary supply air 
entering the underfloor plenum and the air leaving the plenum through floor diffusers, or other 
terminal devices.  Lessons learned from field studies demonstrated that thermal decay can be 
quite high (5°F or higher) but even so, UFAD system energy performance, as measured by 
Energy Star, can still be very good. Results from this project have led to the recommended 
overall strategy for controlling thermal decay of trying to provide the coolest supply air into 
perimeter zones to address peak cooling loads, and to allow thermal decay to warm up the 
plenum air as it flows into the interior zone, thereby improving comfort conditions in the 
interior. Since most supply air enters the plenum at interior locations, the two most effective 
approaches for delivering the coolest supply air to the perimeter include: (1) using ductwork 
(flexible, textile, or rigid) to deliver air to/towards the perimeter, and (2) directing plenum 
inlets with higher velocity toward the perimeter.  A third approach is to consider placing 
primary inlet locations (shafts) in the perimeter, if possible.  These and other plenum design and 
control strategies for use in commissioning and operating UFAD systems are being 
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incorporated into the revised ASHRAE UFAD Design Guide, currently under development by 
ASHRAE (2011). 

Summary and conclusions for UFAD commissioning 

Besides the specific tasks outlined above, we describe the development of a UFAD 
measurement and commissioning system (Cx Cart) that represents one effective way to make 
the necessary physical measurements as part of a comprehensive evaluation of UFAD system 
operation and performance. A device such as this has the potential to facilitate cost effective 
commissioning of these systems. Part of this effort was dedicated to the development of a set of 
measurement metrics and data presentations that are useful for evaluating performance.  

In addition, interviews with Cx experts [Strum 2007] and our own experience revealed that the 
commissioning process for UFAD systems is faced with a number of obstacles. Among the most 
significant are: persistent interior zone comfort problems; lack of “knobs” to tune the system 
(number of control variables are limited); general low level of knowledge and experience of 
UFAD principles by practitioners of all types; and lack of easy-to-implement procedures, 
standards, and tools to conduct cost-effective testing.  

We also learned that when commissioning and tuning up UFAD systems, it is important to 
make physical measurement of stratification and plenum temperature distribution in fully 
functioning UFAD systems that are operating under full occupancy loads. We have developed 
various metrics and data visualizations that serve as a guide for tune-up strategies. The results 
of this work also clearly show that good design is crucial to performance, since there are 
limitations on what can be done cost effectively once the system is installed. For example, the 
variables typically available to influence stratification are limited to AHU SAT and room 
temperature setpoints. These adjustments are indirect ways to affect stratification and each has 
side effects can affect energy or comfort performance in negative ways. The most direct way to 
improve systems with low stratification is to replace or modify the diffusers or increase their 
number; however, this is generally impractical due to cost. The most effective way to ensure 
optimum performance is to design the system with adequate size of terminal units and number 
or type of diffusers using accurate estimates of inlet temperatures; this helps ensure more 
uniform dynamic performance at relatively high stratification.  

Likewise, supply plenum performance is difficult to improve upon without costly 
modifications; minor adjustments of controls tend to have consequential impacts on 
stratification and therefore fan and cooling energy. Some problems can be resolved by moving 
and adjusting diffusers. Again, careful design is required to ensure that the coolest air is 
delivered to the perimeter zones and that thermal decay is minimized by good distribution 
system design whether using plenum dividers, ducting, air highways, or inlet jets. Some of 
these techniques may be applicable to system tune-up for cases where the design fell short.  

Our studies indicate that any commissioning procedures have to be as simple as possible or 
they will not be used. Tuning up of UFAD systems is complicated by the fact that installers, 
operators, commissioning agents, and in some cases design professionals are not well informed 
in the principles of UFAD technology. This is further complicated by the lack of standard ways 
of evaluating these systems. For these reasons, we recommend that UFAD commissioning 
efforts be divided into two phases: (1) functional testing of equipment and controls and plenum 
leakage testing, and (2) performance evaluation using a combination of physical measurements 
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and energy and IEQ evaluations as well as collecting collateral information from design and 
operating personnel. Specific methods are outlined under Chapter 2 of this report.  

Task 3. Improvements and refinements to EnergyPlus/UFAD 

Task 3.1. EnergyPlus/UFAD 

A number of improvements were made in the UFAD modeling capabilities in CBE’s 
development version of EnergyPlus aimed at upgrading the initial modeling elements 
implemented under our previous PIER contract [Bauman et al. 2007]. The following describes 
progress made on internal modeling capabilities as well as whole-building models used to 
study the performance of UFAD systems.  

Stratification modeling.  New algorithms to predict stratification were developed for interior 
and perimeter zones based on continued analysis of data collected at York International’s 
laboratory. These empirical correlations allow the energy distribution between upper and lower 
layers in the room to be predicted hour by hour based on current operating conditions. Default 
diffuser parameters were established for diffusers tested to date.  

Plenum modeling. While extensive work was being done to investigate plenum distribution 
and thermal decay issues (See Task 2.3). To support energy performance studies, changes in 
plenum convection heat transfer coefficients were implemented by assigning fixed values 
derived from CBE’s previous research to replace the default values generated by EnergyPlus. 

Comfort assessment. The impact of stratification on human comfort was studied using the CBE 
Comfort model which can accurately model the effects of non-uniform environments on a 
person’s thermal comfort. The results show that as long as the average room temperature is 
near the center of the ASHRAE comfort zone, there is negligible comfort impact for 
stratification that significantly exceeds the current ASHRAE Standard 55 limit of 5°F for the 
vertical temperature difference between standing head height (67 in.) and ankle height (4 in.).  

Modeling validation. We compared actual laboratory measurements to a detailed EnergyPlus 
model of the York laboratory. The root mean square error between measured and simulated 
surface and air temperatures was, in general, less than 2°F.    

Whole-building modeling toolkit. To conduct energy performance studies, we developed a 
medium office whole-building model conforming to Title-24 standards. Other input/output 
tools were developed to support parametric studies and debugging and analysis.  

Task 3.2. UFAD cooling load design tool 

With the development of the improved version of EnergyPlus described in Task 3.1, the 
capabilities to model the more complex heat transfer processes, like those found in UFAD 
systems, have been greatly enhanced. While EnergyPlus is certainly capable of being used to 
make load calculations, from a practical point of view it has always been important to make 
available to design professionals a simplified load calculation procedure for this purpose. A 
preliminary version of this design tool was developed under a previous CEC contract [Bauman 
et al. 2007]. However, this earlier version was limited to interior zones and was based on 
steady-state energy balances.  In the present research effort, an updated and more complete 
version of the simplified tool was developed. 
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To support the development and refinement of supplemental calculations and assumptions in 
the design tool, the improved version of EnergyPlus/UFAD (v3.1) was used to conduct a matrix 
of design-day simulations of a three-story prototype commercial office building. The simulation 
study  investigated the following nine parameters: floor level (ground, middle, top), zone 
(interior, north, south, east, west perimeter), structure type (light, medium, heavy), plenum inlet 
temperature, internal heat load, climate (seven locations), plenum configuration, window-to-
wall ratio, and presence of carpet. Therefore, the design tool can be applied to a wide range of 
building types and climates. A technical article on the fundamentals of UFAD load calculations 
is presented by Schiavon et al. (2010a) and a full description of the simplified UFAD cooling 
load design tool is described by Schiavon, et al. (2010b). A practice-based article on the design 
tool with examples is presented by Bauman et al. (2010). An online version of the design tool, 
including user notes, is available at: http://www.cbe.berkeley.edu/research/ufad_designtool-
download.htm. 

Task 4. Radiant cooling 

Work performed under this task was aimed at improving our understanding of radiant cooling 
systems, and in particular, thermally activated building systems (TABS) involving hydronic 
tubing in concrete floor and ceiling slabs.  This was accomplished in three sub-tasks involving 
occupant satisfaction surveys, field studies, and energy simulations, as summarized below. 

Task 4.1. Occupant survey modules for field studies of radiant cooling 

Selected new questions were added to the CBE web-based occupant satisfaction survey to allow 
the survey to obtain occupant experiences related to radiant cooling systems.  The purpose of 
the new questions was to identify the existence and sources of local discomfort, such as cold 
hands and feet, in spaces with radiant cooling. Results from seven surveyed radiant cooled 
buildings from the CBE web-based survey database were analyzed by comparison of thermal 
comfort, air quality, lighting, acoustics, cleanliness and maintenance with those from 66 
benchmarked buildings constructed since 2004 from the same database (to match the age of the 
newer radiant buildings). The results from this brief snapshot of a limited number (7) of radiant 
cooled buildings indicated that they outperformed the benchmarked buildings in all the 
categories except acoustical quality.  While encouraging, more surveys are planned for the 
future. 

Task 4.2. Field studies 

Two field studies of buildings with radiant slab cooling were conducted.  

1. David Brower Center (DBC), Berkeley, CA – a 4-story 45,000-ft2 office building with 
radiant cooling and heating installed in the exposed ceiling slab of the 2nd – 4th floors.   
The DBC also uses underfloor air distribution and natural ventilation, along with 
extensive shading and dimmable lighting.  

2. Integrated Design Associates, Inc. (IDeAs) Building, San Jose, CA – a 7,200-ft2 renovated 
single-story office building with radiant floor cooling and heating, displacement 
ventilation, and operable windows. The results for field measurements in the IDeAs 
Building are reported under Task 5.3. 

CBE conducted its web-based occupant satisfaction survey at DBC during the period March 22 
– April 9, 2010.  The results indicated an extremely positive response from the occupants on all   
categories except acoustic quality. The most likely reason for this finding is that the Brower 
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Center is primarily open plan with many exposed concrete (hard) surfaces, especially the 
radiant slab ceiling used for cooling and heating.   In terms of energy performance, CBE 
reviewed one year's worth of utility bill data (including PV generation) for the period ending 
June 30, 2010.  Using these data, the Brower Center achieved an Energy Star rating of 99, 
demonstrating exceptional energy performance and well above the threshold of 75 to qualify for 
an “Energy Star Label.”  The weather normalized site energy utilization intensity (EUI) was 47 
kBtu-sf/yr. 

Task 4.3. Dynamic thermal performance and energy simulations 

Whole-building energy simulations were conducted to investigate the cooling performance of a 
radiant slab system using Virtual Environment (VE)—an interconnected set of building 
performance-modeling tools from Integrated Environmental Solutions (IES).  The simulations 
studied a ceiling slab-integrated hydronic radiant cooling system with mechanical ventilation, 
plus a more conventional all-air cooling system as a point of reference. Cooling-season 
performance was evaluated in terms of system dynamics, thermal comfort, peak loads, and 
energy consumption for a prototypical office building in Denver, Sacramento, Los Angeles, and 
San Francisco. The slab-integrated hydronic radiant cooling was augmented by a dedicated 
outside air system (DOAS) for conditioning of ventilation air. The hydronic cooling and DOAS 
utilize only indirect evaporative cooling sources from a closed-circuit cooling tower. The 
reference baseline was a modern variable-air-volume system. 

Simulation results found strong energy-saving potential for radiant cooling systems in both 
Colorado and California climates. The simulated radiant cooling plus dedicated outside air 
system (Radiant+DOAS) with nighttime precooling used an estimated 71% less energy than the 
standard VAV baseline system in Denver and 59% less energy relative to the baseline VAV 
system in Sacramento during the cooling season, May - September. Peak power demand for the 
Radiant+DOAS was both significantly reduced and shifted to off-peak hours in all climates. 
Thus slab precooling with water from a cooling tower and augmentation by indirect 
evaporative cooling of ventilation air would appear to be an effective strategy for exceptionally 
low-energy cooling, even in hot climates such as Sacramento, if appropriate attention is paid to 
the design and control of the system. Full details of this simulation study are reported by Moore 
(2008). 

Task 5. Applications of thermal comfort modeling 

Work performed under this task was aimed at improving the usability of the CBE Comfort 
Model by integration with the design tool, COMFEN, development of a user-friendly tutorial, 
and performance of a case study to demonstrate its effectiveness at evaluating non-uniform 
thermal environments, such as a radiant floor cooling system. 

Task 5.1. Integration with COMFEN  

A new XML input format for the CBE comfort model was designed and implemented.  This 
XML format enables external software programs to generate input for the comfort model 
including specifying environmental conditions, human physiology, room geometry and desired 
output data.  Efforts are continuing to collaborate with the COMFEN team at LBNL to integrate 
the model into a future release of the COMFEM software. 
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Task 5.2. Development tasks for the CBE comfort model 

The first version of the CBE comfort model tutorial was completed in 2008.  In a subsequent 
CBE workshop, CBE partners learned how to use the comfort model using the tutorial. 
Feedback was solicited and we used it to improve and upgrade the tutorial.  The new version 
has been updated based on further use and is included as Appendix 5-1.   

Task 5.3. Case study of modeling comfort over cooled floors 

A field study was carried out in the Integrated Design Associates, Inc. (IDeAs) Building, San 

Jose, CA, a 7,200-ft2 renovated single-story office building with radiant floor cooling and 

heating, displacement ventilation, and operable windows. This represents the second field 

study reported under Task 4.2. This study was carried out to examine the comfort effects of the 
radiant floor in both summer and winter seasons.  

The IDeAs building was visited three times over one year, and a survey was conducted 
remotely at a 4th time.  The first visit was conducted in summer 2008.  During the visits, we 
examined how the radiant system operates, interviewed the owner of the building regarding its 
design intent, and measured air and surface temperatures.  Then the CBE Comfort Model was 
used to predict thermal comfort based on the measured environmental conditions.  In the 
second and third visits, which were conducted in winter and summer, respectively, we 
surveyed office occupants’ comfort responses (using the CBE “Right Now” survey tool), and 
measured the environmental conditions, which we put into the CBE Comfort Model to predict 
the comfort responses.  During these visits and from the survey results, we found that the office 
thermal environmental conditions were comfortable for most people in their workspaces.  The 
radiant floor worked well providing comfort except for one time when the cooled water supply 
had been inadvertently turned off.  These findings were consistent with simulations done with 
the Berkeley comfort model using our measured environmental parameters as input. 

The design goal for the IDeAs building was to make it a net zero-energy building.  We obtained 
energy use data from utility bills along with energy produced from the photovoltaic array for 
the period summer 2008 to fall 2009.  Starting in March 2009, the goal of net zero energy was 
reached.   
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Chapter 2: Commissioning guidelines for UFAD 
systems 

Cx measurement system 2.0 

To accomplish commissioning of UFAD system, specific physical measurements need to be 
made. CBEs development of such a system is described in the following sections. 

Cx Cart functional description 2.0.1 

The development of a  measurement system specially aimed at requirements for UFAD systems 
(henceforth named Cx Cart) was supported by a contract with The New York Times (NYT) to 
develop  a tool to commission their new 52-story (24 floors used UFAD) headquarters building 
in New York City, NY. The Cx cart was conceived to be used for both pre- and post-occupancy 
testing. For pre-occupancy testing, artificial loads were created to provide a means for 
generating thermal stratification. Detailed hardware and software specifications for the Cx Cart 
system and artificial loads devices are documented in Appendices 2-1 through 2-3.  An 
overview summary is presented in the following sections. 

The cart included devices and systems designed to acquire records and analyze real time 
measurements for most of the parameters listed below. The parameters not measured are 
assumed to be less important to the development of guidelines or means are employed to 
minimize their effects. For example, velocity measurements were not taken since in a well-
designed system, diffusers are located to minimize airflow directly on occupants. Likewise, 
under normal operation relative humidity is controlled and is the subject of other HVAC 
commissioning procedures; when measurements are made before occupancy, humidity is not a 
relevant measure.  Means are provided to log information about deviations from these 
assumptions when stratification measurements are made. 

The cart consists of a method of conveyance, i.e. hand truck, converted and adapted to 
measuring indoor environmental parameters for UFAD systems. It includes the following 
components: 

1. Computer: Laptop computer with Labview software suitable for logging and presenting 
data, also equipped to write data to media for remote storage. 

2. Power supply: The entire cart system is powered by a 12 VDC battery. A battery charger 
allows rapid recharging of the battery at the end of a day of testing. 

3. Stratification profile tree: A series of rapid response thermocouples mounted on a 
telescoping pole that can extend to 13 feet.  Stratification to 6 feet is measured in 
increments of 9.6 inches; above 6 feet in increments of 12 inches. Thermocouples are also 
mounted at 4 inches from floor and ceiling. One additional thermocouple is available for 
insertion into floor diffusers to measure supply air temperature.  The setup and 
takedown time at a given measurement location is quick, limited to the time required to 
expand or retract the telescoping pole and initialize the data acquisition system for that 
location. 

4. Plenum pressure measurement: An accurate low pressure-measuring transducer for 
measurement of plenum-to-room differential pressure. 
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5. Radiant temperature: Two infrared (IR) temperature detectors oriented to measure 
ceiling and floor surface temperatures. 

6. Relative humidity (RH): Relative humidity is not measured since the building will not be 
occupied during commissioning so realistic data cannot be obtained. 

7. Instrumentation system interfaces: Data acquisition boards collect analog sensor data 
and convert it to digital input signals to LabView data acquisition and analysis software. 

8. The cart can be moved freely around a room and takes up a minimum of horizontal 
space.  

Cx Cart Hardware and specifications 2.0.2 

Figure 2.1-1 shows an annotated photo of the fully assembled cart. A complete description and 
detailed specifications are provided in the manual that appears in Appendix 2-1.  

 

Figure 2.1-1: UFAD commissioning cart 

  

Telescoping stratification 
measurement tree 

Data acquisition boards 

Lanyard for raising tree 

12 VDC Battery power system 

Cart laptop computer 

Pressure sensor, with plastic 
tubing tether (with internal 
thermocouple) 
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The LabView software platform is divided to support three functional modes: (1) setup and 
configuration; (2) data acquisition, where real time data is displayed and a test of any length can 
be initiated and where data from each test is logged into an on-board database; (3) analysis, 
where previously stored test data can be retrieved and used to compare test-to-test (e.g., before 
and after remediation) results.  

Wireless sensor system 2.0.3 

The cart includes a wireless sensing capability intended to capture detailed measurements of 
supply plenum thermal decay. This data is stored with each test and can also be analyzed via 
various displays and metrics with the analysis software. Supporting these functions is a data 
management system, details of which are provided in the cart manual (Appendix 2-1) 

Motes are small devices that use a new wireless technology called mesh networks to 
communicate data collected from on-board sensors back to a base station that communicates to 
the cart laptop via WiFi. The cart hardware (and software) system supports data acquisition of 
up to 70 motes that can be deployed over a broad area in the building. While these can be 
deployed in many places they are primarily designed to measure and report the following 
parameters: 

1. Zone temperatures at thermostat locations  

2. Supply temperature at plenum inlet locations along air highways or plenum supply 
ductwork.  

3. Diffuser supply temperature in low pressure plenum 

4. Perimeter diffuser temperature at the linear bar grilles  

Task 2.1 - Room air stratification  

 Room air stratification (RAS) is a key characteristic of UFAD systems. Increased stratification is 
associated with improved energy efficiency and is considered a key marker of well performing 
systems. However, stratification has limits in terms of what is considered adequate or 
acceptable stratification and too much which may compromise comfort. Furthermore, there 
appear to be limits to what current technology can provide. These issues and the dynamic 
nature of stratification and its interrelationship with supply plenum performance under actual 
operation compound the difficulty in determining how to commission these systems for 
optimum operation. The overall objective of this task was to investigate these issues and 
provide guidelines for adjusting operating parameters to help practitioners understand how to 
optimize performance by improving stratification. The primary objectives of this work were: 

1. Development of field testing methods to measure and analyze stratification  

2. Determine the impact of design and operating conditions on stratification and the 
relationship between stratification and energy performance  

3. Develop commissioning procedures and methods based on a literature review, 
interviews of experts, field testing experience, and laboratory testing results [Bauman et 
al. 2007], and stratification analyses from (1) and (2) above.  
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Background 2.1.1 

Evaluation of stratification performance in UFAD systems requires measurement of a number 
of basic environmental parameters that are key to the development of stratification in occupied 
spaces of commercial buildings. The following are the parameters that affect, define and 
influence stratification and are key to evaluation of its effects. 

1. Supply air temperature from the diffuser 

2. Airflow rate from diffuser (determined by measuring plenum pressure and using 
diffuser performance information) 

3. Room vertical temperature profile and occupied zone gradient 

4. Room temperature set point (derived from the profile at 4-foot thermostat level.  
Assumes that the control system is functioning properly) 

5. Load, heat gain 

Since stratification has an impact on human comfort, the following parameters are necessary for 
a comprehensive evaluation of thermal comfort in stratified spaces.  

6. Velocity in the occupied zone 

7. Average temperature in occupied zone 

8. Temperature gradient in occupied zone 

9. Relative humidity 

10. Radiant environment ( in this case assessed by measuring floor, ceiling, wall/window 
surface temperatures) 

11. Clothing value and activity level of occupants 

These variables were considered in the design of a UFAD performance measurement system as 
described below. Previous studies, experience with system designs, and the results of field tests 
also show that in practice the number of variables available for tuning purposes during 
commissioning that can effect change can be reduced to these two: 

1. AHU supply temperature 

2. Room temperature setpoint 

Other variables that can have a direct or indirect effect on stratification and thus energy 
performance are:  

3. Plenum pressure settings 

4. Number and type of diffusers 

However, employing these has other consequences on comfort and/or cost and therefore are 
not considered practical. 
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Stratification evaluation methods 2.1.2 

Metrics and acceptance parameters 2.1.2.1 

Commissioning requires collection of large amounts of data from the portable measurement 
cart and from the BMS (if available) that can overwhelm practitioners unless they have 
meaningful ways to look at it. This requires metrics and presentations customized to the specific 
HVAC technologies such as UFAD. 

We have developed several ways to evaluate performance based on cart measurements as 
shown by the figures and tables below. Table 2.1-1 shows an example of a metrics table 
contained in the analysis mode of the cart. The usefulness of these metrics can be greatly 
improved if building management system (BMS) data can be obtained for the test period. (Table 
2.1-1 (which includes BMS data) is an expanded version of one actually used during field 
testing.) For example, the occupied zone average temperature should be evaluated relative to 
the control setpoints since load conditions are not accurately known to determine if a zone is 
operating in the deadband or not, or the delivery system is undersized. Sometimes this can be 
determined from airflow estimates as shown in Table 2.1-1.  Since BMS data is not always or 
conveniently available it may not be possible to include all BMS data shown. Table 2.1-1 also 
includes acceptance testing sections that can be used to provide near real-time feedback to 
practitioners as to how the building is performing as they are testing. 

Table 2.1-1:  Zone measurements and acceptance summary 

 Notes Example data 

RAS PROFILE DATA/Test ID  
Average for all 

tests 

ACCEPTANCE CRITERIA:   

Acceptable OZ Average, minimum, °F 
Normally should be heating 
setpoint, use BMS setpoints to 
determine 

73 

Acceptable OZ Average, maximum, °F 
Normally should be zone 
cooling setpont, use BMS 
cooling setpoint to determine 

75 

Acceptable OZ differential, minimum, °F 
Suitable standard such as 
ASHARE 55 

3 

Acceptable OZ differential , maximum, °F Same 5 

Acceptable total % of outliers (above +below) Engineering judgment 15 

Outliers - allowable delta from OZ Avg & Diff, °F 
Outlier = outside of acceptable 
min, max range defined above 

1.5 

BMS zone cooling setpoint (at time of test) From BMS settings  

BMS zone heating setpoint (at time of test) From BMS settings  

BMS zone thermostat temperature  Average during time of test  

   

   

MEASURED DATA SUMMARY & METRICS:   

OZ average, °F Based on collected test data 74.2 

OZ differential, °F Based on collected test data 3.1 

Load (Estimated), W/sf 
Assess workstation heat gains 
if available 

H 

Velocity, fpm  NA 

Number of Diffusers Total number of diffusers in test 28 
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zone 

Type diffuser (make and model)   

Zone Area (sq ft) From drawings 2850 

Airflow, cfm/sf 

Based on flow data for type of 
diffuser and estimated number 
of full open diffusers and 
average pressure (below) 

0.6 

Room total differential (tree top - SAT), °F Total room DeltaT 11.2 

Room extraction rate, W/sf 
Calculated from estimated flow 
and room DeltaT 

2.2 

Room temperature at 48” (tree) °F 
Average of collected cart 
measurements 

74.6 

Infrared temperature downward, °F Floor surface temperature 72 

Infrared temperature upward, °F Ceiling surface temperature 76 

Supply air temperature (SAT, at cart), °F 
Average of collected data from 
tether 

65.1 

Plenum pressure, iwc 

Average supply plenum 
pressure from collected cart 
measurements (or diffuser 
differential for perimeter zones) 

0.035 

Number of profiles Number of cart tests 7 

StdDev OZ average  2.05 

StdDev OZ differential  2.11 

   

ACCEPTANCE TESTING:   

Check Delta’s, each location profile:   

Allowable Delta From criteria section 1.5 

OZ Average  - delta from acceptable, °F Show delta for each test 0 

OZ Differential - delta from acceptable, °F Show delta for each test 0 

RAS Profile Pass/Fail 
Pass/fail for each test 
determined by comparison of 
test data to allowable 

Pass 

   

Check outliers, zone average profile:   

Allowable above/below OZ Avg & Diff, °F From criteria section 1.5 

OZ Average – total outliers, %  10% 

OZ Differential – total outliers, %  25% 

Outliers Pass/Fail  Partial pass (PP) 

   

Zone acceptance (RAS and Plenum):   

Zone RAS Pass/Fail Determined from above PP 

Plenum Pass/Fail, overall 
Determined from plenum 
acceptance results 

PP 

Zone Pass/Fail 
Combination of room and 
plenum acceptance results 

PP 

   

Reference   

Notes   
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Stratification performance diagrams 2.1.2.2 

Figure 2.1-2 shows a display of average occupied zone temperature and stratification based on 
cart measurements made in each zone listed from a field study in a 9-story office building 
[Webster et al. 2008]. Each summary data point is an average of a number of tests conducted in 
each zone. The figure includes for comparison a calculated comfort zone for average occupied 
zone temperature and maximum allowable stratification in the occupied zone based on 
ASHRAE Standard 55-2010 [ASHRAE 2010]. These charts could be further improved by adding 
limits imposed by thermostat settings and zone actual thermostat temperature collected from 
the BMS if available at the time of test. 

 

 

Figure 2.1-2: Cart measurement summary – room temperature and stratification 

Table 2.1-2 shows an example of a summary table containing cart measurement data that can be 
used to compare to other tests in similar buildings. Conceivably, this table could include 
benchmark data based on larger data sets contained in a database of tests. 

Table 2.1-2: Benchmarking/comparison summary table 

Building Characteristics 
Case 1 Case 2 Case 3 

Building Type Courthouse Office Mixed use 

Total Floors 

 (UFAD floors) 
9 (4) 9 (6) 10 (4) 

Gross building area, ft
2
 495,913 418,300 593,641 

Typical floor plate size, ft
2
 ~55,000 33,000 ~60,000 

Net conditioned area (est.), ft
2
 ~500,000 231,000 ~500,000 

% UFAD 37% 72% 40% 



18 

Energy Star 

Energy Star Rating 89 86 NA 

EUI 47.5 kBtu/sf/yr 71. kBtu/sf/yr NA 

Portable Cart Measurements (Averages) 

Testing Date October 2007 May 2008 August 2008 

TOZ (Std Dev) 

75.1°F (1.7) 

[N=21] 

73.2°F (1.0) 

[N=80] 
72.0°F (1.7) 

[N=162] 

TOZ  min-max 72-78°F 69-75°F 66-76°F 

TOZ in comfort zone (CZ) 

(1.2 met, 0.6 clo, 50% RH) 

 

ΔTOZ 1.1°F (0.95) 2.0°F (1.2) 1.5°F (1.2) 

TPlenum 
70.7°F 

(N=114) 

67°F (2.4) 

[N=80] 

68°F (2.8) 

[N=162] 

 

Effect of design and operating parameters on stratification: Design tool results 
2.1.3 

The impact on stratification due to differences in operating and design conditions can be 
illustrated with the predictive capability of the CBE UFAD cooling load and airflow design tool. 
This tool uses procedures similar to those used in EnergyPlus to predict a detailed stratification 
profile under different load, supply air and room setpoint specifications. Further details can be 
found in Appendix 2-4 that documents details of the study shown in this section. 

Impact of SAT on RAS 2.1.3.1 

In this study, we compare the impact of lowering AHU SAT by two methods:  

 (Case 1) lowering SAT from 63°F to 57°F while keeping thermostat setting and number 
of diffusers the same, and  

 (Case 2) same as Case 1 except we keep the occupied zone average temperature (Tavg-
oz) the same as the reference case; i.e., keep the same equivalent comfort between 
reference and lowered SAT case. As shown, in this latter case the thermostat setpoint 
must be increased to maintain constant Tavg-oz.  

72°F 73°F71°F 74°F 75°F 78°F77°F76°F72°F 73°F71°F 74°F 75°F 78°F77°F76°F
 CZ 
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Figure 2.1-3: Vertical temperature profiles in the interior and perimeter (south)  
zone for the three cases reported in Error! Reference source not found.. 

Table 2.1-3 summarizes the results as follows: 

 The reference case shows the results for a design case based on using manufacturers 
recommended diffuser design airflows to size the number of diffusers. As shown, 
stratification is relatively low in both interior and perimeter. 

 Case 1 represents the case where SAT is lowered without making adjustments to the 
thermostat. Lowering the SAT for Case 1 results in increased stratification from 2.4/0.6 
to 4.3/2.3, interior/perimeter respectively relative to the reference case. However, this 
result affects comfort as represented by the decrease of Tavg-oz from 77°F/77°F to 
75.6/76.4°F. Airflow, on the other hand, is decreased by 25% and 31% for interior and 
perimeter zones, respectively. This case represents how buildings are actually operated. 
Note that this reduction, although impressive, compromises overall energy performance 
as discussed in the Section “Impact of SAT on energy performance.” 

 Case 2 represents the case where the room thermostat is adjusted simultaneously with 
lowering SAT to achieve the same comfort as the reference case. This represents how the 
energy simulations were done.  The difference between the two cases shows the airflow 
for the interior zone using a fixed Tavg-oz is about 9% less than it would be if a more 
realistic thermostat was used, thus we expect the simulation results would show greater 
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fan energy savings than would occur in practice. There is no significant change for the 
perimeter zone. 

Table 2.1-3. Summary of results, SAT sensitivity (all temperatures in °F) 

  Reference Case 1 Case 2 

  Interior Perimeter Interior Perimeter Interior Perimeter 

Temperature of Air Entering Supply Plenum  63.0 69.6 57.0 66.1 57.0 66.6 

Setpoint Thermostat Air Temperature (at 48 in.) 77.7 77.0 77.0 77.0 78.6 77.6 

Average Temperature in the OZ 77.0 77.0 75.6 76.4 77.0 77.0 

Stratification: Temperature difference between the 
head and the ankle (from 4 in. to 67 in.) 

2.4 0.6 4.3 2.3 5.2 2.3 

Design airflow (through diffusers & leakage) cfm/sf 0.48 2.19 0.36 1.50 0.33 1.50 

% difference in airflow 
  

-25% -31.5% -31% -31.5% 

 

Impact of adjusting room control setpoints 2.1.3.2 

In this study, the loads, AHU SAT, and number of diffusers are held constant but the room is 
controlled to a given occupied zone average that is varied plus or minus 2°F from the reference 
case. Profiles are shown in Figure 2.1-4 and results summarized in Table 2.1-4.  In general, the 
results shown in Table 2.1-4 indicate that increasing room cooling setpoints results in 
(modestly) increased stratification and reduced airflow and vice versa. Increasing septoints will 
decrease fan energy while maintaining economizer performance therefore optimizing energy 
performance. However, the impact on comfort is not clearly shown and would require more 
study. 
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Figure 2.1-4: Vertical temperature profiles in the interior and perimeter (south)  
zone for the three cases reported in Error! Reference source not found.. 

 

Table 2.1-4: Summary of results, room set point sensitivity (all temperatures in °F) 

  Case 1 Reference Case 2 

 
Interior Perimeter Interior Perimeter Interior Perimeter 

Temperature of Air Entering Supply Plenum 63.0 68.5 63.0 69.6 63.0 70.6 

Diffuser Discharge Temperature 68.5 70.9 69.6 72.4 70.6 73.8 

Setpoint Thermostat Air Temperature (at 48 in.) 75.5 75.0 77.7 77.0 80.0 79.2 

Average Temperature in the OZ 75.0 75.0 77.0 77.0 79.0 79.0 

Temperature difference between the head and the 
ankle (from 4 in. to 67 in.) 

1.6 0.0 2.4 0.6 3.3 1.1 

Design airflow (through diffusers & leakage), cfm/ft2 0.57 2.64 0.48 2.19 0.42 1.90 

% difference in airflow +18.8% +20.5% 
  

-12.5% -13.2% 

 

If we assume that occupants have some degree of control of their local conditions by adjusting 
or relocating floor diffusers, higher setpoints may be justified. However, some diffusers (e.g., 
linear bar grilles, especially if located in window sills, are not easily accessible by users) have 
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very little means for occupant adjustments and are not easily moved. Other diffusers (e.g., most 
swirl diffusers) tend to become difficult to operate over time due to dirt accumulation. Variable 
area diffusers have adjustable grilles but generally serve larger areas and therefore are not 
located where occupants can take advantage of their adjustability. Furthermore, field experience 
and occupant surveys have shown that occupants are generally not made aware of or trained in 
how to adjust diffusers. These factors will influence the degree to which room setpoints can be 
adjusted, but it appears that this strategy may have potential for tuning the operation while 
saving energy, but it must be carefully managed.   

Effect of design and operating parameters on energy performance: Simulation 
results 2.1.4 

Stratification and room supply temperature are key variables that affect the performance of 
UFAD systems. Commissioning procedures are intended to optimize the performance of these 
systems by making control and settings changes that optimize energy use while maintaining 
comfort. Little information is available about how adjustments will affect these two attributes 
without compromising each other. Previous studies [Linden et al. 2009] have identified that 
stratification is one of the keys to delivering energy performance but quantifying its impact has 
not been done definitively; for commissioning it is important to know the relative impact of 
adjustments and fine tuning.  

Impact of SAT on energy performance 2.1.4.1 

The energy impact of stratification (and other operating parameters) was studied for three 
diverse climates using the CBE UFAD Simulations Toolkit which models a three-story, 120,000-

ft2 building conforming to ASHRAE 90.1 – 2004, Appendix G, standards using EnergyPlus v3.1. 

The climates (San Francisco, Miami, Minneapolis) represent the extremes of mild, hot humid, 
and cold, respectively. This yields valuable insights about the impact on energy performance 
due to climate factors. The results shown in Figures 2.1-5 and 2.1-6 compare HVAC energy use  
for operation of the UFAD system at an AHU supply air temperature (SAT) of 57°F or 63°F.   

For this study only diffuser types that are amenable to changes in performance due to different 
design and operating conditions were used; i.e., swirls and linear bar grilles. Other diffusers 
such as variable area and their equivalents are relatively immune to changes in operating 
parameters because they are designed to maintain a given stratification at all operating 
conditions.   

These results are also impacted by the fact that they were run by controlling the occupied zone 
to a fixed setpoint. Since the control point actually is a single point at 4 ft, as SAT is lowered 
stratification increases and the occupied zone average temperature decreases as shown above in 
Table 2.1-3, Case 1. This causes an increase in airflow and thus fan energy compared to Case 2 
where the occupied zone average temperature is controlled.  However, lowering the occupied 
zone average temperature may affect comfort to some extent. This calls for a method to better 
simulate actual performance that would control a single point as stratification changes.  It also 
emphasizes the need for a method to dynamically reset thermostat setpoint in actual control 
systems. 

As suggested previously, lowering the SAT increases stratification so it is a candidate for 
adjusting stratification during commissioning. However, as shown by these results the impact 
can vary widely depending on climate. In mild climates like San Francisco economizer 



23 

performance appears to outweigh the benefits of increased stratification so a higher SAT is 
warranted. In hot humid climates like Miami where an economizer is not used (outside air is at 
a fixed minimum) there is no clear advantage to either SAT. Intuitively, we have assumed that 
cooler SATs would be best in humid climates since significant dehumidification is required.  

In all of these cases, increased stratification with lower SATs is a consequence of the lower 
airflow rate from diffusers, and therefore is an indirect contribution and not a driving factor in 
improving energy performance. The degree to which stratification changes influence the energy 
performance apart from SAT changes is not obvious from these results since the number of 
diffusers was different between the two cases (i.e., these are ‘design’ runs, not ‘operating’ runs 
where the number of diffusers would be fixed). We do know (as discussed in more detail 
below) that if the system was designed for SAT of 63°F then stratification for SAT = 57°F would 
be greater leading to reduced energy use (primarily fan energy); i.e., the difference between the 
two would be less (possibly even reversed). 

The results shown here are presented on a source or primary energy basis which will differ 
somewhat from a site energy basis. This illustrates the climate dependence of overall energy 
performance and emphasizes the impact of heating on overall performance as shown by the gas 
electric breakdown in Figure 2.1-6. There are other climate dependent factors that also influence 
the selection of optimum SAT. For example, in Miami, a hot humid climate, there is no 
economizer and humidity control dictates that lower SATs be used even if there is a slight 
savings at higher SATs. For Minneapolis, a cold climate, a central heating coil is required in the 
AHU to ensure comfort in the interior zones. Heating this air increases the energy use for higher 
SATs which override the electricity savings at higher SATs. For mild climates like San 
Francisco, lower SAT to optimize stratification appears to increase energy use; i.e., although 
stratification may increase therefore decreasing airflow, cooling energy is increased due to 
reduced economizer benefit. Also, these results may be somewhat different if SAT reset is 
implemented, which has not been studied yet (see discussion below).  

The design tool study results shown in Table 2.1-3 provide some insight into how to interpret 
the energy study results. Comparing the reference to Case 2 in Table 2.1-3 shows what occurs 
when both the number of diffusers and the Toz-avg are held constant as SAT is decreased. It 
also indicates (by comparing Case 1 and 2) that there may be only a small error introduced by 
keeping the occupied zone temperature constant in the energy simulations. Overall the results 
corroborate those from the simulations, that lower SAT increases RAS and results in lower 
airflow although because we did not hold the number of diffusers constant, the fan energy 
savings may be greater than shown. 

These results do not fully consider one important variation that was not modeled; SAT reset. If 
properly implemented, this controls schedule should deliver better performance than using 
fixed SATs. In low load conditions (e.g., mid seasons) the SAT could be reset upwards to allow 
more use of the economizer and vice versa in high load conditions. Normally, in OH systems 
this is accomplished using a “load based” control strategy where the most loaded zone 
(normally a perimeter zone) determines the SAT required. However, in UFAD systems there is 
a need to balance comfort in the interior zones with load control in the perimeter which 
complicates the controls strategy. Implementing these strategies in EnergyPlus has not yet been 
achieved.   
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Lowering the SAT to increase stratification is an indirect way to optimize stratification and it 
has so many other consequences (depending on climate) and the fact that it can result in a 
decrease in energy performance or compromise comfort (especially in the interior zones), it 
does not appear to be an effective tool to use to correct design flaws.  This suggests that 
commissioning can accomplish little and good design is essential to stratification optimization.  

 

 

Figure 2.1-5: SAT sensitivity vs. climate – design case – Total HVAC source energy 
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Figure 2.1-6:  SAT sensitivity vs. climate – HVAC Electric/gas breakdown 

Impact of diffuser configuration on energy performance 2.1.4.2 

Increasing the number of diffusers or changing their performance characteristics (e.g., 
providing lower throw for a given airflow) will increase stratification. To evaluate the impact on 
energy performance, we simulated several cases for San Francisco and Miami climates. Figure 
2.1-7 shows the results. The first bar for each climate shows performance of the design case (i.e., 
the number of diffusers was based on nominal, manufacturer recommended design airflows) 

where the stratification changes dynamically hour by hour. Likewise, the “2x” cases are dynamic 

but the number of diffuses are doubled compared to the baseline. The other cases represent 
“design potential” cases assuming new technology diffusers that could maintain a fixed phi1 
(i.e., a fixed split of the energy distribution between the upper and lower layers in the room) at 
the values shown for all operating conditions. These results show that, again, performance is 
climate dependent and the greatest impact is on airflow which also affects economizer 
performance causing a reduction in cooling energy as well. In mild climates there is clearly a 
significant impact on energy performance, but of course not without a cost impact. These results 
also illustrate the potential that better diffuser designs could provide. 

 

                                                      
1 See Section 3.1 for the definition of phi; it represents the energy split between upper and lower layers in 
the room and thereby influences the stratification. 
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Figure 2.1-7: Impact of stratification on energy performance in two climates 

Impact of AHU SAT on stratification magnitude 2.1.4.3 

Corresponding to the energy simulation cases shown above, Figures 2.1-8 to 2.1-11 show 
average daily profiles of estimated stratification2 (for operating hours during cooling for the 
year) for middle floor south, west, and interior/core zones in San Francisco. Comparing Figure 
2.1-7 to Figure 2.1-8 shows that stratification is increased by ~0.9 to 2.7°F (charts are shown in 
°C) depending on zone when SAT is lowered from 63 to 57°F. For these simulations, zones were 
controlled to the average occupied zone temperature and therefore represent an idealized case 
where the room thermostat is (automatically) adjusted upwards as stratification increases to 
keep the occupied zone temperature the same in all cases. However, these results are not fully 
representative of performance changes due to changing SAT during operation (i.e., during 
commissioning); they represent “design” cases where the number of diffusers were increased as 
the SAT is increased. The number of diffusers is approximately 40% greater for the SAT63 case. 
Thus, as mentioned above, the energy performance differences reflect greater fan energy for the 
SAT57 case compared to what it would be for operational changes where the number of 
diffusers is fixed. Likewise, the stratification would be significantly larger than shown for the 
SAT57 case and the variance over the year would tend to look more like those shown in Figure 
2.1-11. Comparing Figures 2.1-10 and 2.1-11 indicates the impact on stratification of increasing 
the number of diffusers alone. This indicates the kinds of effects that would result from 
decreasing the SAT while keeping the number of diffusers constant (at a 63°F design condition).       

                                                      
2 Stratification was estimated by doubling the upper-lower layer temperature difference consistent with 
assuming a linear profile in the occupied zone.  
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Figure 2.1-8: SF_SAT63_design (∆T in °C) 

 

 

Figure 2.1-9: SF_SAT57_design (∆T in °C) 
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Impact of diffuser configuration on stratification magnitude 2.1.4.4 

Figure 2.1-9 shows box plots for the cases shown in Figure 2.1-7. It graphically illustrates the 
variability of stratification as loads change over the year, especially for perimeter zones. These 
results also show that stratification increases as load decreases and is a minimum at peak load 
conditions where airflow is greatest. (See Section “Impact of design and operating conditions on 
stratification” for further analysis.) These results suggest that state of practice design 
procedures may not yield the most optimum performance. It also suggests that field 
measurements that show little stratification may in fact be representing peak conditions. 

Figure 2.1-11 shows results for the case where the number of diffusers were doubled for San 
Francisco with SAT = 63°F. The variability over annual operation is significantly reduced for all 
perimeter zones shown yielding a relatively constant stratification at high values. As shown 
above, the energy savings associated with this mild climate (where economizers do best) case 
was ~13%. However, doubling the (swirl) diffusers in the interior zone did little to change the 
stratification, which indicates that the design sizing in this example may be somewhat 
oversized, so the impact of increasing the number is negligible.  

Since the interior zones with swirl diffusers do not appear to benefit much with additional 
diffusers, the perimeter zone is driving the overall performance gains when the number of 
diffusers is increased. These diffusers are linear bar grille diffusers which are known to have 
large throws and high airflow. Apart from increasing the number of perimeter zone diffusers, 
there may be other ways to improve performance and achieve the results shown in Figure 2.1-
11. On the design side, selecting diffusers that have lower throw characteristics seems to be 
warranted and is the preferred solution.  For existing systems these diffusers sometimes can be 
fitted with vanes (although at extra cost) that spread the airflow along the width of the window 
which lowers the throw. 

 

 

 

Figure 2.1-10: SF_SAT63_design – boxplot (∆T in °C) 
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Figure 2.1-11: SF_SAT63 stratification_2x Diffusers – boxplot (∆T in °C) 

 

Impact of room temperature setpoints on energy performance 2.1.4.5 

As shown above in Table 2.1-4 an effective strategy for tune up during commissioning may be 
raising the room temperature setpoint. It was shown that airflow is decreased saving fan energy 
for the set of conditions represented in Table 2.1-4. EnergyPlus simulations were also made 
assuming a constant number of diffusers and SAT set equal to the optimum for each climate. 

The results show (Figure 2.1-12) that other than mild climates the savings are relatively small, 
no more than 8%. For San Francisco, the savings are 18% for 77°F setpoint, and 27% for 79°F. 
These results reflect the fact that the economizer is the driver for capturing cooling energy 
savings due to lower airflow (i.e., less airflow requires less mechanical cooling); only in climates 
where there is a high number of economizer hours are these savings realized. Even though the 
fan energy savings are significant, the impact on overall HVAC energy is small since fan energy 
is a small proportion of the HVAC energy for the more harsh climates.  

Setpoints can have a critical impact on the performance of UFAD systems. Many buildings use 
strategies used in overhead buildings without realizing that UFAD systems are intended to 
stratify. Setpoints below 75°F should be avoided. Increasing setpoints beyond 75°F will have an 
impact on thermal comfort and unless personal control strategies using the diffusers can be 
employed, comfort may be compromised at higher room setpoints. However, UFAD systems 
may be able to accommodate comfort issues because stratification can create lower 
temperatures in the occupied zone and the diffusers can provide some degree of personal 
control.  

 



30 

 

Figure 2.1-12: Impact of room temperature setpoints on energy performance 
 in three climates 

Impact of blinds on stratification 2.1.4.6 

Laboratory testing results show that stratification can be significantly increased when blinds are 
closed in perimeter zones.  This occurs due to the more intense thermal plume that is created in 
the channel between the blinds and the window glazing. Lowered blinds, of course, 
significantly decrease comfort and glare problems during peak load conditions. Except for low-
e glazing, the solar gain into the space can also be reduced. Therefore, instituting a policy of 
lowering blinds at peak conditions can become an operating strategy for improving both energy 
and comfort performance. This is less effective for improving energy and room temperature, 
however, if the terminal units (and number of diffusers) are undersized. In this case the 
terminal units are operating at maximum volume and stratification would be minimal, thus the 
blinds effect on stratification would be reduced (depending on the amount of undersizing).   

Methods and procedures for evaluating stratification 2.1.5 

Factors that affect stratification evaluation 2.1.5.1 

Commissioning UFAD systems is complicated by the high degree of interaction between 
various elements of the system, the need to achieve balance between energy vs. comfort 
concerns, and the lack of handles or “knobs” to adjust the system operating conditions. Issues 
that will drive the ability to optimize operation are as follows: 

1. Acceptance criteria - Operational goals and comfort criteria need to be established to 
provide a reference for testing and adjusting. 

2. Loads – Since loads can vary considerably during even a single day, it can be difficult to 
compare short term measurements to one another and to interpret testing results relative 
to expectations and acceptance criteria. And while it is a worthy goal to test a system 
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before occupancy, in our experience this is not very feasible because the operation of a 
UFAD system does not resemble normal performance until the building is occupied and 
exposed to close to normal loads.  If done before occupancy, this requires deployment of 
a large number of artificial loads (at least in interior zones) to generate thermal plumes 
that are characteristic of occupied loads; this appears to be impractical in terms of 
scheduling and cost. In addition, Cx agents may have very little control over the time of 
year that commissioning takes place further complicating the assessment of load 
conditions. For example, in perimeter zones in mid seasons, loads can change from 
heating to cooling within a few hours of a day, confounding measurement and analysis. 

3. System configuration – There are a wide variety of approaches used to implement a 
UFAD system both at the tenant level, AHU level, and plenum airflow distribution 
configurations. These impact one of the key issues: interaction between interior and 
perimeter zones. Although there appears to be some degree of decoupling between 
room performance (at least on a large area basis) and the plenum temperature 
distribution, experience has shown that balancing comfort and control between these 
zones due to the high degree of interaction between them represents one of the major 
challenges for tuning these systems (see plenum thermal distribution section). 

UFAD system performance evaluation protocols 2.1.5.2 

A protocol used to assess overall performance of the UFAD system should contain the 
following primary approaches: 

1. Energy Star Rating System.  This relatively simple procedure uses one year’s worth of 
monthly data for electricity, gas, and water consumption from utility meter records to 
provide a comparative assessment of the building’s energy performance.  These data are 
entered into the EPA Energy Star calculation tool website to obtain the Energy Star 
rating (on a scale of 1 to 100) for the building.  This process compares the building’s 
energy performance with a large database of similar buildings nationwide [EPA 2010]. 

2. Physical measurements.  During a 3-4 day site visit, physical measurements can be made 
with a device like the CBE mobile measurement system to collect stratification and 
underfloor plenum performance data (two key attributes of UFAD system operation) 
over all representative areas of the building served by the UFAD system.  The portable 
measurement cart is a self-contained highly instrumented mobile monitoring platform 
that was originally designed to support commissioning of UFAD systems.  The collected 
temperature and pressure data can be compared with expected or recommended values 
to assess how well the UFAD system is performing. 

3. Occupant Satisfaction Survey.  This survey, administered via the internet over a 1-2 
week period, provides an assessment by the occupants of the quality of their indoor 
environment.  The survey addresses all major categories of indoor environmental 
quality, including thermal comfort, air quality, lighting, acoustics, cleanliness & 
maintenance, office layout, and office furnishings, as well as satisfaction with floor 
diffusers.  The survey results are compared against a large benchmark survey database 
maintained by CBE (currently more than 550 buildings and 50,000 individual surveys).   

4. Design and operations information. Collect and review other background information, 
including the following: design and as-built drawings, design sizing assumptions, 
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interviews with key personnel (design engineer, building operator), plenum air leakage 
test reports, and trend data from the building management system. 

Lessons learned 2.1.6 

Commissioning at The New York Times Building 2.1.6.1 

Appendices 2-5 and 2-6 contain a testing protocol and roadmap of tests that we developed for 
The New York Times (NYT) Building that was intended to be used with the Cx Cart. This was a 
preliminary procedure and upon review, and based on more detailed information as to how the 
system was to be controlled, it was determined that many of these procedures were impractical 
for the following reasons: (1) all zones on a floor were subject to the same AHU SAT; (2) the 
owner insisted on maintaining a minimum pressure setpoint in the interior zone for ventilation 
purposes; (3) BMS data could not be easily obtained; (4) adjusting zebra dampers to improve 
temperature distribution in the plenum was impractical;  and (5) there were numerous 
problems with AHU and terminal unit operation and control. In the end, there appear to be 
only two ‘knobs” that can be used to adjust both plenum distributions and room conditions; 
AHU SAT and room cooling setpoint temperature. 

Interviews with experts 2.1.6.2 

We conducted an interview with principles of the firm Summit Building Engineering, Scott 
Nelson and Karl Strum [Strum 2007] who have had considerable experience commissioning 
UFAD systems. The following is a summary of their comments: 

1. Low plenum/supply temperatures result in comfort complaints. Removing interior 
diffusers or relocating them to the perimeter helps reduce cold interior issues (and may 
increase stratification). 

2. Interior vs. perimeter control is a major issue that has yet to be adequately resolved. 

3. Contractors, operators, and Cx agents in general know very little about UFAD and 
therefore are not helpful in resolving problems. Quality of workmanship is generally 
substandard. 

4. Nobody measures stratification or cares about it; no standards or procedures are 
available.  

5. Control of leakage is improving with better contractors. However, electrical box leakage 
is still a problem. Leakage testing is too expensive; testing only for catastrophic leakage 
is more practical. 

6. Diffusers are either too difficult to adjust and cannot be adjusted so they are usually 
shutoff by various means. Operators and occupants need more education.  

7. Many projects use thermostats only in the perimeter; it is a mistake not to control the 
interior.  

Summary of obstacles to UFAD commissioning 2.1.6.3 

Knowledge gained from this research can be summarized as follows: 

 Pre-occupancy testing is impractical 
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 Testing in mid-seasons makes testing very difficult due to changeovers between heating 
and cooling in the same zone or between zones. Cooling in the interior while heating in 
the perimeter complicates the testing due to interactions between the two. 

 Cannot accurately determine load conditions 

 The elaborate test sequences described in the NYT procedures are impractical due their 
complexity and the inability to replicate test conditions in the field so comparisons can 
be made to previous tests, especially when occupied (which is most likely the time that 
Cx will be conducted) 

 Unresolved problems with HVAC components and BMS controls; i.e., lack of complete 
functional testing and commissioning.  

 Sequences of operation that do not conform to specifications, are inoperable, or are 
inappropriate for UFAD.  

Summary and conclusions: Stratification  2.1.7 

It is clear from studies of stratification performance conducted under this project that good 
design is crucial to performance since there is limitations on what can be done cost effectively 
once the system is installed. There are limited practical means for increasing stratification to 
improve performance using operating parameters such as AHU SAT and room temperature. 
These adjustments are indirect ways to affect stratification and each has side effects that may 
make energy or comfort performance worse. The most effective way to ensure optimum 
performance is to design the system with adequate terminal unit capacity and number and/or 
type of diffusers; this appears to ensure more uniform dynamic performance at relatively high 
stratification.  

Adjusting AHU SAT has limitations due to the tradeoff effects between airflow and cooling 
energy, the latter being the result of economizer performance that is impacted strongly by 
climate. For example, lowering SAT (to mitigate perimeter cooling problems) tends to reduce 
fan energy but increase cooling energy due to lowered economizer performance. Raising SAT 
tends to have the opposite effect. Lowering AHU SAT may also exacerbate comfort problems in 
interior zones. However, extrapolating from the results of this study, the energy penalty from 
lowered SAT may be eliminated if the system was correctly designed with a relatively high 
SAT.  

 The results indicate that increasing the room setpoint results in increased stratification and 
lower energy use but the savings depend strongly on climate. Lower energy use is not 
unexpected since increasing setpoints in any system lowers airflow requirements.  But it has 
been shown in this study that fan energy savings contribute to cooling energy savings only in 
mild climates where there are a large number of economizer hours. On the other hand, UFAD 
systems may be better suited for using an increased setpoint strategy due to the fact that 
stratification creates lower effective temperatures in the occupied zone than OH systems for the 
same 4-ft height thermostat setting. Also, UFAD provides some degree of personal control that 
can mitigate comfort problems that otherwise might occur at higher temperature setpoints.  

Increasing stratification by lowering blinds during peak conditions tends to increase 
stratification as well as provide direct solar shielding and glare control, which have important 
comfort benefits.  
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In conclusion, for properly designed systems that use high throw diffusers, improved 
performance may be achieved with a combination of lowering AHU SAT and increase room 
setpoints. A policy of lowering blinds at peak conditions may also contribute to better 
performance. For inadequately designed systems, adding or relocating diffusers may be the 
best way to optimize performance and reduce comfort complaints  
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Task 2.2 – Underfloor plenum leakage 

The goal of this task is to develop a practical underfloor plenum air leakage testing procedure 
for use by commissioning agents and other building testing contractors.  Air leakage from 
pressurized underfloor air supply plenums is one of the most important issues facing the UFAD 
industry.  Evidence from completed projects indicates that uncontrolled air leakage from a 
plenum can impair system performance.  In some documented cases, the amount of leakage has 
been substantial (greater than 50% of design airflow).  To date, plenum air leakage has been 
divided into two primary types, as defined below: 

1) Category 1 – Construction quality leakage (Figure 2.2.1): The most detrimental to 
system performance is leakage out of the plenum walls and joints that result in air 
passing through wall cavities, columns, and other short-circuiting pathways to the 
return plenum above, directly to the outside the building, or back to the return of the 
floor below via fire stops or other floor penetrations. These leaks represent air loss that is 
detrimental to the operation of the system, causing an increase in fan power, and 
possibly an increase in cooling load. 

2) Category 2 – Floor leakage (Figure 2.2.2): Leakage from the plenum through the raised 
floor into the occupied space is a class of leakage that has varying consequences 
depending on a number of factors. In general, this leakage is not necessarily detrimental 
to the operation of the system, and in fact, under certain circumstances may actually 
help the performance. However, if the leakage rate is large, or if it occurs at the wrong 
place (i.e., near an occupant) it may cause comfort problems. These leaks occur through 
floor panel gaps, electrical outlets and other floor openings, and joints at the edges of the 
floor and around columns. 

 

 

Figure 2.2.1: Category 1, or construction-quality, leakage 
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Figure 2.2.2: Category 2, or floor, leakage 

Review of air leakage testing protocols 2.2.1 

The first well-documented air leakage testing protocol for underfloor plenums was developed 
by the U.S. General Services Administration (GSA) as part of their review of several GSA UFAD 
installations and their related effort to assemble a set of design guidelines for UFAD systems 
[NIBS 2008].  To date the building industry has widely adopted the GSA protocol because no 
alternatives were available.   During the past 2-3 years in conjunction with the activities of the 
ASHRAE Technical Resource Group (TRG7-UFAD) to revise the ASHRAE UFAD Design 
Guide, there has been renewed interest in developing an industry-sanctioned air leakage testing 
protocol for inclusion in the new Design Guide.  In addition, several building industry experts 
pointed out the need for a peer-review of the GSA protocol, which had not previously 
undergone such a process. It was decided early on in this project to carefully review the GSA 
protocol by conducting a series of air leakage field experiments in UFAD installations to 
investigate the accuracy and effectiveness of new test methods under development that were 
believed to be an improvement over the current approach.   

The two air leakage field experiments are briefly described below.  The following section 
presents a recommended air leakage testing protocol that combines the best features of both the 
GSA protocol and the newly developed “multi-path” method described below. It concludes 
with a brief discussion of suggested target air leakage rates for assessing the acceptability of test 
results. 

Air leakage field experiments 2.2.2 

EPA Region 8 Headquarters, Denver, CO 2.2.2.1 

On May 16-18, 2008, CBE researchers working in collaboration with key personnel from 
Engineered Interiors Group (EIG), Opus NW Management/GPT, and the Environmental 
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Protection Agency (EPA), conducted air leakage tests in the EPA Region 8 Headquarters 

Building in Denver, CO.  There were two primary objectives for this testing:  

1. Determine the characteristic air flow leakage rate from the underfloor air distribution 
system on the 29,892- ft2 7th floor, and 

2. Using alternative testing methods assess the overall accuracy and effectiveness of the 

GSA leak testing protocol. 

As shown in Table 2.2.1, the measured air leakage from the 7th floor indicates that the 
construction of the supply plenum was done to very high standards.  Construction quality 
leakage (Category 1) contributed about 0.01 cfm/ft2 (1% of design airflow), and floor 
leakage to the room (Category 2) makes up the large majority of total leakage, even though 
it is also low at 0.16 cfm/ft2 (11% of design airflow) for a total leakage of 0.17 cfm/ft2. 

The results shown in Table 2.2.1 are based on CBE’s new multi-path air leakage testing method. 
The field test demonstrated the potential of the multi-path method to provide greater detail 
about the air leakage through all major pathways from the underfloor plenum on the 7th floor.  
The field test also demonstrated the use of one of the two primary airflow measurement 
techniques in which the building’s air handling unit with installed flow measurement stations is 
used to deliver, measure, and control the airflow into the plenum during the air leakage test.  A 
full description of the EPA air leakage test is described by Bauman et al. (2008).   

 

Table 2.2.1:  Summary of Air Leakage Test Results, 7
th

 Floor, EPA Region 8 Headquarters based 
on multi-path method (Assumptions: 7

th
 floor area = 29,892 ft

2
,  

design plenum pressure = 0.05 iwc, design airflow = 1.43 cfm/ft
2
) 

 Leakage at design conditions 

Description 
Leakage 

Flow (cfm) cfm/ft
2
 

% of 
Design 

 
Category 1 leakage 

 
440 

 
0.01 

 
1 

Category 2 leakage 4,720 0.16 11 

Total leakage 5,160 0.17 12 

 

WSP Flack + Kurtz Office, San Francisco, CA 2.2.2.2 

 On August 7-8, 2009, WSP Flack+Kurtz offered their office in San Francisco as a testing ground 
for the multiple path leakage test method.  During this test, CBE researchers applied the second 
of two primary airflow measurement techniques in which a separate blower panel fan assembly 
was installed.  A 23,877 ft2 section of the 5th floor (about half the area) was selected for the test.  
Air is delivered to this plenum through two short sections of supply duct (air highway) from a 
central shaft, with a total of six dampers.  In order to conduct the leakage test using a blower 
panel assembly, all plenum inlets (dampers on air highways) were sealed tightly.   

The building engineer operated the air handler, exhaust fans, and dampers (some of them fire 
dampers) to achieve the goals of different building configurations.  His knowledge of the 
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building and clear understanding of the goals of the test method enabled measurement of the 
building in many configurations.  For further details, see section below: “Conduct multi-path air 
leakage test.”  

Table 2.2.2 summarizes the measured air leakage test results from the 5th floor of the WSP Flack 
+ Kurtz Office in San Francisco.  Construction quality leakage (Category 1) contributed about 
0.03 cfm/ft2 (3% of design airflow), and floor leakage to the room (Category 2) made up the 
large majority of total leakage, 0.16 cfm/ft2 (16% of design airflow) for a total leakage of 0.19 
cfm/ft2. 

Table 2.2.2:  Summary of Air Leakage Test Results, 5
th

 Floor, WSP Flack+Kurtz Office based on 
multi-path method (Assumptions: 5

th
 floor area = 23,877 ft

2
,  

design plenum pressure = 0.075 iwc, design airflow = 1.00 cfm/ft
2
) 

 Leakage at design conditions 

Description 
Leakage 

Flow (cfm) cfm/ft
2
 

% of 
Design 

 
Category 1 leakage 

 
610 

 
0.03 

 
3 

Category 2 leakage 3,785 0.16 16 

Total leakage 4,395 0.19 19 

 

Underfloor plenum air leakage testing protocol 2.2.3 

Initial Screening Test 2.2.3.1  
 

Purpose: Verify capacity of AHU to maintain design airflow rate at design static pressure (0.05 
– 0.10 in. H2O) in plenum.   

Description: To conduct this test, the following steps should be followed: 

 This test should be conducted in each individual underfloor plenum zone served by the 
air handling unit.  If it can’t be done for every zone, then it should be done for enough 
zones to obtain a representative sample of how the building’s UFAD system is 
operating. 

 All diffusers should be left in their normal (open) position.  It is preferred to have the 
raised floor system fully installed, including all major penetrations (e.g., diffusers, 
power outlets, etc.) and carpet tiles.  If carpet is not installed, then all seams between the 
floor panels should be taped (unless other means of sealing are in place). 

 Set the AHU and air distribution system to provide the design airflow rate to each 
plenum zone.  Verify (with calibration or spot measurements) that the actual design 
airflow is provided to the plenum zone. 

 Record the static pressure in each individual plenum zone 

 Compare measured airflow and plenum pressure with Mechanical Schedule 

 If the measured static pressure is below the design pressure (typically, 0.05-0.10 in. H2O), 
this is a good initial indicator that leakage problems may exist.  If a significantly larger 
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number of diffusers than designed for have been installed, this could also lead to lower 
than expected plenum pressures under design airflow conditions. 

 Find and repair all major leaks in the plenum.  The best approach is to use visual 
inspection of the plenum, particularly along the edges adjacent to walls, columns, and 
other structural elements.  Also carefully inspect any cabling installations, where holes 
may have been cut, or conduit may be unsealed.  Smoke visualization can also be a 
useful method for finding leakage locations if visual inspection is not successful. 

 If the measured static pressure is equal to or above the design pressure, then the AHU 
has sufficient capacity and the plenum is suitable to conduct a complete air leakage test. 
Comments: It should be relatively straight-forward for the building operator to conduct 
this test.  This test can be performed only if the air handling unit (AHU) has been 
installed and is operational (commissioned).  The primary objective of this test is to 
identify plenum zones that have an unacceptably high rate of leakage due to poor 
construction quality.   

Determine Method for Air Leakage Test 2.2.3.2 

 
Purpose: Based on the building/plenum and air distribution system configurations, determine 
the best approach for conducting the air leakage test and to measure the airflow rate: (1) use 
blower panel assembly, or (2) use the building’s air handling unit (AHU). 

Description: Air leakage testing in UFAD systems requires that the airflow to the plenum zone 
being tested be delivered and accurately measured over the lower end of the range of desired 
airflow rates typical of variable-volume operation. This requires good calibration and 
measurement accuracy at lower flow rates. There are two primary methods of air delivery that 
have been used in practice.  The contractor should review these methods, consider the pros and 
cons, and decide what approach will be used for the air leakage test. 

 
Method 1: Contractor-provided blower panel assembly. 
A separate fan unit (or multiple fans in larger spaces) is installed to blow air into the plenum 
being tested through one or more removed or specially fitted floor panels (similar to a blower 
door assembly).  As shown in Figure 2.2.3, to complete this test the contractor must seal all floor 
diffusers as well as find and tightly seal all plenum inlets from the AHU into the plenum.  This 
approach has the advantage that the quantity of air being delivered into the plenum zone of 
interest can be more easily controlled and accurately recorded with the (typically high quality) 
sensors that are part of the blower panel assembly.  For these reasons, it is the preferred 
approach.  If the plenum zone to be tested is extremely large and not enough airflow capacity 
can be provided by the available blower panel fans, then a second approach, described below, 
may be necessary. 
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Figure 2.2.3: Schematic of air leakage test setup with blower panel assembly. 

 
Method 2: Building’s air handling unit (AHU). 
In this method, the contractor relies on the building’s AHU to deliver and control the 
airflow into the plenum zone being tested.  The installed airflow sensors for the building 
management system (BMS) (if they exist) must be calibrated (e.g., using a hot wire 
anemometer, pitot tube traverse, or calibrated fan, or by other alternative methods) to be 
able to record accurately the airflow entering the plenum zone being tested.   When the 
AHU serves multiple zones, the airflow entering the plenum zone of interest must be 
isolated so the individual zone airflows can be measured accurately.  However, this 
approach can be challenging when the zone leakage airflows are small. Typically, the AHU 
flow sensors do not lend themselves to calibration easily and their accuracy is less precise at 
reduced airflow rates.  The air leakage test configuration is shown in Figure 2.2.4, and has 
the advantage over Method 1 of not requiring a blower panel assembly and not needing to 
locate and seal all plenum inlets from the AHU into the plenum. As described above, this 
method may be needed if the plenum zone to be tested is extremely large, air leakage rates 
are high, and not enough airflow capacity can be provided by the available blower panel 
fans. Note for this particular test configuration (EPA building) with perimeter sill grilles, it 
is advisable to also seal the intakes of the fan coil units, if feasible.  See further discussion 
below under Task 1: Seal diffusers. 

 

Fan

Seal diffusers Seal plenum inlets
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Figure 2.2.4: Schematic of air leakage test setup with building’s AHU (EPA building). 

Prepare for Air Leakage Test 2.2.3.3 

Purpose: Conduct all necessary tasks to prepare for the air leakage measurement test, including 
the following: tape/seal diffusers, install blower panel fan system (if used), or calibrate the 
airflow measurement stations for the building’s AHU(s) (if used), tape/seal plenum inlets (if 
blower panel used), and install pressure measurement tubing (and sensors) for all leakage 
pathways. 

Description: This is the most labor-intensive portion of an air leakage test, but careful and 
successful completion of the tasks described below are essential for reliable test results. 

Task 1. Seal diffusers 
The goal of this task is to tightly seal all diffusers, grilles, and other airflow openings through 
which air is expected and controlled to normally flow from a pressurized underfloor plenum 
and the conditioned space.  This task does not address gaps between floor panels, cracks along 
edges of floor panels adjacent to walls, pvd outlets, etc.  When this task is completed, the only 
pathways remaining where air can flow from the pressurized plenum will be undesired, or 
uncontrolled, pathways, representing leakage from the plenum.  Figures 2.2.5 – 2.2.7 show 
example photos of sealing/taping typical diffusers: swirl, perimeter bar grille (floor), and 
perimeter bar grille (window sill).  Taping of floor diffusers is usually done with a specially 
sized (18-24 in.) wide tape (“carpet mask” or “duct mask”).  It is important to test and ensure 
that the tape sufficiently adheres to carpet to avoid being dislodged during subsequent 

Seal perimeter bar 

grilles on window sill
Seal swirl diffusers

Seal fan-coil intake
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pressurized testing (at maximum test pressures, ~0.10 in. H2O).  Careful attention must also be 
paid to unique diffuser configurations, such as bar grilles located on perimeter window sills.  
Unlike floor diffusers, diffusers located on window sills have the potential to create leaks into 
the wall cavity (due to leaks in the connecting ductwork from underfloor fan coil units), even 
when the sill grille has been taped shut (Figure 2.2.7).  Sealing the intakes of the fan coil units 
can help minimize leakage of this type when sill grilles are used (see Figure 2.2.4).  If sill grilles 
are not used, then simply sealing the perimeter floor grilles should be sufficient (Figure 2.2.3). 

 

    

 

Figure 2.2.5: Taping swirl diffuser   Figure 2.2.6: Taping perimeter bar grille 

 

Task 2. Install blower panel fan system (if used) 
If the use of a blower panel assembly has been selected as the method of test, one or more fan 
units must be installed in the plenum zone under test.  As shown in Figure 2.2.8, the fan is 
installed to blow air through a hole in a base plate (e.g., plywood) that is positioned over the 
opening provided by a removed floor panel.  The fan assembly should be capable of variable-
speed control based on monitored pressures in the underfloor plenum and room, as well as 
precise measurement of airflow rate (recommended flow accuracy of 4-5%).   
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Figure 2.2.7: Taped perimeter sill grille Figure 2.2.8: Blower panel fan assembly 

Task 3. Calibrate airflow measurement stations for the building’s AHU(s) (if used) 
If the decision has been made to use the building’s AHU to deliver and control air volume 
during the leakage test, it is critical that the accuracy of the installed flow measurement stations 
is verified through calibration (particularly at lower airflow rates that might be applicable 
during air leakage tests, e.g., 10-20% leakage).  It is also very important that the airflow is 
measured at the point where it enters the plenum, not in the air handler or some other remote 
upstream location in a duct.  Depending on the system configuration, calibration can be done 
using a hot wire anemometer or pitot tube traverse, or a flow calibrated variable-speed fan.  
This calibration must include all of the flow entering the underfloor plenum, including leaks in 
supply ducts and air highways. 

Task 4. Seal plenum inlets (if blower panel used) 
This is an additional sealing task that must be completed if a blower panel test method is used.  
As shown schematically in Figure 2.2.3, all plenum inlets where supply air from the AHU enters 
the plenum must be sealed tightly. Depending on how many plenum inlets there are and where 
they are located (e.g., under furniture), this task can be time consuming.   Figure 2.2.9 shows a 
plan view of the six supply locations that were sealed during the air leakage test in the WSP 
Flack + Kurtz office. 
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Figure 2.2.9: Plan view of underfloor plenum supply locations in WSP Flack + Kurtz Office 

Task 5. Install pressure measurement equipment for all leakage pathways 
To prepare for the measurement of pressures along all major leakage pathways (described 
below in the multi-path air leakage test method), a command center should be established at a 
central location. The command center will include at least one high precision pressure 
measurement sensor (recommended accuracy of ±0.0008 in. H2O (±0.2 Pa) or 1% of reading, 
whichever is greater) with  a connection manifold for all installed pressure tubing lines, and a 
switching valve to allow all incoming lines to be measured sequentially or by several high 
precision sensors,  and a computer to record and analyze the data.  Figures 2.2.10 and 2.2.11 
show an example command center and typical tubing installation serving different locations 
and pathways.  Although it is often assumed that plenum pressures are uniform in a given 
plenum zone, to verify that there are no significant variations, it is recommended that pressure 
sensing tubing be installed from the command center  to different underfloor plenum pressure 
measurement locations corresponding to about one per 5,000 ft2.  Tubing must also be run to the 
other target locations for the different leakage pathways with a common reference of the 
underfloor plenum.  Stairwells or empty conduits connecting floors in sealed building core 
areas are good candidates for running tubing to these other locations (e.g., floor below, outside).  
Care must be taken to keep doors shut and relatively well sealed if that is their normal position.  
All paths with possibly significant leakage should be monitored. 
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Figure 2.2.10: Plenum pressure measurement command center     Figure 2.2.11: Installation of  
                                                                                                                 tubing for plenum pressure  
                                                                                                                 measurement 

Conduct multi-path air leakage test 2.2.3.4 

Purpose: This air leakage test protocol is used to simultaneously characterize airflow rates 
through all major leakage pathways from the underfloor plenum, including to the room 
(Category 2 leakage), to the return plenum on the floor below (if applicable), to outside the 
building, to an adjacent space not served by the UFAD systems, and any other important air 
leakage pathways.  Rather than limiting our attention and measurements to only the pressure 
difference between the plenum and room (leaving other pathways poorly determined), this 
approach uses a more realistic model of leakage from the underfloor plenum by measuring and 
determining the air leakage correlation for each major leakage pathway.   

Description: Figure 2.2.12 shows a schematic diagram of a typical setup for measuring UFAD 
leakage. The diffusers and supply air ducts are sealed and a calibrated fan is mounted in the 
floor to pressurize the underfloor plenum.   To conduct this test, the pressures between the 
underfloor plenum and the leakage pathways that have been identified are monitored. In the 
example shown, five such paths have been identified:  (1) to outside, (2) to the return plenum of 
the floor below, (3) to an adjacent room not served by the plenum being tested, (4) to the supply 
duct (or air highway)3, and (5) to the zone conditioned by the UFAD system (Category 2 
leakage).   

 

                                                      
3 Leakage measured from the supply duct during this test is not leakage under normal operating 
conditions. 
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Figure 2.2.12: Example UFAD leakage measurement configuration. 

The equation describing the leakage of the five leakage paths identified in Figure 2.2.12 is: 

Q  =   k1 P1n1  +  k2 P2n2  + k3 P3n3  +  k4 P4n4   +  k5 P5n5       (1)4 

Where:  

Q is the leakage flow [cfm, or L/s]; 

P is the pressure across the leak [Pascals, or in. H2O];  

k and n are regression coefficients (0.5<=n<=1).  Previous research on residential leakage 
testing (about 100,000 homes and 2,000 duct systems) found an average value for n of 
0.65 for residential envelopes, and 0.6 for residential duct systems (Siegel et al. 2001, 
Walker et al.1997); 

ki Pi
ni
 is the leakage contribution from each of the following five pathways (refer to 

Figure 2.2.12): 

i = 1, room (Category 2 leakage) 

i = 2, return plenum on floor below 

                                                      
4 Quantities raised to exponents, xn, should be expanded to read: sign(x)*abs(x)n 

Conditioned Space  

Category 1 leaks: to zones 
other than designed areas 

 

Supply Air 

Space not 
served by 
the UFAD 
system. 

Category 2 leaks: to 
conditioned space 

Diffuser 

Pressurization 
Fan 

Return Plenum of Floor below 
Outside 
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i = 3, outside 

i = 4, adjacent room not served by UFAD system 

i = 5, supply duct (or air highway) 

The pressurization fan is used to create and measure a series of about six fixed flow points, 

(recording flow, P1, P2, P3, P4, P5) at several different building air distribution system 
configurations.  For the example of five leakage paths identified in Equation 1, one should 
collect at least thirty total data sets for at least five different configurations. Possible 
configurations include: 

1. All building fans off (all Ps at approximately the same pressure). We refer to this 
condition below as the “total” leakage. 

2. Pressurize the supply duct (air highway) using the building’s air handler. If possible, 
supply air just to the floor being tested, not the floor below, or to adjacent spaces (This 
configuration is appropriate when using a blower panel fan). 

3. Depressurize the return plenum of the floor below by using the building exhaust or 
return fans (no supply air). 

4. Pressurize the return plenum of the floor below by using the building air handler supply 
fan (return/exhaust fans off).  If possible this should be done with, and again without, 
any dampers to the supply air to the underfloor plenum closed (possibly using fire 
dampers). 

5. Depressurize the conditioned space above the underfloor plenum being tested, but not 
the return plenum of the floor below.  This might be done in two configurations:  with 
doors from the conditioned space open to stairwells and adjacent spaces, and again with 
the doors closed. 

6. Pressurize, and depressurize the entire building rather than just one floor. 
7. Pressurize the adjacent room (or underfloor plenum) not served by UFAD system. 

 

These are only some of the possible system configurations.  Which configurations will be tested 
depend on the control capabilities of the building’s systems and the leakage paths that have 
been identified.  In general you want to change the pressure of one leakage pathway without 
changing the others and you need to find a different configuration for each pathway.  If you are 
unable to change a pressure independently of another then the leakage split between these will 
be poorly defined, but the total should still be well defined. 

For Equation (1) to be used successfully, the pressure differences governing the various 
pathways must be independently changed and sufficient data points taken to yield a good 
regression.  Although it would be desirable to be able to hold one pressure (for example, the 
plenum/room pressure difference) constant, it is not necessary to do this as long as enough data 
points are collected.  It is also quite difficult to do this in practice using a building’s control 
system.  In the case of the leakage pathway to the outside, natural fluctuations in wind speed 
and direction will generally provide the necessary pressure variations.  If the underfloor 
plenum being tested has more than one outdoor exposure the wind may act differently on each 
surface complicating the analysis.   In general the leakage to outside will be the least accurately 
determined because of these uncontrolled, naturally occurring pressures. 
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Another potentially important leakage pathway (not shown above) is leakage from the plenum 
up through interior (or perimeter) walls to the return plenum, essentially bypassing the 
conditioned space.  This would account for air that exits through cracks or holes along edges of 
the plenum and travels upward through wall cavities to the return plenum above.  This type of 
leakage can only be measured separately if the building has a suspended ceiling, creating a 
return plenum, and if a pressure difference can be maintained between the room and return 
plenum for some of the measurement points during the test.  A good strategy would be to seal 
most, if not all, of the return grilles in the ceiling, providing greater flow resistance between the 
room and the return plenum.  Pressure differences could then be created by adjusting the 
exhaust or supply fans.  If the building does not have a suspended ceiling (e.g., exposed 
ceiling), this type of pressure cannot be measured separately and will be included in the 
Category 2 air leakage rate. 

The advantage of the multi-path leakage test is that by developing a unique correlation for the 
leakage from the plenum to all pathways, it can accurately predict true Category 2 leakage as a 
function of pressure difference.  This can be accomplished without the difficulty of finding and 
sealing all such leakage openings, such as cracks along the edge of walls, elevator shafts and 
columns.  The major sealing work that is required for this method is limited to the diffusers and 
possibly the plenum inlets served by the air distribution system. 

While it is theoretically possible to determine each flow exponent, ni, in practice this has been 
found to be extremely difficult and, in the absence of other specific knowledge, the same n is 
used for all flow exponents.  This n is determined from the “total” leakage measurement 
(system configuration #1 above) 5 where all the pressures for each leakage pathway should be 
nearly the same.  For this purpose, the measurements from this configuration are fitted to a 

power where the pressure can be the average of the measured pressure differences ( P1, P2, 

P3, P4, P5). 

Leakage acceptance criteria 2.2.4. 

To date there has been considerable debate about what leakage rates should be used to 
determine the acceptability of plenum leakage test results.  Until further research can be 
conducted to study the impact of air leakage on UFAD system performance, the rates listed in 
Table 2.2.3 represent the range of acceptability criteria currently under discussion by the 
industry.  In general, the maximum allowable leakage rate for Category 1, construction quality, 
leakage is smaller than allowable Category 2 leakage because this type of leakage represents air 
loss that is detrimental to the operation of the system.  Allowable Category 2, or floor, leakage 
rates may be higher, and if accounted for, can still contribute to a well-controlled space 
temperature.  The first two sources in the table below list leakage rates that are fairly consistent 
with each other.  The third source recommends much tighter leakage criteria, approaching 
leakage rates that are often obtained in ducted air distribution systems. Leakage rates of 

                                                      
5 If the flow exponent is known for a pathway, then that exponent should be used instead of the one 
determined during the “total leakage” measurement.  In principle, curve fitting could be used to 
determine each individual flow exponent but experience suggests that this would take many more data 
points and at a higher accuracy than is usually possible.   
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overhead ducted systems usually are made without accounting for leakage downstream of the 
terminal, VAV, box.  Wray 2005, reports the results from measuring ten complete systems as 
ranging from below 5% up to 26% of total fan flow. 

 
Table 2.2.3: Comparison of Maximum Allowable Plenum Air Leakage Rates 

Category 1 
Leakage 

Category 2  
Leakage 

Total  
Leakage 

Plenum  
Pressure 

Source
1
 

0.05 cfm/ft
2
 0.1 cfm/ft

2
 0.15 cfm/ft

2
* 0.05 in. wc Bauman et al. 

8% of design flow 
or 

0.05 cfm/ft
2 

(whichever  is less) 

15% of design flow* 23% of design flow 0.05 in. wc EDR  

3% of design flow 
or 

0.03 cfm/ft
2 

(whichever  is less) 

7% of design flow* 
or 

0.07 cfm/ft
2
*

 

(whichever  is less) 

10% of design flow 
or 

0.1 cfm/ft
2 

(whichever  is less) 

0.07 and 0.1  
in. wc 

NIBS 

1
see references 

*estimated based on other two leakage categories 
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Task 2.3 – Thermal performance of underfloor plenums 

The goal of this task is to develop adjustment methods and acceptance criteria for 
commissioning plenums for optimal temperature uniformity and the ability to supply 
acceptable temperatures to perimeter zones. Thermal processes within the underfloor plenum 
and the surrounding thermal mass are known to have an important impact on the effectiveness 
of the plenum as part of the building’s air distribution system.  These processes include (1) heat 
transfer between the slab and the plenum air, (2) heat transfer between the floor panels and the 
plenum air, (3) variations in plenum air temperature with distance traveled through the 
plenum, and (4) thermal storage effects of the slab and floor panels.     

Thermal decay 2.3.1 

Thermal decay is defined as the difference between the temperature of the primary supply air 
entering the underfloor plenum through plenum inlets and the temperature of the air leaving 
the plenum through floor diffusers, or other terminal devices such as fan-coil units.  In all 
practical applications of UFAD systems in commercial buildings, the supply plenum is operated 
in cooling mode, meaning that the underfloor plenum creates a relatively cool reservoir of air 
extending across the entire building floorplate, establishing large-area pathways for heat to 
enter the supply plenum.  Heating is provided only when and where it is needed: generally, in 
perimeter and other special zones.  As a result, thermal decay always refers to an increase in 
temperature and will be used in this way throughout this Design Guide.  

A considerable amount of research has been completed during the past decade focusing on 
improving our understanding of the fundamentals and magnitude of heat gain to underfloor air 
supply plenums that produce thermal decay.  Bauman et al. (2006a) used steady-state modeling 
to demonstrate that the magnitude of heat transfer into an underfloor plenum  was larger than 
previously thought, resulting in a significant amount (35-45%) of the total zone cooling load 
entering the plenum.  This heat gain to the plenum warms up the plenum air, resulting in 
higher diffuser discharge temperatures. To maintain space temperature control, room supply 
airflow rates will tend to increase due to these higher diffuser supply temperatures, and thus 
will influence room air stratification and heat balances in the building. Schiavon et al. (2010) 
showed that, according to whole-building energy simulations, on average (median value), 22% 
and 37% of the total zone peak UFAD cooling load goes to the supply plenum in the perimeter 
and interior zones, respectively. The heat transfer to the plenum manifests itself as thermal 
decay. Woods and Novosel (2008) measured and compared the heat gain to the room and the 
actual heat extraction rates for both conventional overhead (OH) and UFAD systems and 
showed that the room heat extraction rate in UFAD systems is only 35-64% of the instantaneous 
heat gain to the room compared to 66-93% in OH systems. The authors indicated that the 
significant amount of heat that entered the supply plenum caused these differences. 
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Field measurements of thermal decay 2.3.2 

Results from field measurements conducted in May 2008 in a large open plan office building 
with UFAD provides evidence of the magnitude of plenum heat gain (Webster et al. 2008). In 
Figure 2.3.1, each data point represents an individual diffuser supply temperature measured in 
the interior or perimeter zone on the 7th floor (29,239 ft2 [2,700 m2]) of the building served by a 
single open plenum. Measurements were recorded in each sector (N, S, E, W) simultaneously 
using wireless sensing. Based on the recorded supply air temperature leaving the air handler 
(62°F [16.7°C]), thermal decay as high as 9.5°F (5.3°C) is observed at some diffusers, with the 
average for the entire plenum around 5°F (3°C). Additional details of this study, including 
plenum configuration, can be found in the reference.  

 

Figure 2.3.1.  Supply plenum temperature distribution, 7
th

 floor; INT = interior zone,  
PER = perimeter zone, AVG = overall average (perimeter + interior) 

Heat transfer fundamentals of thermal decay 2.3.3 

Due to the non-uniform stratified environment produced by UFAD systems combined with the 
relatively cool temperature of the underfloor supply plenum, radiant heat transfer plays an 
important role in driving the heat gain into the plenum, thus creating thermal decay.  Lee et al. 
(2011) conducted a detailed study of the impact of thermal decay on UFAD system performance 
using the whole-building energy simulation program, EnergyPlus [EnergyPlus 2010].  
EnergyPlus performs a fundamental energy balance on each building surface by explicitly 
calculating all three heat transfer components (radiation, convection, conduction) for each 
hourly time-step of the simulation. As discussed below, it is instructive to review results from 
this study to understand the dynamic heat transfer processes that produce thermal decay. 

Figure 2.3.2 shows a schematic diagram identifying the important horizontal building surfaces 
in a UFAD system. Thermal decay is driven by heat transfer into the underfloor plenum 
through the concrete slab (from the return plenum below) and through the raised floor panels 
(from the room above). Figure 2.3.3 illustrates a typical daily pattern of hourly surface heat 
fluxes, as predicted by EnergyPlus, for the key surfaces that influence thermal decay: top and 

7th Floor Diffuser Temperature ( F)

62           63             64             65            66             67            68             69            70        71            72 
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bottom of the raised floor, and top and bottom of the concrete slab. Results are shown for the 
hours of 8:00-20:00 for a west perimeter zone on a middle floor of a 3-story, 120,000-ft2 (11,200-
m2) office building during a peak cooling design day simulation in Baltimore, MD. The HVAC 
system is operated from 5:00-19:00. To assist in interpreting the direction of heat flows, positive 
heat flux refers to radiation, convection, or conduction that is flowing upward at the surface in 
question. 

 

 

Figure 2.3.2. Schematic of room, slab and plenums for middle floor of UFAD system 

Beginning with the top of the carpeted raised floor (top surface shown in Figure 2.3.3), it is seen 
that the incident radiant heat transfer is the largest heat flux shown for all four surfaces. This 
heat flux includes the radiant portion of internal heat sources in the room, radiant exchange 
with other room surfaces including the warm ceiling, and solar radiation hitting the floor in the 
afternoon (peaking at nearly 40 W/m2 [3.7 W/ft2]). The radiant heat flux absorbed by the top 
surface of the raised floor (downward heat flow) is equal to the sum of convection and 
conduction heat fluxes leaving the surface. In this case, the relatively warmer floor conducts 
heat downward into the floor panel and convects heat upward into the room, contributing to 
the room cooling load. At the bottom surface of the raised floor (second surface shown in Figure 
2.3.3), the direction of all three heat transfer components is downward into the underfloor 
plenum. The conduction arrives at the bottom surface after having passed through the raised 
floor panel and is equal in magnitude to the sum of radiant and convective heat flux leaving the 
underside of the floor panel. Convective heat transfer from the raised floor bottom contributes 
directly to thermal decay and varies over the range of 7-10 W/m2 (0.7-0.9 W/ft2) during the day. 
Note that for this example the central air handler supply temperature entering the plenum each 
hour is 60°F (15.6°C). 
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Figure 2.3.3. Surface heat transfer breakdown for underfloor supply plenum (middle floor, west) 

Turning our attention to the concrete slab (bottom two surfaces shown in Figure 2.3.3), it is seen 
that again the dominant mechanism for heat transfer entering the bottom of the slab (heat flow 
upward) is radiant exchange with the top of the drop ceiling (Figure 2.3.2), which has been 
warmed by stratification in the room. The magnitude of this heat flux is significantly less than 
that of the incident radiant flux on top of the raised floor identified above, peaking out at about 
6 W/m2 (0.6 W/ft2) in the late afternoon. The amount of conduction which flows upward into 
the concrete slab is nearly the same as the radiant heat flux, leaving a convective heat flux 
between the slab and return plenum air that is surprisingly close to zero for most of the day. At 
the top surface of the concrete slab, the results indicate that there is more conduction arriving at 
the top of the slab in the morning hours than in the afternoon hours due to thermal storage 
effects and the operating schedule of the HVAC system (turned off at night).  When the UFAD 
system is turned on in the morning, heat that has been stored in the slab overnight is released 
into the cool plenum by convection.  The time delay in heat conducting through the slab is also 
demonstrated by the fact that the pulse of heat entering the bottom of the slab during the late 
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afternoon hours (peak loads) never reaches the top of the slab during normal operating hours.  
The storage of this afternoon heat in the slab clearly contributes to the higher conduction values 
arriving at the top of the slab in the morning. The magnitude of the convective heat flux from 
the top of the slab into the plenum air (contributing to thermal decay) varies between about 6-8 
W/m2 (0.6-0.8 W/ft2) over the day.  The slight increase in the late afternoon is actually due to 
radiant heat transfer down from the underside of the floor panels.   

In summary, for this example of a west perimeter zone on a 40,000-ft2 (3,720-m2) middle floor in 
Baltimore, it is seen that total convective heat flux into the underfloor plenum varies between 
about 13-18 W/m2 (1.2-1.7 W/ft2) over the course of the day, while the convection entering the 
room from the top of the raised floor varies from about 3-18 W/m2 (0.3-1.7 W/ft2).  Although 
the total room cooling load will also include contributions from other convective heat sources in 
the space, these results indicate that the amount of heat transferred into the plenum can 
represent a significant portion of the total system cooling load. 

Operational consequences of thermal decay 2.3.4 

Thermal decay in underfloor air supply plenums has important implications for several UFAD 
operational issues, as summarized briefly below. 

 In general, warmer diffuser discharge temperatures will require higher airflow rates to 
satisfy the same room cooling load.  Higher airflow rates will require increased fan 
energy consumption. 

 While some automatic VAV diffusers will adjust their discharge characteristics with 
changing air volume, many passive diffusers (e.g., swirls, linear bar grilles) will 
experience an increase in vertical throw with higher airflow rates. This will increase 
mixing in the room and reduce stratification. 

 In general, increasing the airflow rate to maintain the zone setpoint temperature (due to 
the impact of thermal decay described above) will tend to reduce the average magnitude 
of temperature gain in the plenum (reduce thermal decay). Increasing the airflow rate 
will also tend to reduce stratification in the room, leading to a lowering of the ceiling 
temperature, which is another driver of thermal decay.  In this case, reduced radiant 
exchange with the ceiling will tend to reduce heat transfer and thermal decay in the 
supply plenum. 

 Thermal decay may lead to a need to reduce the supply air temperature leaving the air 
handler to accommodate space cooling loads.  In climates where the use of an outside air 
economizer is available, this may reduce the potential energy savings benefit from the 
economizer operation. 

 In a given open plenum control zone, supply temperatures will vary from diffuser to 
diffuser across the floor plate.  This is demonstrated in Figure 2.3.1 where individual 
diffuser discharge temperatures are seen to vary by as much as 8°F (4.4°C) within the 
same interior (North) zone.  

 In open plan spaces, individual diffuser discharge temperatures may impact local 
comfort conditions for nearby occupants, but in general, the average supply temperature 
from all diffusers in the zone is a good estimate for determining the amount of air 
needed to satisfy the zone cooling load.   

 Room air distribution for UFAD systems in open plan spaces tends to be self-balancing 
in that once air enters the room through the diffusers the cooler supply air near the floor 
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will be naturally drawn toward heat sources in the space.  Larger heat sources will 
entrain higher amounts of airflow in the plume that is created above the heat source.  
This air distribution behavior helps to alleviate any problems caused by temperature 
differences between individual diffusers. 

 One of the most commonly observed operational challenges resulting directly from 
plenum thermal decay is the following scenario encountered in an open plenum serving 
both interior and perimeter spaces, but with all plenum inlets located in the interior: 
building operators frequently decrease the supply air temperature from the air handler 
entering the plenum (in the interior zone) to offset thermal decay and provide adequate 
cooling in the perimeter zone.  However, if this supply temperature reset is not done 
carefully, overly cool diffuser discharge temperatures in the interior zone will increase 
the likelihood of complaints of overcooling by occupants sitting in the interior.  

 
Lee et al. (2011) used whole-building energy simulations with the program, EnergyPlus 
[EnergyPlus 2010], to investigate the impact of thermal decay on UFAD system performance.  
Simulations were performed to study the following parameters: plenum configuration, building 
floor level, supply air temperature from the air handler entering the plenum, window-to-wall 
ratio, internal loads, and climate.  The results of the study showed that the magnitude of 
thermal decay was considerable, with the median value for all simulations equal to 6.7°F 
(3.7°C).  The air handler supply air temperatures varied over the range of 57-63°F (13.9-17.2°C). 
As expected, thermal decay decreased with increasing air handler supply temperature due to 
the smaller temperature difference from the surrounding plenum surfaces and the increased 
airflow rate.  One of the plenum configurations investigated is referred to as a “series” plenum, 
which represents a typical open plenum with supply air from the air handler first entering the 
interior portion of the plenum before flowing out through the plenum to the perimeter zones.  
For the series plenum, the simulation results indicated that median thermal decay was lower in 
the interior zone (~5°F [3°C]) than in the perimeter zone (~7°F [4°C]). For the 3-story office 
building that was simulated, thermal decay on the ground floor was seen to be about 2°F (1°C) 
lower than on the other two floors due to the direct contact of the slab-on-grade with the cool 
soil temperatures.  When compared to an idealized UFAD system with no thermal decay, the 
predicted annual chiller and fan energy consumption for the UFAD system with a series 
plenum increased by 23% and 10%, respectively.  From these findings, it appears that efforts to 
reduce or minimize thermal decay may lead to energy savings. 

Strategies to control thermal decay 2.3.5 

This section presents and discusses several approaches for controlling thermal decay that have 
been applied in completed UFAD projects, as well as some that are still undergoing research.  In 
considering design or operational solutions to thermal decay, it is important to keep a few key 
points in mind. 

 In multi-story UFAD buildings, thermal decay will happen.  The goal of a well-designed 
and operating UFAD system is not to completely eliminate thermal decay (that would 
be an impractical and cost-prohibitive approach), but rather to manage thermal decay to 
achieve good performance. 

 Previous design guidelines addressing thermal decay were reported in the first edition 
of the ASHRAE UFAD Design Guide [Bauman 2003].  Since 2003, extensive research on 
underfloor plenum thermal performance has led to an improved understanding of the 
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topic and updated thermal decay guidelines, which will be discussed below.  Thermal 
decay represents an area for which it is important to carefully review the new 
recommendations described below and not solely rely on guidelines contained in the 
earlier edition [Bauman 2003]. 

  Although thermal decay can lead to operational problems as discussed above, there are 
several documented case studies of UFAD installations in which excellent energy 
performance and occupant satisfaction were observed, even while moderate to 
significant thermal decay was recorded [e.g., Webster et al. 2008, Fentress et al. 2009]. 

 The important goal is to account for thermal decay in design calculations and to apply 
one or more of the strategies described below to manage and control thermal decay 
during building operation. 

 

Ductwork and air highways 2.3.5.1 

Horizontal ductwork and air highways may be used to improve the distribution of supply air 
across the building floorplate, particularly in large buildings. Early advice on configuring 
underfloor air supply plenums was to minimize to the extent possible installed ducts and air 
highways, leaving a largely open plenum that can more easily serve as a highly flexible and 
accessible service plenum. Other early designers tended to be more conservative and installed a 
significant amount of underfloor ductwork delivering air to temperature control zones that 
were defined by underfloor plenum dividers.  Over the past decade, as awareness of thermal 
decay has grown, the result has been that a wide variety of plenum and ductwork 
configurations have been installed in UFAD buildings.   

Figure 2.3.4 shows an example floor plan for an early (2001) open plan office building with a 
large floor plate (50,000 ft2). As shown, the plenum layout included an extensive network of air 
highways with multiple damper-controlled outlets located at regular intervals along the lengths 
of air highways.  The air highways were fed from three centrally located shafts at the core of the 
building.  This particular configuration had a total of close to 60 plenum inlets per floor along 
the air highways, a very large number and probably more than necessary.  The outcome of 
having so many individual plenum inlets is that the inlet velocities will tend to be reduced, 
especially under part load operation.  This will impact how thermal decay is distributed across 
the floor plate, as discussed further in the examples below.  Field measurements in this building 
found that thermal decay averaged above 5°F (3°C), and reached as high as 10°F (6°C) at some 
diffuser locations.  Nevertheless, the building demonstrated very efficient energy performance 
and good occupant satisfaction [Fentress et al. 2009]. 
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Figure 2.3.4. Plan view of large floorplate (50,000 ft
2
) office building showing air highways 

Figure 2.3.5 shows a second example floor plan of a more recent (2006) open plan office 
building with a large floor plate (29,200 ft2).  In this building, two supply shafts in the core are 
each connected to four air highways that distribute the primary air part way out across the floor 
plate.  The volume of each air highway is damper-controlled with all of the air exiting from the 
end of the air highway with a relatively higher air velocity (compared to the example in Figure 
2.3.4).  This approach allows eight jets of cool supply air to be distributed out towards the 
perimeter regions of the floor plate, where higher cooling loads frequently must be met.  The 
plenum configuration in Figure 2.3.5 uses considerably fewer air highways compared to that 
shown in Figure 2.3.4, which simplifies the design and leaves the plenum more open for 
improved flexibility.  As will be discussed further below, the concept of delivering the coldest 
temperature supply air into the perimeter zones, where it is most needed to meet high envelope 
cooling loads appears to be an attractive strategy.  Field measurements in this building found 
that thermal decay averaged about 5°F (3°C), and reached as high as 9.5°F (5.3°C) at some 
diffuser locations (see Figure 2.3.1).   The building demonstrated efficient energy performance 
and excellent occupant satisfaction [Webster et al. 2008]. 
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Figure 2.3.5. Plan view of large floorplate (29,200 ft
2
) office building showing air highways 

Unlike underfloor ductwork, which is largely isolated from heat gain into the plenum, air 
highways are fabricated rectangular ducts that use the underside of the floor panels as the top, 
concrete slab as the bottom, and sealed sheet metal partitioning for the sides.  Long runs of air 
highways have the potential for some amount of thermal decay due to heat gain through the 
slab and floor panels.   

A simplified two-dimensional heat balance model was used to investigate temperature rise in 
an air highway with the following assumptions: temperature at bottom of slab = 82°F, plenum 
inlet temperature = 60°F, room temperature = 75°F, and return temperature = 80°F [Bauman et 
al. 2006b].  Figure 2.3.6 summarizes the predicted temperature rise as a function of distance 
traveled down the air highway, average velocity, and the existence of a layer of R-10 insulation 
on the top of the slab. The results probably under predict the temperature rise for the assumed 
boundary conditions because heat transfer through the sheet metal sides of the air highway is 
neglected and the air velocity is assumed to be constant.  In reality the air velocity will decrease 
with distance traveled through the air highway if air is delivered into the plenum at various 
supply points along the way (e.g., see Figure 2.3.4).  A recommended approach for applying the 
table in practice would be to estimate the average velocity over the entire length of the air 
highway.  The results indicate that the amount of heat transfer into the air highway is closely 
tied to the length of time that the air is in the air highway (e.g., velocity).  Overall, while not 
insignificant, temperature gain in air highways is predicted to be no greater than about 1.1°F 
(0.6°C) for a 100-ft long air highway over the range of velocities investigated.  Applying a layer 
of R-10 insulation on the top of the slab is seen to reduce the temperature rise by about 50%.   
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Figure 2.3.6. Predicted temperature rise in air highway for different average air velocities. 
Assumptions: bottom of slab = 82°F, air highway inlet temperature = 60°F,  

room temperature = 75°F, return temperature = 80°F. 

Applications with fabric ducts 2.3.5.2 

Another strategy for managing thermal decay in underfloor plenums that has attracted interest 
in recent years is the use of flexible, fabric ducts, instead of sheet metal ducts and air highways.  
Fabric ducts provide several advantages over hard ducts: (1) they are relatively easy to deploy, 
particularly during retrofit installations where only intermittent access through open raised 
floor panels is required, allowing existing furniture layouts to be worked around; (2) once in 
place, they provide greater flexibility as they can be easily moved to accommodate future 
installations of pvd cabling or other reconfiguration needs within the underfloor plenum; and 
(3) some commercially available fabric ducts are configured with lines of small holes on 
opposites sides of the round ducts, providing convenient air supply outlets at selected locations 
into the underfloor plenum (see Figure 2.3.7).  Disadvantages compared to larger hard ducts or 
air highways include the following: (1) fabric ducts are round in cross-section and therefore 
have less capacity; installations will generally require more ducts; (2) as more ducts are added, 
the required fan energy will also tend to increase; and (3) fan energy will also tend to increase 
when all or most of the supply air is delivered through small outlet holes compared to 
delivering through larger openings (e.g., open end of duct). 
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Figure 2.3.7. Fabric duct showing supply outlet holes (larger-sized holes are also available) 

Experimental results 2.3.5.2.1 

To test the potential impact of distributing air into an underfloor plenum using flexible fabric 
ducts, a series of experiments were conducted in a full-scale underfloor plenum test facility.  
Figure 2.3.8 presents a schematic plan-view of the test configuration used for these experiments. 
This facility was previously described by Jin et al. (2006) and more recently by Pasut (2011).  The 
dimensions of the test facility are 22 ft by 48 ft with a 1-ft high raised floor.  The plenum inlet is 
located at the middle of the left side, as shown in Figure 2.3.8, representing a typical plenum 
inlet location near the core of a building.  Ten diffusers were located as shown, with six 
supplying air to the interior zone and four supplying air to the perimeter zone from the outer 
15-ft of the open plenum.  The total supply volume was 1,160 cfm, which was held constant 
during all steady-state tests.  The dampers for the ten diffusers were adjusted so that the six 
interior diffusers delivered an average of 0.75 cfm/ft2 and the four perimeter diffusers delivered 
an average of 1.8 cfm/ft2.  The supply air temperature was held constant at 54.6°F during all 
experiments. 

As shown in Figure 2.3.8, the experiments investigated the performance of a straight length of 
fabric duct extending down the middle of the plenum with supply vent holes located along the 
final 15 ft. The goal was to see if the perimeter diffuser discharge temperatures could be 
reduced (offsetting the effects of thermal decay) by delivering the cool primary air directly into 
the perimeter portion of the supply plenum. The test facility was operated for an extended 
number of hours to ensure that steady-state conditions were achieved.  Diffuser discharge 
temperatures were measured to allow a comparison of average supply temperatures in the 
perimeter zone vs. interior zone.  Figure 2.3.9 presents the diffuser supply temperature results 
for the open plenum with no fabric duct (baseline) and Figure 2.3.10 presents the results for the 
plenum with fabric duct.   
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Figure 2.3.8. Plan view of full-scale underfloor plenum test facility 

 

 

Figure 2.3.9. Measured diffuser discharge temperatures in open plenum with no fabric duct, 
interior vs. perimeter zone averages; plenum inlet temperature = 54.6°F. 
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Figure 2.3.10. Measured diffuser discharge temperatures in plenum with fabric duct, interior vs. 
perimeter zone averages; plenum inlet temperature = 54.6°F. 

The baseline results in Figure 2.3.9 show that thermal decay in an open plenum under these test 
conditions produced perimeter zone supply temperatures above 65°F, more than 3°F greater 
than the average interior zone supply temperature. The use of a fabric duct in Figure 2.3.10 
reverses this trend with the coldest supply temperatures in the perimeter zone.  Overall, the 
thermal decay in the perimeter zone was reduced from 11°F to 5°F when the fabric duct was 
used.  While the observed changes between tests are encouraging, it is important to recognize 
that the magnitudes of these findings are driven in part by the experimental test conditions.  A 
second significant finding from the tests is that the average interior supply temperature 
increases from the baseline value by less than 2°F. These higher interior zone supply 
temperatures should help to mitigate complaints of overcooling by nearby occupants, as 
described in Section 2.3.4. In conclusion, these preliminary experiments demonstrate the 
potential to reduce perimeter zone supply temperatures, while slightly increasing interior zone 
supply temperatures, through the use of well-positioned fabric (or other) ducts in an open 
plenum configuration.   

Computational fluid dynamics (CFD) results 2.3.5.2.2 

Additional studies of the effects of using fabric ducts in underfloor plenums were performed by 
Pasut (2011). A CFD model of the underfloor plenum test facility shown in Figure 2.3.8 was 
developed and validated by comparison with full-scale experiments.  The validated model, 
which included fabric ducts, was in turn used to conduct a series of CFD simulations to 
investigate a more realistic underfloor plenum configuration.  Figure 2.3.11 shows a schematic 
plan view of the simulated 5,000-ft2 plenum.  For this open plenum configuration, four plenum 
inlets are located along the interior edge of the plenum (top), representing a typical layout 
where primary air enters the plenum near the interior and flows out to the perimeter.  This 
number of inlets was selected because simulation results showed good performance in terms of 
delivering cool supply air out to the perimeter zone under peak design conditions. The dashed 
line dividing interior and perimeter zones is for reference only; the underfloor plenum is 
completely open.  Regularly spaced swirl diffusers deliver air into the interior zone and three 
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fan-coil units ducted to linear bar grilles, along with one row of swirl diffusers, deliver air into 
the perimeter zone. 

 

Figure 2.3.11. Schematic plan view of simulated underfloor plenum with no fabric ducts  
[Pasut 2011]. 

For comparison with the open plenum (no fabric ducts) a second plenum configuration was 
modeled in which air was delivered into the plenum through four lengths of fabric ducts, as 
shown in Figure 2.3.12.  Vent holes were located along the final 20 ft of the fabric ducts.  The 
majority of the air was delivered through these vent holes into the plenum. For this 
configuration, which was based on recommendations from the manufacturer for typical 
installations, a portion of the total air supply (20-28%) was delivered through the partially open 
end caps.  In addition, the model also accounted for the small amount of leakage through the 
porous fabric duct material, which in this case amounted to about 2% of total flow. 
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Figure 2.3.12. Schematic plan view of simulated underfloor plenum with fabric ducts [Pasut 2011]. 

The steady-state CFD simulations require specification of the total airflow rate at plenum inlets 
and outlets, and boundary conditions on the outer surfaces of the plenum.  To define these 
boundary conditions, a series of simulations were conducted using the whole-building energy 
simulation program, EnergyPlus [EnergyPlus 2010].  These simulations used the same 3-story, 
120,000-ft2 (11,200-m2) office building described by Lee et al. (2011) during a peak cooling 
design day in Sacramento, CA.  For all simulations, the supply air temperature entering the 
plenum was 62°F (16.7°C). To cover a range of realistic operating conditions from 25-100% of 
peak cooling load, the hourly predicted surface temperatures (floor panels and slab) and airflow 
rates for typical interior and perimeter zones were selected as inputs to the CFD model.  The 
boundary conditions used for four CFD simulations [Pasut 2011] are reported in Tables 2.3.1 
and 2.3.2.  As shown, the interior zone airflow rate was quite constant over all load levels, 
averaging about 0.3 cfm/ft2.  As expected, the variation in airflow rate between load levels 
occurs in the perimeter zone and varies in that zone between a minimum of 0.5 cfm/ft2 (25% 
load) to 2.0 cfm/ft2 (100% load).  Since all swirl diffusers are modeled to deliver the same 
amount of airflow, the difference in total airflow between simulations is accounted for by 
varying the amount of air being delivered by the three fan coil units.  In the CFD model, after 
entering the plenum, air exits the plenum either through the swirl diffusers or through one of 
the three intakes to the fan coil boxes. 

Table 2.3.1. Plenum perimeter zone CFD boundary conditions 

 
Load condition 

Floor panel temperature, 
 °F (°C) 

Slab temperature,  
°F (°C) 

Airflow,  
cfm (m

3
/s) 

25% (8/9 am) 72.7 (22.6) 72.5 (22.5) 740 (0.35) 

50% (10 pm) 73.4 (23.0) 73.0 (22.8) 1,480 (0.70) 

75% (8 pm) 73.2 (22.9) 72.9 (22.7) 2,130 (1.00) 

100% (2 pm) 73.2 (22.9) 72.9 (22.7) 3,050 (1.44) 
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Table 2.3.2. Plenum interior zone CFD boundary conditions 

 
Load condition 

Floor panel temperature,  
°F (°C) 

Slab temperature,  
°F (°C) 

Airflow,  
cfm (m

3
/s) 

25% (8/9 am) 72.1 (22.3) 71.4 (21.9) 960 (0.45) 

50% (10 pm) 71.8 (22.1) 71.2 (21.8) 1,060 (0.50) 

75% (8 pm) 71.2 (21.8) 70.9 (21.6) 960 (0.45) 

100% (2 pm) 71.4 (21.9) 71.4 (21.9) 1,090 (0.51) 

 

Figure 2.3.13 compares the predicted average diffuser discharge temperatures for perimeter and 
interior zones for the four load conditions in the open plenum with no fabric ducts.  The results 
demonstrate that at high load conditions (high airflow rates), the supply air jets reach the 
perimeter portion of the plenum, producing cooler supply temperatures compared to the 
interior zone.  For the 100% load condition, the modeled plenum inlet velocity was only 370 fpm 
(1.87 m/s). However, the area of each plenum inlet was 3.9 ft2 (0.36 m2), representing a 4-ft (1.2-
m) wide plenum inlet for the 1-ft (0.3-m) high plenum; the relatively large size generates more 
momentum for each supply jet to reach the perimeter zone.  For the 75% and 100% load 
conditions, the average interior zone diffuser discharge temperature was warmer than that for 
the perimeter.  However at the lowest load condition (25%), this trend was reversed with lower 
temperatures in the interior and higher temperatures in the perimeter.  These findings for an 
open plenum with no ducts (fabric or sheet metal) suggest that one design/control strategy that 
could be employed to deliver cooler temperature air to perimeter zone diffusers would be the 
following: (1) direct plenum inlets with enough momentum to reach the perimeter portion of 
the plenum; (2) if the design uses smaller plenum inlet areas than those described above, higher 
plenum inlet velocities will be required; (3) under part load (reduced airflow) conditions, it may 
be advisable to reduce the total plenum inlet area (to maintain the necessary momentum to 
reach the perimeter zone) by selectively closing off some plenum inlets by modulating a 
damper.  Additional research is planned to provide more guidance on design and operation of 
this (no duct) strategy for controlling thermal decay in underfloor plenums.  
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Figure 2.3.13. Predicted average supply temperatures in perimeter and interior zones for open 
plenum with no fabric ducts [Pasut 2011]. 

Figure 2.3.14 compares the predicted average diffuser discharge temperatures for perimeter and 
interior zones for the same four load conditions in the plenum with fabric ducts as shown in 
Figure 2.3.12.  This second set of CFD simulations assumed the same plenum inlet temperature, 
airflow rate and temperature boundary conditions.  The results indicate that the use of fabric 
ducts has an advantage over the open plenum configuration because the cooler perimeter zone 
supply temperatures are maintained over all load conditions, even 25%.  This is a desirable goal 
for controlling and managing thermal decay in underfloor plenums.  Although research is 
continuing on this topic, there is evidence that by delivering supply air into the plenum through 
the small vent holes in close proximity to the intakes for perimeter zone fan-coil units, total heat 
gain into the plenum can be reduced.  Results for solid (sheet metal) ducts are likely to be 
somewhat similar, although in most cases, the air will be delivered out the end of the duct with 
greater momentum.  This momentum has been observed to carry the supply air right past a 
desired fan coil unit intake if care is not taken in properly directing the supply air jet.  It is also 
important to remember that the use of fabric (or other) ducts will not eliminate thermal decay, 
but rather redistribute it.  As previously mentioned, the plenum temperature gain that will 
naturally occur will predominantly affect air that enters the interior zone.  In most cases, 
warmer supply temperatures in interior zones will be desirable from a thermal comfort point of 
view.   

In conclusion, the above described results for the application of fabric ducts in underfloor 
plenums are promising, but are not absolute proof that these concepts will always be successful.  
The data, which are based on a limited set of experimental and modeling conditions, should be 
viewed in terms of the overall trends that are displayed.  The precise outcome of any use of 
these strategies will depend on the conditions of the actual installation. 
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Figure 2.3.14. Predicted average supply temperatures in perimeter and interior zones for plenum 
with fabric ducts [Pasut 2011]. 

Other strategies for controlling thermal decay 2.3.5.3 

There are several other strategies and considerations for managing thermal decay in underfloor 
plenums.  These are described briefly below 

 Choose a ceiling treatment with a low emissivity. 
Lower emissivity will reduce the radiation from the upper zone to the floor, which will 
in turn reduce the amount of heat transferred through the floor panels into the plenum, 
particularly during times of high stratification. 

 Insulate the underside of the slab. 
In multi-story buildings, insulated slabs will help reduce the heat passing from the 
return plenum space below the slab. However, this is often cost prohibitive, and it is not 
clear how much impact this will have on overall energy performance.  Current research 
indicates that heat transfer through the floor panels may be the larger pathway for heat 
gain into the plenum (see Figure 2.3.3).  Slab insulation may help to save energy for 
100% outside air systems where there is no recirculation.  

 Select a floor panel with a high thermal mass and low thermal conductivity. 
Floor panels play a significant role in plenum heat gain. Concrete panels can help to 
reduce the amount of heat transferred from the space to the plenum.  

 Thermal decay in a ground floor plenum with slab-on-grade will be reduced. 
Under typical ground temperature conditions, heat transfer through a slab-on-grade into 
a ground floor plenum will be quite low in comparison to other floors of a multi-story 
building. 

 Use radiant chilled ceilings (panels or exposed slabs) in combination with UFAD. 
If this integrated system design can be cost-justified, significant energy savings may be 
realized as radiant systems are much more efficient than all-air systems. By providing a 
relatively cool ceiling surface, radiant systems will eliminate or minimize heat transfer 
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through the slab to the floor above, as well as reduce radiant heat transfer to the floor 
panels below, except for incoming solar radiation in perimeter zones.  Hydronically 
cooled slabs also provide an excellent means of precooling the slab at night to offset 
thermal decay during the following day. This can be accomplished without having to 
deliver large amounts of cool nighttime air through the underfloor supply plenum, 
which often results in an overcooled occupied space the following morning.   

 Avoid operating conditions that may lead to room or return air reentering the plenum. 
In pressurized plenums, it is unlikely that room air will reenter the plenum through 
passive diffusers.  Near plenum inlets, it is possible that high velocity air patterns in the 
underfloor plenum may cause low pressure regions which could be lower than the room 
pressure. If this happens, then room air can be pulled through floor diffusers into the 
supply air plenum. The net effect may be unexpectedly high supply air temperatures, 
giving the impression that thermal decay is severe, when in fact the source of the 
temperature rise is the warmer room air entering the plenum. In contrast to data centers 
with significantly higher airflow rates, this situation with a negative plenum pressure 
near diffusers is quite uncommon in standard commercial office spaces with UFAD.  
Another plenum configuration where this phenomenon may occur is in zero-pressure or 
poorly controlled pressurized plenums with active (fan-driven) diffusers.  In either case, 
room air may reenter the plenum through passive diffusers or floor grilles, when airflow 
demand at the fan-powered outlets exceeds the primary air quantity entering the 
plenum from the central air handler, creating a slightly negative-pressure plenum.   

 Be aware of the increased potential for thermal decay in sunlit perimeter zones. 
In perimeter zones, direct solar radiation incident on the top of the raised floor can lead 
to significant amounts of heat entering the supply plenum (see Figure 2.3.3). Large 
amounts of heat collected by the building skin and transferred to the directly coupled 
building slab can also contribute to thermal decay.  The employment of fan-assisted 
(cooling) terminals discharging into a common (insulated) duct minimizes this problem 
by (1) drawing the supply air from several feet (~2 m) inside the plenum and (2) 
insulating the discharged air from the floor slab and warm façade. 

 
It is difficult to predict the precise impact that the various factors described above will have on 
thermal decay in an underfloor plenum.  Historically designers with experience in UFAD 
design have referred to a rule-of-thumb of limiting the maximum distance from the plenum 
inlet to the furthest diffuser to about 50-60 ft (15-18 m) in pressurized plenum designs, as 
reported by Bauman (2003).  While this may have practical value, it no longer represents the 
best advice on controlling thermal decay.  With the increased knowledge gained over the past 
decade from research and experience in the field, thermal decay should now be addressed 
through a variety of strategies and approaches as described above. 

 

Underfloor zoning - Plenum dividers 2.3.5.4 

The purpose of plenum dividers is to create separate plenum control zones, as needed, to 
address occupied zones with significantly different thermal loads or control requirements.  In 
some cases, partitioning in the plenum may be required to comply with local energy and/or fire 
codes.  Plenum dividers (partitions) are typically constructed with vertical sheet metal that is 
aligned with the floor panel pedestals.  Figure 2.3.15 shows an example specification as 
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provided by a raised floor manufacturer. Other design and installation specifications are readily 
available.  The decision on the amount of plenum dividers to be installed should be balanced 
against the overall goal of limiting obstructions within the plenum to the extent possible.  This 
helps to maintain the plenum for its intended purpose – to serve as a highly flexible and 
accessible service plenum. 

 

 

 

Figure 2.3.15. Specifications for plenum divider design and installation [Tate Access Floors 2011]. 
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Typical zones that are candidates for partitioned plenum zones include the following: 

 Perimeter zones – Airflow requirements are greater and more variable than in interior 
zones.  Perimeter zones are usually defined as representing the outer 10-15 ft (3-4.6 m) 
wide area of the building floor plate.  In most open plan office applications, however, 
installing a plenum divider at this location is not common practice.  There are several 
perimeter zone design solutions (e.g., variable-speed fan coil units, variable volume 
diffusers, etc.) that allow independent control of perimeter zone airflow within an open 
plenum that also serves interior zones of the building. Another variation on perimeter 
zone control is to use plenum dividers to create a narrow (< 2 ft [0.6 m]) perimeter 
plenum against the exterior wall.  Variable-speed fan coil units serving these narrow 
perimeter plenums will usually be sized to handle only the skin load of the building. 
Linear bar grilles can be conveniently installed in these plenums to deliver air into the 
space. 

 Conference rooms – Whether in perimeter or interior locations of the building, plenum 
dividers are commonly used to create a separate control zone serving only the 
conference room. Air is supplied into this separate plenum control zone by a variable-
speed fan terminal unit drawing air from the surrounding plenum area. 

 Large floor plates – Local energy and/or fire codes may limit the maximum size of any 
single plenum zone. In larger buildings, this may require plenum dividers to be installed 
for this purpose.  It is also advisable to limit the size of plenum zones in order to help 
manage thermal decay by limiting the distance that supply air must travel through the 
plenum.  Figure 2.3.16 shows how plenum dividers were installed in a large 50,000 ft2 
office building (same as Figure 2.3.4) to create four separate perimeter zones. In the 
original installation, these were omitted, thus forming a large connected perimeter zone 
around the entire building.  The plenum dividers helped improve temperature control 
by reducing the size of each control zone and aligning them with the different building 
exposures.   

 

Summary and conclusions: Plenum performance 2.3.6 

In summary, the following recommendations are provided to improve the control of thermal 
decay in UFAD systems. Most of these relate to good design practice underscoring the 
conclusions from Task 2.1 that good design is critical to performance of these systems; probably 
more so than for traditional systems. However, some of these recommendations can be used to 
tune-up performance of existing systems; e.g., add flexible ducting, adjust or reconfigure 
distribution inlets, and perhaps plenum dividers.   

1. Try to provide the coolest supply air into perimeter zones, allowing thermal decay to 
warm up the plenum air as it flows into the interior zone.  Possible strategies to 
accomplish this include: 

a. Use ductwork (flexible, textile, or rigid) to deliver air to/towards the perimeter 

b. Direct plenum inlets with higher velocity toward the perimeter 

c. Locate interior diffusers so low plenum pressures will not induce entry of room 
air to the plenum 

d. Consider placing primary inlet locations (shafts) in the perimeter, if possible 
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2. Increasing the overall airflow rate will reduce thermal decay, although there is a tradeoff 
with increased fan energy.  The simplest way to do this is by decreasing cooling 
setpoints, however this could interact negatively with stratification performance.  

3. On larger floor plates (> 25,000 ft2 [2,300 m2]), consider adding plenum dividers to create 
more plenum control zones. 

 

 

 

Figure 2.3.16. Plan view of large floorplate (50,000 ft
2
) office building showing installation of 

plenum dividers at four locations. 
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UFAD commissioning guidance summary 2.4 

UFAD commissioning should be considered a two phase effort: (1) functional testing, and (2) 
performance evaluation.  Functional testing for UFAD follows standard procedures for any 
system; i.e., testing operation of all HVAC equipment and controls sequences. The primary 
differences occur mostly with some control strategies, although plenum leakage testing (at least 
of a representative mock-up plenum) should also be part of the functional testing.  For the 
second phase, UFAD performance evaluation and tune-up, we have learned that it is important 
to make physical measurements of room air stratification and plenum temperatures and use 
metrics created from the measurements to guide tune-up strategies.  

Overall, it is clear that UFAD performance evaluation procedures have to be as simple as 
possible or they will not be used. The following is a summary of guidelines for practitioners 
that will help ensure good plenum and stratification performance to optimize comfort and 
energy performance.  It is critical that the first phase, functional testing, be accomplished first 
and after sufficient operating time (normally 1 year) has occurred, other measurements and 
evaluations may be attempted.  Steps 1) and 2) below will provide an overview of how the 
system is performing overall and will inform where further efforts should be attempted. These 
procedures should be conducted during full occupancy at least one year after functional testing 
is completed.   

1) Conduct benchmarking occupant satisfaction survey 

2) Conduct Energy Star rating (requires one year of utility data) 

3) Check that room cooling setpoints are in a range of 75-77°F 

4) Recheck (i.e., spot check) plenum leakage ( See Task 2.2) 

5) Measure stratification and diffuser supply temperatures under peak and part load 
conditions in perimeter zones (requires simple to use measurement tool); 

a. Check that occupied zone (head-ankle) temperature difference is in the range of 
2-5°F. 

b. Check for consistency of stratification at peak and part load (e.g., morning and 
afternoon in an east or west zone) 

c. If diffuser discharge temperature is too high (>~67-70°F) consider methods to 
tune-up or modify plenum distribution and/or zoning (See Task 2.3). Move or 
adjust diffusers to improve room entering temperature distribution or local 
comfort conditions.  

d. If stratification is too low investigate that adequate number of diffusers were 
installed and how they were sized; i.e., which AHU SAT and amount of thermal 
decay were assumed. 

6) To increase stratification for well-designed systems – systems designed with higher 
AHU SATs (~63°F) and thermal decay considered, and/or low throw diffusers are used 
in perimeter. 

a. Raise room temperature setpoints above 75°F and lower AHU SAT to range of 
~57-60°F 
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b. Investigate interior zone conditions (i.e., diffuser temperatures close to the AHU 
supply air entry points); relocate or adjust diffusers as necessary to mitigate 
comfort problems 

c. Consider closing blinds during peak load conditions in perimeter zones 

7) To increase stratification for poorly designed systems – high throw diffusers or sizing 
based on supply temperatures assumed too low (<65-67°F) 

a. In this case strategies used for 6) above could be attempted with the 
understanding that energy performance may not be improved; or 

b. Modify diffusers, increase number, install other  types, or make other 
modifications to decrease throw performance 

c. Consider closing blinds during peak load conditions in perimeter zones 

8) To mitigate cool temperatures in interior zones. 

a. Install or reconfigure underfloor ductwork (flexible or fabric duct is preferred) to 
ensure that the coolest supply air enters the perimeter zone first.  As the air flows 
back to the interior zone through the plenum, thermal decay will naturally 
increase the diffuser discharge temperatures, thereby mitigating overcooling in 
these areas. 

b. Increase AHU SAT with consideration of impact on perimeter zone cooling 
capacity.  

c. Reduce or eliminate minimum ventilation settings for interior zones 

d. Relocate and adjust diffusers in problem areas 
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Chapter 3: Improvements and refinements of 
EnergyPlus/UFAD and design tool 

The overall goal of Task 3 is to complete activities that will improve and refine the 
EnergyPlus/UFAD whole-building energy simulation module and the Cooling Airflow Design 
Tool to a level that can provide better service to the members of the building design and energy 
analysis community.  These two key energy simulation and design tools have been developed 
by the recently completed CEC PIER-sponsored project, Energy Performance of UFAD Systems 
(CEC Contract 500-01-035)[Bauman et. al.  2007]. 

Task 3.1 - EnergyPlus/UFAD  

The goal of this task is to complete activities (as recommended in Section 4.2 of Contract 500-01-
035 Final Report) that will improve and refine EnergyPlus/UFAD – the first whole-building 
energy simulation program capable of modeling the energy performance of UFAD systems that 
will allow design practitioners to compare the performance of UFAD systems with that of 
conventional systems. The availability of such a tool will help UFAD technology achieve its full 
potential by enabling the design of UFAD systems that are energy efficient, intelligently 
operated, and effective in their performance. The primary objectives of this work were: 

1. Write an EnergyPlus/UFAD update plan describing the proposed development, testing, 
and validation activities that will be completed to improve and refine 
EnergyPlus/UFAD  

2. Complete development, testing, and refinement of both interior and perimeter zone 
room air stratification (RAS) model  

3. Complete the validation of both the interior and perimeter RAS models by comparison 
with full-scale data from the York test chamber 

4. Implement updated models in EnergyPlus/UFAD 

5. Integrate the RAS and underfloor plenum models, along with other system upgrades, 
into the EnergyPlus whole-building energy simulation program 

6. Update engineering documentation of EnergyPlus/UFAD 

Improvements in EnergyPlus UFAD stratification modeling 3.1.1 

Modifications to EnergyPlus to support simulation of underfloor air distribution (UFAD) 
systems were made for the room air stratification model. Stratification is represented by two 
layers in the occupied space with a transparent boundary between them to support radiant 
exchange as shown in Figure 3.1-1. These models were developed from plume theory and 
augmented by bench [Liu and Linden 2008] and full scale testing [Bauman et. al. 2007] of typical 
office configurations currently seen in practice. 
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Figure 3.1-1:EnergyPlus UFAD system configuration, 
 including two layer room stratification model 

 

Interior zone models 3.1.1.1 

It has been shown [Bauman et. al. 2007, Webster et. al. 2008] that stratification plots for interior 
zones exhibit a good correlation between the parameters PHIoz-avg and Gamma as described 
in the following:  

SR

Savgoz

avgoz
TT

TT
Phi   Equation 3.1-1 

  

Where, 

RT   return air temperature at ceiling [°F] 

avgozT  occupied zone average temperature [°F], calculated as average temperature 

between heights of 4 inches and 67 inches in room 

ST   diffuser supply air temperature [°F]. 

Phi represents the stratification in the room; lower values mean more stratification. The 
temperature difference between the upper and lower layers in the room is only an 
approximation to the actual stratification that we would expect. Stratification normally occurs 
primarily in the lower zone and is characterized by the difference between the temperature near 
the floor and one at head height. This defines the occupied zone (OZ) which is the region 
between 0.1 m (4 inches) and 1.7 m (67 inches) from the floor for standing occupants. For 
transition heights fixed at 1.7 m (67 inches) we can obtain a rough estimate of the “real” 
stratification by assuming a linear profile where the average is the lower layer temperature; in 
this case, the stratification in the occupied zone will be two times the upper to lower layer 
temperature difference.  

Temperature
Diffuser 

SAT

Return plenum

Underfloor supply plenum

Upper zone

Lower, occupied 

zoneh

Stratification 

height

Tstat

T

Plenum 

inlet

Upper 
sub-zone

Lower 
sub-zone

Return plenum

Supply plenum



77 

Equation 3.1-2 shows the definition of Gamma for interior zones derived from theory for 
multiple point source thermal plumes (m) served by multiple diffusers (n). 

2

14

5

2

3

0281.0

cos

WA
m

n
m

Q

eff

I  
Equation 3.1-2 

Q   total room airflow [m³/s] 

 discharge angle from vertical [°] 

n   number of diffusers  

m   number of plumes (i.e., workstations)  

effA  effective diffuser area [m²] 

W   room convective heat extraction (i.e., cooling load) [kW] 

I
 Gamma, a dimensionless number representing the ratio of momentum to 

 buoyancy forces 

Interior zone correlations 3.1.1.2 

Figure 3.1-2 shows regressions from full scale laboratory testing of typical office workstation 
configurations for a wide range of operating conditions and three diffuser types.  

 

 

Figure 3.1-2: Interior zone correlations 
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Perimeter zone models 3.1.1.3 

For perimeter zones, Gamma is developed based on theory of line plumes generated by heat 
gain from exterior windows and walls. In this case Gamma is formulated as a function of length 
along the perimeter side of the zone: 

3

1

cos

Leff

L

BAn

Q
    Equation 3.1-3 

Where, 

Q   total perimeter zone airflow [m³/s] 

 discharge angle from vertical [°] 

n   number of diffusers  

effA  effective diffuser area of single diffuser [m²] 

LB   buoyancy per unit length of zone [m3/s3 ] 

Converting buoyancy to heat gain and following the strategy we used for interior zones of 
using the room extraction rate for the buoyancy term we have: 

3

1

0281.0

cos

Leff

L

WAn

Q
   Equation 3.1-4 

Where, 

LW   extraction rate per unit length of zone [kW/m ] 

Perimeter zone correlations 3.1.1.4 

Figure 3.1-3 shows correlations for four tested diffuser types: Swirl (SW), horizontal (discharge) 
swirl (HSW), variable area (VA, York Gen 1), and linear bar grilles (LI). Note that there is a 
consistent reduction of 0.2 Phi for all diffusers when blinds are down. Note also, that these 
regressions are based on very little data (especially for SW and HSW) so we do not consider 
these correlations to be fully validated. For swirl tests we had issues with trying to control 
perimeter diffusers separate from interior ones. Linear bar grille tests were conducted with 
swirl diffusers set to satisfy internal loads in combination with linear diffusers located along the 
window only to control solar gains (with a solar simulator consisting of an array of quartz-
halogen lamps). 
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Figure 3.1-3: Perimeter zone correlations 

Stratification height 3.1.1.5 

In EnergyPlus terminology, transition height represents the stratification height, the division 
between the upper and lower room layers. According to plume theory [Liu and Linden 2008] 
this height varies depending on the balance between buoyancy (via thermal plumes) and 
momentum (via diffuser airflow) forces. Transition height increases with higher airflow from 
the diffuser for a given load. However, it also depends on the number and characteristics of the 
diffusers and is a function of Gamma. Gamma is used to calculate the transition height, h. The 
transition height can be fixed by user input or auto-calculated from its Gamma correlation. This 
correlation has not been validated since the height is very difficult to measure precisely in real 
systems. This results from the fact that in most real situations there is not a clear or single 
valued stratification height; it is most likely a band due to unequal plume strengths and load 
component vertical locations.  

Simulations with the CBE whole-building prototype have been conducted to determine the 
sensitivity of using fixed Phi and transition height parameters and are summarized in Table 3.1-
2. The transition has little or no impact in interior zones, and only a minor impact in perimeter 
zones. These results indicate that using a fixed height as a simplification (e.g., fixed at 67 inches 
to allow the occupied zone temperature to be the controlled temperature) results in very little 
error. Because of this result, a fixed transition height, h, is the default specification. 
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Table 3.1-2: Impact of stratification height on energy performance 

 

 

Thermostat model 3.1.1.6 

In the EnergyPlus UFAD model, the user can specify the thermostat height. As can be seen in 
Figure 3.1-1, this can result in a complex dynamic relationship between the control point and 
the occupied zone average temperature. If the user specified thermostat height is lower than the 
middle point of the occupied zone height, the thermostat temperature is assumed to be the 
same as the occupied zone temperature (See Figure 3.1-1). If the thermostat height is located 
between the middle point of the occupied zone and the upper layer mixed zone height, the 
linear function is assumed to calculate the thermostat temperature as shown in Figure 3.1-1. In 
this case, the thermostat temperature can be higher than the occupied zone average temperature 
during the cooling. We normally set the thermostat height to 0.2m to simply set the thermostat 
temperature as the same as the average occupied zone temperature. 

Improvements in supply plenum modeling 3.1.2  

For studies conducted under this contract, plenum surface convection coefficients have been 
implemented as fixed values for the top of slab and bottom of raised floor panels derived from 
past research work. Future improvements will implement these coefficients as functions of the 
plenum airflow rate. 

Comfort assessment 3.1.3 

ASHRAE Standard 55 (2010) prescribes 3ºC as the limit for the vertical air temperature 
difference between head and ankle levels (in this paper, we define the amount of stratification 
as this difference) regardless of the operative temperature of the environment.  To test the 3ºC 
as the limit of the current standards, we examined the acceptable stratification under various 
operative temperatures by calculating local discomfort using the CBE Comfort Model. The CBE 
Comfort Model is a unique model that predicts thermal sensation and comfort for the whole 
body as well as for 16 local body parts in non-uniform and transient thermal environments.  The 
model simulates skin and core temperature response based on a detailed physiological model of 
the thermoregulatory system and uses these temperatures to predict sensation and comfort. It is 
based on the hypothesis that thermal sensation and comfort are dependent on input from 
thermoreceptors that sense skin and core temperatures.  We have shown that the two models 
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predict similar comfort zones for non-stratified conditions.  The detailed information and the 
validation process of the model can be found in Huizenga et al. (2001) and Zhang et al. (2004).  

We performed a series of simulations to predict the maximum acceptable stratification (defined 
as the absence of any local or whole-body discomfort) based on linear vertical temperature 
profiles at different points in the comfort zone (Figure 3.1-4).  Our simulations show that the 
acceptable stratification depends very much on operative temperature.  When the average 
operative temperature is near the center of the comfort zone (25.3 - 25.8ºC), up to 7ºC 
stratification is acceptable.  As the operative temperature moves away from the center, the 
acceptable stratification becomes smaller so that the stratification limit of Standard 55 is no 
longer acceptable (i.e., below 24.3°C and above 26.5°C).  The ASHRAE 3ºC limit is indicated in 
Figure 3.1-4 for comparison.  In the simulations, the walls of the room (4.5 m wide, 6 m deep, 3 
m high) were divided into three sections vertically to model surface temperature stratification.  
Floor temperature was assumed to be the same as the foot-level air temperature, and the ceiling 
temperature was assumed to be the same as the head level air temperature (no further 
stratification above head level).  The results indicate that existing stratification limits may be 
overly restrictive and our present analysis supports this position.  Even more studies have 
suggested that local discomfort rather than asymmetry per se is what drives overall thermal 
comfort.  Traditional heat balance analysis may be inadequate to assess comfort in buildings 
with complex thermal environments and for occupants wearing a wide variety of clothing.   

 

 

Figure 3.1-4.  Acceptable stratification as a function of operative temperature.  
(clo 0.59, met 1.0, RH 50%) 

Validation 3.1.4 

To provide a detailed understanding of how room air stratification is influenced by various 
design and operating conditions and to verify the room air stratification model, we conducted 
full-scale experiments in a test chamber configured to simulate an office space as reported in 
Bauman et al. (2007).  
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The test facility consisted of a test chamber configured like an open office space and an 
adjoining weather chamber that allowed us to simulate solar gain and window heat transfer. 
Independently controlled HVAC equipment served these two spaces. The test room was a 7.9 m 
(26 ft) square with an area of 63 m² (676 ft²) and a height of 2.7 m (9 ft). Figure 3.1-5 shows the 
layout of the test chamber. Besides instrumentation, the room contained thermal manikins, 
personal computers, desk lamps and other equipment to create a typical office environment. 
The weather chamber was separated from the test chamber by a curtain wall with a double 
glazed clear glass window.  An array of quartz lamps provided simulated solar radiation 
equivalent to west facing low-e glass at peak summer conditions in Kansas City.  

The test facility was supported by a 150-channel data acquisition system that measured air and 
surface temperatures, as well as airflow and underfloor plenum pressure. These measurements 
provided sufficient detail to allow us to calculate a detailed heat balance of the chamber. A 
complete description of full-scale testing can be found in Bauman et al. (2007). 

 

 

Figure 3.1-5: Photo of test chamber 

 

To assist with validating the EnergyPlus/UFAD simulation module we developed a detailed 
EnergyPlus model of the test chamber as shown in Figure 3.1-6.  We divided walls and floors 
into multiple segments to allow direct assignment of solar gains to each segment to assist with 
validation of the perimeter UFAD simulation model. Because the quartz lamp array does not 
represent true solar gain or its spectral distribution, we used a special version of EnergyPlus for 
perimeter zone simulations that included a customized method of accounting for the solar gain 
[Winkelmann 2004].  Workstation furniture was modeled by replacing five of the fifteen floor 
segments with an insulated surface.  
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Figure 3.1-6: Test chamber model 

We used test chamber measured outside wall surface temperatures to establish thermal 
boundary conditions; these were modeled using EnergyPlus “otherside coefficients” object.  
Internal loads and HVAC system performance data were input into the EnergyPlus simulations 
using processed data from the laboratory data acquisition system. 

One important outcome from the EnergyPlus simulations using the test chamber model was our 
ability to model the details of the heat transfer mechanisms that take place in these systems. 
Earlier work on this topic used a simplified modeling approach [Bauman et al. 2006].  To 
accomplish this we reconfigured the chamber model to simulate an interior zone of the middle 
floor of a multi-story UFAD building and conducted steady state simulations. For convenience, 
we defined the supply plenum bottom to be connected to the return plenum top so the two 
surface temperatures are equal. Then we set all the walls to be adiabatic and created an output 
report that contained all the conduction and convection components at each surface; we then 
back calculated the radiative component from these two.  

As a preliminary step in our validation process (a full  uncertainty analysis has not yet been 
completed) to test the efficacy of the empirical models for interior zones we ran the chamber 
model for 27 tests covering three diffuser types; VA, SW, and HD. The results in Figure 3.1-7 
show the root mean square error (RMSE) for the differences between measured and simulated 
temperatures for selected air and surface temperatures. Except for the raised floor top 
temperature, the RMSEs for most temperatures are below 1°C, which indicates good 
predictability for the room stratification and plenum models. We expected the measured raised 
floor top temperature to be slightly lower than simulated because the temperature near the floor 
for the simulated case is equal to the average temperature of the lower sub-zone, while for real 
systems it is a few degrees cooler due to stratification at lower heights in the room. 

 

Return

Plenum

Room

Supply 

Plenum



84 

 

Figure 3.1-7: Validation results for all tests; temperature RMSE for selected location 

EnergyPlus/UFAD Implementation and documentation 3.1.5 

A detailed description of the implementation of UFAD modeling algorithms and their 
documentation is contained in the final report of our previous PIER contract. [Bauman et. al. 
2007] However, a number of changes in the modeling procedures have been implemented in 
CBE’s development version (EnergyPlus V3.1).  This includes code changes that provide a 
prediction of the “gains fraction” via the phi-gamma correlations. No subsequent updates have 
been made to the released versions of EnergyPlus for UFAD in either code or basic 
documentation since the initial implementations. In lieu of this, and to keep current with CBE’s 
development version and whole-building modeling assumptions, we have developed a CBE 
UFAD modeling guide that is contained in Appendix 3-1. This document attempts to fill the 
documentation gap between released versions and our development work; it also provides 
users guidance for conducting whole-building simulations. A number of changes are 
implemented through CBE’s user interface that provides proper inputs to the development 
version. For example, CBE developed plenum heat transfer coefficients are hardwired 
replacements for default EnergyPlus values.  

New HVAC systems 3.1.5.1  

The original implementation of terminal units was restricted to variable speed fan coil units. 
However, at least half of the market for UFAD belongs to York/JCI with their packaged system. 
This system, as illustrated in Figure 3.1-8, uses a fan coil only for heating while cooling is 
delivered via variable volume floor diffusers. To simulate this system we combined a cooling 
only VAV box air distribution unit and a zone local convective unit object for a heating only fan 
coil (see Figure 3.1-9) which shows EnergyPlus options for zone control.  This allows the 
York/JCI system to be simulated accurately since in the actual system room air is drawn 
backwards, thus avoiding reheat energy, through the floor diffusers as indicated in Figure 3.1-8. 
The control sequence for the York/JCI system is represented by Figure 3.1-10. 
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. 

Figure 3.1-8: York/JCI terminal unit schematic  

 

 

 

Figure 3.1-9: EnergyPlus zone terminal unit options 
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Figure 3.1-10: Control diagram for York/JCI system 

 

CBE UFAD Simulations Toolkit 3.1.6 

The simulations team at CBE has developed a new and powerful Excel 2007 based user interface 
for conducting UFAD simulations with EnergyPlus using CBE’s commercial whole building 
prototype (for EnergyPlus v3.1). An associated Excel based output post-processor has also been 
developed and is useful for processing the results of parametric studies.  Besides providing a 
convenient method for configuring the UFAD (or overhead (OH)) system input parameters, this 
tool kit performs a number of “auto-design” functions to relieve the user from tedious efforts to 
accurately determining certain design parameters.  

Input/Output User Interface 3.1.6.1 

The EnergyPlus calculation engine uses plain text input files to describe the building geometry, 
systems, constructions, climate, etc., and it generates plain text output files during the execution 
of each simulation run. Many hundreds of runs were made during the development, testing, 
and debugging of the EnergyPlus models during the course of this and previous projects 
[Bauman et. al. 2007]. To facilitate the simple execution and analysis of these runs a Microsoft 
Excel based user interface program was developed by the research team. This program uses 
Visual Basic for Applications (VBA) computer code in combination with standard Excel 
spreadsheet elements to create a simple and easy-to-modify simulation interface. 

Figure 3.1-11 shows the flow of information in one or multiple EnergyPlus simulation runs. The 
programmable Excel interface sits between the user and the calculation engine. A user can input 
specific variable parameters into the Excel interface that are also coded into the parameterized 
building description code. These variables in combination with the parameterized building 
description create a complete input file that can be run through the EnergyPlus engine.  

At the conclusion of a run, the text file output from EnergyPlus is imported into Excel 
automatically, where standard graphs are updated with the results of each run. Finally, when 
parametric studies are being executed with the interface, the complete results for each run are 
captured and copied to a properly named folder for analysis and post-processing. In this way, 
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hundreds of runs can be set up and executed without direct user control of the software. The 
user clicks “run” and comes back hours later and all the results are ready for analysis. 

 

 

Figure 3.1-11: User interface flow diagram 

Whole-building modeling overview 3.1.6.2 

Simulation of energy performance requires a whole-building model that is representative of 
typical buildings of interest. In this case, UFAD is used extensively in office building so we 
developed a whole-building model of a medium size office building.  A typical floorplate is 
shown in Figure 3.1-12.  The model conforms to California Title 24 for three climates, San 
Francisco, Sacramento, and Los Angeles. Other characteristics are described in the following 
sections.   

 

 

Figure 3.1-12. CBE Prototype floorplate layout 
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Building geometry 3.1.6.3 

The CBE Prototype is a large office building model that simulates a three story building with a 
simple rectangular shape with a default aspect ratio of 1.5 and floor plate area of 20,000 ft2.  (The 
floor area and aspect ratio are parameterized so they can be changed by the user.) Each floor is 
composed of 4 perimeter zones, an interior zone and a service core as depicted in Figure 3.1-12. 
Key features are summarized in Table 3.1-3.  

Table 3.1-3 Baseline and default building geometry (IP units) 

 OH UFAD 

Total floor area (ft
2
) 60,000 60,000 

Aspect ratio 1.5 1.5 

Number of floors 3 3 

Thermal zoning 

Each floor consists of 
- 4 perimeter zones (39.6%) 

- 1 interior zone (44.9%) 
- 1 service core zone (15.5%) 

Each floor consists of 
- 4 perimeter zones (39.6%) 

- 1 interior zone (44.9%) 
- 1 service core zone (15.5%) 

Perimeter zone depth (ft) 15 15 

Floor to floor height (ft) 13 13 

Supply plenum height (ft) N/A 1.33 

Return plenum height (ft) 4 2.67 

Window locations 
Uniformly distributed among four 

exterior walls 
Uniformly distributed among four 

exterior walls 

Window to wall ratio Parameter 40% Parameter 40% 

Envelope 3.1.6.4 

Wall, roof, and window constructions have slightly different thermal properties depending on different 

climates based on California Title 24 prescriptive standards.  

Table 143-A of Title 24 lists prescriptive requirements for glazing based on climate zone, 
window to wall ratio, and exposure orientation. However, there are no real windows that meet 
these specific requirements. Therefore, glazing properties of real windows were explored with 
Window5, the National Fenestration Council’s (NFRC) window simulation tool that includes a 
large library of actual glazing offered by most window vendors.  While using real windows 
does not match the actual values of the Title 24 prescriptive tables, they are close to or better 
than the standards which is adequate for simulations especially when two buildings with the 
same windows are being compared. For the Toolkit, we extracted three window specifications 
that are commonly used in practice to provide a range of options for users. The basic 
specifications are shown in Table 3.1-4, and the actual physical properties are shown in Table 
3.1-5. 
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Table 3.1-4: Window Options: Glazing properties  

 
 

Table 3.1-5: Window glazing physical properties 

 

Mechanical systems specifications 3.1.6.5 

Mechanical system components and their simulation models are summarized in Table 3.1-6. 

Table 3.1-6: Mechanical system modeling summary (see nomenclature) 

 Typical real  systems Modeled as: 

 OH UFAD OH UFAD 

Zone Systems  

Core zone conditioning 
VAV boxes with 
hot water reheat 

(VAV/RH) 

1. Swirl diffuser 
2. MIT1 diffuser 

VAV/RH VAV no RH 

Perimeter zone terminal 
units 

VAV boxes with 
hot water reheat 

1. VS FCU/RH 
2. MIT1 
modulating 

diffuser + CAV 
FCU 

VAV/RH 
1. VS FCU/RH 

2. VAV/RH + CAV 
unit heater 

Air handling system 

Type AHU, supply 

(2) Central AHUs 
with BC/airfoil 

fans, heating coil, 
cooling coil, 

differential airside 
economizer 

Same 

(1) Central AHU with 
BC/airfoil fans, heating 

coil, cooling coil, 
differential airside 

economizer 

Same 

Type AHU, return 

BC/Airfoil return 
fan or 

Propeller relief 
fan 

Same Same Same 

Cooling system 

Type 

Central chilled 
water or 

packaged roof 
tops 

Same 

Central chilled water 
with single or dual 

chillers; VS pumping; 
options for VS cooling 

tower 

Same 

U SHGC Glazing Frame

Window Option #1 0.500 0.553 6159+Air+103 Al No Break U = 1.9

Window Option #2 0.391 0.369 6196+Air+103 Al Break U = 1

Window Option #3 0.391 0.291 5286+Air+103 Al Break U = 1

Window5 Specifications

Glazing system Glass 1 ID Thickness, in Gas Thickness, in Glass 2 ID Thickness, in

5284+Air+103 Solarban 60® on Clear 5284 0.223 Air 0.500 Clear 103 0.225

5286+Air+103 Solarban 60® on Solargray 5286 0.129 Air 0.500 Clear 103 0.225

6196+Air+103 VE-2M on Starphire 6196 0.223 Air 0.500 Clear 103 0.225

6159+Air+103 Northern LowE on Clear 6159 0.156 Air 0.500 Clear 103 0.225
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Heating system 

Type 

Central high 
efficiency forced 
draft modulating 

boiler 

Same 
Central high efficiency 

forced draft 
modulating boiler 

Same 

UFAD specific parameters 3.1.6.6 

Most defaults are based on tested diffusers listed in Table 3.1-7. The following provides more 
detail on selected input parameters to help the user better understand EnergyPlus methods and 
the connection to fluid mechanics fundamentals. 

Default values for all the required inputs are embedded in EnergyPlus and are activated when 
the Auto-calculate command is invoked. This is intended to provide reasonable default values 
where information is left out or lacking. It is not the same as “Autosize;” there are no sizing 
calculations done for these inputs. 

Detailed input fields for diffuser characteristics are described here and in the EnergyPlus 
Input/Output Reference. These inputs are used to calculate Gamma which is in turn used to 
calculate Phi from the regression equations. As stated above, Phi is then used to apportion the 
zone convective gains between the upper and lower layers of the EnergyPlus/UFAD two layer 
room model. This allows a dynamic hour-by-hour simulation of stratification.  

The primary inputs for diffusers are: 

1. Effective area (Ae) – the effective discharge area for one diffuser; determined from 
manufacturers data or by testing 

2. Number of diffusers (n) – Total number of diffusers per zone; user assigned (i.e., 
derived from peak flow rates and diffuser design airflow or other criteria) or 
defaulted to design number of occupants or based on assumption of a nominal 9.3 
m2 (100 ft2) per occupant. 

3. Diffuser discharge angle  – Angle from vertical of air discharge from the diffuser. 

Does not include angles used to induce swirl. 

4. Diffuser type – Type of diffuser in a zone; only one type is allowed per zone. The 
options are Swirl, Horizontal Swirl, Variable area, and Linear bar grille, any of which 
can be specified in the Diffuser Type object. If “Custom” is entered for diffuse type, 
the default types and their corresponding parameters are ignored and the detailed 
user entered parameters (including regression coefficients) are used instead. (See 
Other Diffusers below.) 

All of these parameters have defaults that are used when a specific diffuser type is selected; the 
defaults are listed in Table 3.1-7. Other diffusers can be accommodated in EnergyPlus UFAD 
modeling. All that is required is empirically derived Gamma vs. Phi correlations for the 
particular diffuser of interest, as well as the other diffuser characteristics, effective area and 
discharge angle.  The regression coefficients can be input into EnergyPlus in either power or 
polynomial equation formats.  
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Table 3.1-7: Default specifications for EnergyPlus/UFAD 

Zone 

Type 

Diffuser 

Type 

Effective Area Discharge 

Angle 

from 

vertical 

PHI – Gamma 

correlations 

(X = Gamma) 

Phi limits 

  ft
2
 m

2
   min max 

Interior Swirl 0.081 0.0075 28° Phi = -0.00004
2
 + 

0.0069  + 0.6531 

NA NA 

 Horiz 

Swirl 

.0644 0.0060 73° Phi = 0.67 (constant for 

all Gamma) 

NA NA 

 Variable 

area* 

0.38 0.035 45° Phi = 0.88 (constant for 

all Gamma) 

NA NA 

Perimeter Linear 0.084/LF 0.025/Lm 15° Phi = 0.0014
2
 - 

0.0263  + 0.8214 

0.7 1.0 

 Variable 

area* 

0.38 0.035 45° Phi = 0.83 (constant for 

all Gamma) 

NA NA 

*Newer versions of this product are now available with essentially the same performance 
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Task 3.2 – UFAD cooling load design tool 

Design tool development 3.2.1 

The goal of this task is to complete activities that will improve and refine the UFAD Cooling 
Airflow Design Tool – a spreadsheet-based design tool to assist engineers in calculating the 
required cooling airflow quantity for UFAD systems.  A preliminary version of this design tool 
was developed under a previous CEC contract [Bauman et al. 2007a]. The simplified cooling 
airflow design tool was described in an ASHRAE Journal article [Bauman et al. 2007b]]. 
However, this earlier version was limited to interior zones and was based on steady-state 
energy balances.  With the development and refinement of EnergyPlus/UFAD (described above 
in Task 3.1), a more comprehensive approach was used, enabling the new design tool to be 
capable of determining the UFAD design cooling load and cooling airflow rate, and underfloor 
plenum thermal decay in both perimeter and interior zones.  The research approach used for 
this task is outlined below. 

To support the development and refinement of supplemental calculations and assumptions in 
the design tool, the improved version of EnergyPlus/UFAD (v3.1) was used to conduct a matrix 
of design-day simulations of a three-story prototype commercial office building.  EnergyPlus 
performs a fundamental heat balance calculation and contains UFAD-specific algorithms that 
have been validated based on extensive laboratory testing [Bauman et al. 2007a, Webster et al. 
2008]. The simulation study  investigated the following nine parameters: floor level (ground, 
middle, top), zone (interior, north, south, east, west perimeter), structure type (light, medium, 
heavy), plenum inlet temperature, internal heat load, climate (seven locations), plenum 
configuration, window-to-wall ratio, and presence of carpet. Therefore, the design tool can be 
applied to a wide range of building types and climates.  

The approach taken for the design tool development was to focus on accounting for the 
differences between standard overhead (OH) mixing systems and UFAD systems. The tool does 
not calculate the UFAD cooling load from scratch, but instead uses as an input the cooling load 
calculated for the same building under design with an OH system. In this way, using a familiar 
load calculation tool the designer can account for such factors as building shell construction, 
orientation, and climate. A technical article on the fundamentals of UFAD load calculations is 
presented by Schiavon et al. (2010a). A full description of the model equations, calculation 
procedures, and other assumptions used in the simplified UFAD cooling load design tool are 
described by Schiavon, et al. (2010b) and attached as Appendix 3-2. A practice-based article on 
the design tool with examples is presented by Bauman et al. (2010). An online version of the 
design tool, including user notes, is available at: 
http://www.cbe.berkeley.edu/research/ufad_designtool-download.htm. 
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Chapter 4: Radiant cooling 

Task 4.1 – Occupant survey modules for field studies of radiant 
cooling 
 

The goal of this task was to develop new radiant-cooling-specific modules for the web-based 
CBE occupant survey tool.  A secondary goal was to conduct and review up to ten CBE 
occupant surveys of radiant-cooled buildings nationwide (if available) to enrich the database in 
this category of buildings. 

Introduction 4.1.1 

Due to high cost and lack of available case studies and/or reliable design and simulation tools, 
radiant cooling systems have not yet experienced a significant market penetration in the United 
States, despite the significant energy saving potential.  Radiant cooling (and heating) systems 
can be broadly classified into lightweight panels and slab-integrated radiant systems, also called 
thermally activated building systems (TABS).  In comparison to conventional all-air systems, 
these systems provide the following potential advantages: reduced supply air volume and 
outdoor air intake, reduced room air velocity, turbulence and sound pressure level resulting 
from all air systems, reduced cooling energy consumption, and reduced ductwork installation 
requirements.  

As part of Task 4.1, new questions were added to the CBE web-based occupant satisfaction 
survey which will allow the survey to obtain occupant experiences related to radiant cooling 
systems.  This report gives a detailed description of the new questions added for radiant cooling 
and then continues with a review of available results from the CBE occupant satisfaction survey 
for seven radiant cooled buildings in the United States.  

Description of new radiant cooling survey module 4.1.2 

After reviewing the existing core questions in the CBE occupant satisfaction survey in 2008, it 
was decided to add new questions to the thermal comfort module to address different comfort 
perceptions that may occur in buildings using radiant systems with either cool or warm surface 
temperatures. Two new “drill down” questions were added and modifications were made to 
existing drill down questions. In the web-based survey format, the “drill down” questions are 
only asked if any respondent expresses dissatisfaction with the thermal environment, thus 
providing additional information about the causes of the dissatisfaction. The purpose of the 
new questions was to identify the existence and sources of local discomfort in spaces with 
radiant cooling. Local discomfort may include cold hands and feet, i.e., cold peripheral limbs 
due to direct radiation exchange with a system close to the occupied zone, like a cool floor or 
cold draft from the ceiling.  

Table 4.1.1 presents the modified drill-down questions for thermal comfort (temperature), 
including the new and modified questions added to address potential discomfort caused by 
radiant systems.  The new questions/responses added are highlighted in yellow.   
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Table 4.1.1:  Thermal comfort (temperature) survey module with new and modified questions to 
address radiant cooling and heating (highlighted in yellow)
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Review of CBE Occupant Satisfaction Survey for radiant cooling systems 4.1.3 

Efforts were made to understand the general performance of radiant cooled buildings 
compared to buildings with conventional cooling systems using CBE’s web-based occupant 
satisfaction survey results.  A review of the existing survey database in 2008 revealed that six 
buildings using radiant cooling had been previously surveyed.  One new survey of a radiant 
cooled building was completed after 2008 with the new module (described above).  Previously 
the CBE building characteristics form (completed for each building surveyed) did not include 
the option of specifically identifying the presence of a radiant cooling system. This option has 
now been added.  Table 4.1.2 summarizes the key features of the seven buildings using radiant 
cooling whose results from the CBE survey have been reviewed and discussed below. 

In general all except one of these buildings can be classified as mixed mode buildings with 
natural ventilation as the primary mode of ventilation. Mixed mode refers to a hybrid approach 
to space conditioning that uses a combination of natural ventilation and some form of 
mechanical ventilation and/or cooling. Thermo-active slab is the predominant form of radiant 
cooling used in all buildings. The buildings are relatively new, constructed or refurbished since 
2004. The analyzed buildings have many high quality features, such as, well designed 
envelopes with high quality thermal insulation, air tight construction, solar shading, low 
emissivity windows, spectrally selective glazing, internal and external light shelves, green roof 
and other passive means of reducing cooling load.  

 

Table 4.1.2: Building features of case studies from CBE web based survey database 

 
Building 
Name 

 
 
YOC 

 
 
Location 

Radiant 
cooling 
system 

 
 
Envelope 

 
Ventilation 
system 

 
Betty Irene 
Moore Natural 
Sciences 
Building 

 
 
 
 
2007 

 
 
 
Oakland, 
CA 

 
 
Thermo-active 
floor in offices 
and classrooms 

 
Arbor shaded door, window 
control automated for natural 
ventilation, daylighting 
design 

Natural 
ventilation and 
underfloor air 
distribution 
system 

 
 
 
 
 
 
David Brower 
Center 

 
 
 
 
 
 
 
2009 

 
 
 
 
 
 
Berkeley, 
CA 

 
 
 
 
 
Thermo-active 
ceiling in 
offices 

 
 
 
 
 
Daylighting design with fixed 
external shading devices on 
south and west 

Demand 
controlled 
ventilation 
through under 
floor air 
distribution, 
natural 
ventilation  

 
 
 
IDeAs office 
building 

 
 
 
 
2007 

 
 
 
San Jose, 
CA 

 
 
Thermo-active 
floor in design 
studio 

Daylighting design with large 
windows, fixed external 
shade, photo-sensor and 
occupancy sensor based 
artificial lighting control 

 
 
 
Natural 
ventilation 

Compton 
Union Building 
– WSU 

 
 
2008 

 
Washingto
n, DC 

 
Ceiling panel in 
offices 

Adequate solar shading, 
photo sensor and occupancy 
sensor controlled lighting 

 
Natural 
ventilation 

 
 
 

 
 
 

 
 
 

 
 
 

 
Narrow floor plate and long 
north and south faces, 

Seasonal 
mixed mode 
system in 
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Carnegie 
Global Ecology 
Center 

 
 
 
 
 
2004 

 
 
Palo Alto, 
Stanford 
University, 
CA 

 
Thermo-active 
floor in offices, 
labs and 
conference 
room 

horizontal external shading 
devices on the south, 
operable vertical louvers in 
the north, light selves with 
clearstory windows all 
around 

office, 
mechanical 
ventilation in 
research labs 
and conference 
room 

 
 
 
 
 
Wayne L. 
Morse 
Courthouse 

 
 
 
 
 
 
 
2006 

 
 
 
 
 
 
Eugene, 
OR 

 
Thermo-active 
floor in jury 
assemble area, 
common 
corridor and 
lobby 

Recycled metal panel 
cladding, day-lit using 
clerestory window, dimmable 
and day light controlled 
artificial lights, solar shading 
and high performance 
glazing, in the atrium in 
particular. 

 
 
 
 
 
 
Displacement 
ventilation 

 
 
Kirsch Center 
for 
environmental 
studies 

 
 
 
 
 
2005 

 
 
 
 
Cupertino, 
CA 

 
 
Thermo-active 
floor in 
classrooms and 
laboratories 

Large window with spectrally 
selective low-e glazing, 
external shading devices, 
glare control louvers and 
interior light shelves on the 
south side, cool roof 

 
Natural 
ventilation and 
ceiling fans in 
classrooms and 
laboratories 

 

Results and discussion 4.1.4 

Overall comparison with benchmarked buildings 4.1.4.1 

Figure 4.1.1 presents the average satisfaction ratings for each of the major environmental 
categories addressed by the survey questions.  Results from the seven buildings listed in Table 
4.1.2 are compared against the CBE Benchmark database. To allow consistency in the age of 
buildings being compared, only buildings built since 2004 were evaluated from the CBE 
database, representing 3,722 individual survey responses collected from 66 buildings.  The 
ratings are presented in terms of the 7-point satisfaction scale, ranging from -3 (very 
dissatisfied) to +3 (very satisfied) with 0 being neutral.  Results shown for each category 
represent the average score for the 2-4 questions that were asked pertaining to that category (see 
http://www.cbesurvey.org/survey/demos2010/ for a list of typical questions).   

 

http://www.cbesurvey.org/survey/demos2010/
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Buildings with radiant cooling 

CBE benchmarked buildings (since 2004) 

 

Figure 4.1.1: Average satisfaction ratings by category – Radiant cooled buildings vs. CBE 
Benchmark (includes only buildings constructed since 2004). 

Thermal comfort and air quality 4.1.4.2 

The average thermal comfort response of occupants in the seven surveyed buildings with 
radiant cooling was around 0.6 on a 7 point scale with an improvement of 1 point over 
benchmarked buildings. The air quality score is 1.37, slightly better than the result for the 
benchmarked buildings.  

As presented in Figure 4.1.2(a) the thermal comfort responses in the benchmarked buildings 
have a relatively flat symmetric distribution for both the questions relating to thermal comfort 
and temperature in work place with around 40% occupants dissatisfied. In Figure 4(b), the 
responses for radiant cooled buildings on the other hand show a significant improvement in 
thermal comfort and indoor air quality with less than 30% occupants dissatisfied.  
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(a) 

  

 

(b) 

 

 

 

 

 

Figure 4.1.2: Satisfaction with (a) temperature (left) and thermal comfort (right) of benchmarked 
buildings and (b) temperature (left) and thermal comfort (right) of radiant cooled buildings 

Acoustics 4.1.4.3 

Poor acoustical performance in the radiant cooled buildings could be attributed to hard surfaces 
and lack of possible acoustical treatment especially in buildings with thermo-active ceilings. 
However, acoustics in general has always been the worst rated environmental performance 
parameter in all the CBE surveyed buildings as can be seen in Figure 4.1.1. The mean value for 
acoustics is obtained as the average responses to two questions relating to satisfaction with 
sound privacy and noise level in the workplace. The major source of acoustical dissatisfaction is 
a lack of sound privacy, which can be attributed to the reduction of sound absorptive surfaces 
(e.g. suspended ceiling panels) and sometimes by reduced mechanical background noise caused 
by the HVAC system. In comparison, only 36% of the respondents were dissatisfied with the 
noise level in their environment.  Figure 4.1.3 shows that 70 - 80% people complained about 
sound privacy (being overheard, or hearing other people’s conversations) in radiant cooled 
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buildings (a), while 50 – 60% had the same complaint in benchmarked buildings (b). This 
problem is increased in open plan offices. Survey results indicated that 61% of the respondents 
reported that acoustical quality interfered with their ability to get their work done.  

 

(a) 

 

(b) 

 

 

Figure 4.1.3: Satisfaction with sound privacy in (a) 66 benchmarked buildings and (b) 7 radiant 
cooled buildings 

Conclusions and next steps 4.1.5 

Results from seven surveyed radiant cooled buildings from the CBE web-based survey database 
were analyzed by comparison of thermal comfort, air quality, lighting, acoustics, cleanliness 
and maintenance with those from 66 benchmarked buildings from the same database. These 
buildings were all constructed since 2004.  Radiant cooled buildings outperformed the 
benchmarked buildings in all the categories except acoustical quality.  The primary cause of 
dissatisfaction with acoustical quality was a lack of sound privacy.  Although further review of 
the results is needed, it is likely that this finding could be caused by a combination of a lack of 
absorptive surfaces and the possibility of more open plan office space in radiant cooled 
buildings.  Based on a review of additional survey questions and occupant comments, it is likely 
that this finding is due to a lack of absorptive surfaces in the space, aggravated by open plan 
offices. 

The current set of survey results represents a brief snapshot of the performance of a limited 
number (7) of radiant cooled buildings.  We anticipate conducting more case studies and 
surveys of buildings with radiant systems in the near future.  As more survey results, 
performance data, and experience with these systems are obtained, we will carry out additional 
analysis to improve our understanding of the benefits and limitations, and develop guidelines 
for design, commissioning, and operation of successful low-energy radiant cooling systems. 
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Task 4.2 – Field studies  

The goal of this task is to conduct two field studies of buildings using radiant cooling, one with 
a chilled ceiling and one with a chilled floor.  The two buildings selected were the David Brower 
Center in Berkeley and the IDeAs Building in San Jose. 

David Brower Center 4.2.1 

The David Brower Center (DBC) is a 4-story 45,000-ft2 office building located in downtown 
Berkeley, California.  The building was completed and first occupied in May 2009.  It contains 
lobby and public meeting space on the first floor and open plan office spaces on the 2nd-4th 
floors, which primarily house non-profit environmental activist organizations.  Integral Group 
(formerly Rumsey Engineers) was the mechanical design engineer on the project and, working 
with the architect (Solomon E.T.C. – WRT) and other design specialists, put together a design 
promoting low energy consumption. The goal of a low energy building was achieved through 
an integrated design process that combined thermal mass, shading, and insulation into an 
efficient building envelope, implemented daylighting and efficient lighting control strategies, 
and used a low energy HVAC system.  The primary space conditioning subsystem is hydronic 
in-slab radiant cooling and heating, which is installed in the exposed ceiling slab of the 2nd – 
4th floors of the building.  Due to their larger surface area and high thermal mass, slab 
integrated radiant systems use relatively warmer chilled water temperatures, making them 
well-matched with non-compressor-based cooling, such as cooling towers. In addition to the 
improved efficiency of transporting thermal energy with water vs. air (about 1/7), the building 
cooling energy savings are attained through the utilization of a cooling tower, which uses about 
one-tenth of the energy of a chiller for one ton of cooling to make chilled water. 

CBE selected the Brower Center as a field study site because it represents a good example of a 
radiant cooling system using a chilled hydronic ceiling slab design.  The main goals of this case 
study are: 1) to assess occupant satisfaction with the building using CBE survey methods; 2) to 
analyze the energy consumption of this high performing building; and 3) to set up and begin a 
more detailed evaluation of the controls and operation of the David Brower Center and to 
identify strategies for improving system performance in terms of energy use and comfort. 

Occupant satisfaction survey 4.2.1.1 

CBE conducted its web-based occupant satisfaction survey at the David Brower Center during 
the period March 22 – April 9, 2010.  Although the building was still undergoing commissioning 
work on the HVAC system at the time, the building owners were interested in obtaining a 
baseline measure of occupant satisfaction.  We anticipate conducting at least one more follow-
on survey in the future to track any trends over time in response to improved control and 
operation of the building.  Of the 150 invited occupants, 74 valid responses were received, 
representing a response rate of nearly 50%, which is a good representative number.   

Figure 4.2.1.1 presents the average satisfaction ratings for each of the major environmental 
categories addressed by the survey questions.  Results from the recent David Brower Center 
survey are compared against the large CBE Benchmark database, containing 52,934 individual 
survey responses collected from over 475 buildings since 1997.  The ratings are presented in 
terms of the 7-point satisfaction scale, ranging from -3 (very dissatisfied) to +3 (very satisfied) 
with 0 being neutral.  Results shown for each category represent the average score for the 2-4 
questions that were asked pertaining to that category (see 
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http://www.cbesurvey.org/survey/demos2010/ for a list of typical questions).  The results 
indicate an extremely positive response from the occupants of the Brower Center.  With one 
exception, the ratings from DBC are all significantly higher than the CBE benchmark.  For two 
categories, View and Blinds/Shades, there is no benchmark data because these represent two 
new question categories that were added for the DBC survey.   

 

 

Figure 4.2.1.1: Average satisfaction ratings by category – Brower Center vs. CBE Benchmark. 
Survey conducted March 22 – April 9, 2010 

Acoustic quality represents the one category that scored lower (-1.2) than the CBE benchmark  
(-0.3).   The tenant office space in the Brower Center is primarily open plan with many exposed 
concrete (hard) surfaces, especially the radiant slab ceiling used for cooling and heating.  Under 
these conditions, it is not surprising that occupants expressed dissatisfaction with noise privacy.  
Figure 4.2.1.2 shows a breakdown of the reported causes collected from survey respondents 
who expressed dissatisfaction with acoustic quality.  The results confirm the expected 
performance with a large percentage (> 80%) identifying noise and distractions from other 
people in the neighboring area, as well as a majority (60%) citing echoing of voices and sounds 
(presumably from the hard building surfaces).  The David Brower Center is investigating 
possible mitigation measures to improve acoustic quality.  If interior design improvements are 
made (such as installation of more sound absorbing surfaces) a future survey and acoustic 
measurements could be used to quantify the amount of improvement. 

CBE Benchmark (N=52,934)

Brower Center (N=74)

http://www.cbesurvey.org/survey/demos2010/
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Figure 4.2.1.2: Reported causes of dissatisfaction with acoustic quality 

In conclusion, despite the reported dissatisfaction with acoustic quality in the building, overall, 
the occupants were very satisfied.  Figure 4.2.1.3 shows the overall satisfaction rankings for the 
two questions about “general satisfaction with the building” and “general satisfaction with the 
workspace.”  For the general satisfaction with the building, the mean response (1.78) was 
greater than 82% of all buildings in the CBE benchmark database.  For the general satisfaction 
with the workspace, the mean response (1.51) was greater than 78% of all buildings in the 
database.  
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Figure 4.2.1.3: David Brower Center overall satisfaction rankings 

Energy performance 4.2.1.2 

The Energy Star program was first developed in the 1990's by the U.S. Environmental Protection 
Agency in an attempt to reduce energy consumption and greenhouse gas emissions from power 
plants.  The Energy Star program has also developed energy performance rating systems for 
several commercial and institutional building types and manufacturing facilities.  This rating 
system for buildings was developed using statistical analysis of the Department of Energy’s 
Commercial Building Energy Consumption Survey (CBECS) database comparing certain key 
building characteristics with source energy use. A building is rated by inputting key 
independent variables (e.g., gross area, number of occupants) and the monthly energy (and 
water) use for the past year. After weather normalizing, this data is passed through the EPA 
regression models to arrive at a percentile ranking relative to the comparison population.  These 
ratings, on a scale from 1 to 100, provide a means of benchmarking the energy efficiency of 
specific buildings against the energy performance of similar facilities.   

Table 4.2.1.1 summarizes the Energy Star rating report obtained from the Energy Star Portfolio 
Manager website [EPA 2010].  The results are based on one year's worth of utility bill data 
(including PV generation) for the period ending June 30, 2010.  The David Brower Center 
achieved an Energy Star rating of 99, demonstrating exceptional energy performance and well 
above the threshold of 75 to qualify for an “Energy Star Label.”  The weather normalized site 
energy utilization intensity (EUI) was 47 kBtu-sf/yr.  

   

Table 4.2.1.1: Energy Star Rating Report for David Brower Center (August 2010) 
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Next Steps 4.2.1.3 

CBE researchers are in the process of completing an installation of power monitoring 
equipment that will allow a detailed end use breakdown of energy by HVAC system 
components (e.g., air handlers, cooling tower, water pumps, water source heat pumps), and 
building loads (e.g., lighting, plug loads, auxiliaries). CBE also plans to perform detailed 
measurements of indoor environmental quality (IEQ) using the CBE wireless measurement cart. 
CBE researchers are now verifying that the energy use data is being accurately recorded 
through the building management system (BMS) in combination with the already available 
extensive database of building operation trend data, providing a wealth of information to 
evaluate and assess system performance.  

IDeAs Building 4.2.2 

A radiant cooled floor system is installed in the office of IDeAs (Integrated Design Associates 
Inc), San Jose, California.  It is a small office building.  The field study and the thermal comfort 
simulation results are presented in Task 5.3. 

References 4.2.3 

EPA. 2010. “Energy Star Portfolio Manager.” Environmental Protection Agency 
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Performance Metrics

Current
(Ending 6/30/2010)

ENERGY STAR
Label

National 
Average

ENERGY STAR Rating 99 75 50

Energy Use Intensity

Site (kBtu/ft2) 47 109 147

Source (kBtu/ft2) 68 157 212

https://www.energystar.gov/
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Task 4.3 – Dynamic thermal performance and energy simulations  

The goal of this task is to conduct dynamic whole-building energy simulations of radiant 
systems to assess energy performance as a function of different design and operating 
conditions, as well as California climates.   

This project addresses three closely related and similarly complex questions: First, using 
currently available simulation software, what methods might be appropriate for comparing 
slab-integrated radiant cooling to more conventional alternatives, such that the results are 
sufficiently fair and comprehensive to support system selection and design? Second, what is the 
relative performance of representative system configurations across a set of climates that test 
presumed strengths and limitations? Third, what useful conclusions can be drawn from such 
comparisons to inform the selection, application, design, and control of hydronic radiant 
cooling?  

The particular approach taken to answering these questions is rooted in the contention that 
useful results must effectively capture five essential aspects of slab-integrated hydronic radiant 
cooling: a) radiant heat transfer between surfaces; b) the effects of thermal capacity, lag, and 
decrement in the chilled slab; c) the limitations of evaporative cooling water sources; d) the 
potential of various control strategies for maintaining thermal comfort while minimizing energy 
consumption and peak loads; and e) the challenges and benefits of integrating the operation 
and control of hydronic and airside space conditioning systems.   

This report presents an executive summary of whole-building simulations of slab-integrated 
hydronic radiant cooling with mechanical ventilation, plus a more conventional all-air cooling 
system as a point of reference. Full details of this simulation study are reported by Moore 
(2008). 

Simulations are performed using Virtual Environment (VE)—an interconnected set of building 
performance-modeling tools from Integrated Environmental Solutions (IES). Methods are 
described for the modeling of hydronic radiant cooling slabs. Among these, THERM, a simple 
two-dimensional finite-element heat transfer tool from Lawrence Berkeley National Laboratory, 
is used for determining properties of the heat transfer path between the hydronic circuits and 
cooling surfaces. Attention is also given to modeling limitations of evaporative cooling as a 
supply water source for the radiant system and waterside economizer for the all-air baseline 
system. In preparing the models, emphasis was placed on achieving similar degrees of 
equipment and controls optimization for both systems using methods that could be replicated 
in the context of practical design processes.  

Cooling-season performance is evaluated in terms of system dynamics, thermal comfort, peak 
loads, and energy consumption for a prototypical office building in Denver, Sacramento, Los 
Angeles, and San Francisco. The Denver climate was used to optimize system dynamics and 
performance for minimum energy consumption and peak power. Sacramento—the hottest of 
the four—was the focus for optimizing and evaluating thermal performance with aggressive 
hydronic slab nighttime precooling. For the San Francisco climate, added emphasis was placed 
on optimizing the economizer controls and performance for the all-air baseline system. In all 
cases, equipment, airflow, and other key parameters were evaluated and re-sized accordingly.  

The slab-integrated hydronic radiant cooling is augmented by a dedicated outside air system 
(DOAS) for conditioning of ventilation air. The hydronic cooling and DOAS utilize only indirect 
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evaporative cooling sources. The supply water source for the hydronic slabs and cooling coils is 
a closed-circuit cooling tower. The DOAS also incorporates a heat exchanger for sensible energy 
recovery and indirect-evaporative cooling of ventilation air via a spray chamber in the exhaust 
air stream. The reference baseline is a modern variable-air-volume system with an efficient 
water-cooled chiller and fully integrated control resets for supply air temperature and airside 
economizer operation. A waterside economizer or waterside “free cooling” (WSFC)—essentially 
the same cooling water source as is used for the hydronic radiant system—and nighttime 
precooling cycle were modeled as an additional scenario for the baseline system. The DOAS 
and VAV system use identical high-efficiency fans and motors (differing only in size). 

 

 

Figure 4.3.1: Simulated cooling-season HVAC system energy consumption for Denver, 
Colorado.  The range of estimated saving is relative to the VAV baseline system with and 
without a waterside economizer. 

Simulation results (Figures 4.3.1 – 4.3.4) suggest strong energy-saving potential for radiant 
cooling systems in both Colorado and California climates. In Denver (Figure 4.3.1), the 
simulated radiant cooling plus dedicated outside air system (Radiant+DOAS) with precooling 
uses an estimated 71% less energy than the standard VAV baseline system and 62% less than 
the same VAV system using waterside free cooling and a nighttime precooling control strategy. 
This comparison includes heating for cool mornings, which must be coordinated with the 
nighttime slab precooling strategy. In Sacramento (Figure 4.3.2), the Radiant+DOAS uses an 
estimated 59% less energy relative to the baseline VAV system and 56% less than the VAV with 
waterside free cooling, regardless of the inclusion of precooling controls. For this hot but 
relatively dry climate, the added fan energy for precooling with the all-air VAV system, given 
its capacity for WSFC is sized for chiller heat rejection, offsets the savings from reduced daytime 
chiller operation. In Los Angeles (Figure 4.3.3), where daytime temperature are more moderate 
and nighttime temperatures tend not to dip quite as low, precooling—in this case used only for 
the Radiant+DOAS—confers a lesser net benefit. For San Francisco (Figure 4.3.4), where cooling 
loads are reduced and airside “free cooling” is readily available through economizer operation 
(which still requires the use of fans), total energy for both systems is considerably lower. 
However, the effectiveness of waterside free cooling in this climate contributes to even greater 
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reduction of energy consumption for the otherwise already very efficient hydronic radiant 
system. 

 

 

Figure 4.3.2: Simulated cooling-season HVAC system energy consumption for Sacramento, CA. 

   

 

Figure 4.3.3: Simulated cooling-season HVAC system energy consumption for Los Angeles, CA.   

 

 

 

Figure 1: Simulated cooling-season HVAC system energy consumption for Sacramento, CA. 
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Figure 1: Simulated cooling-season HVAC system energy consumption for Los Angeles, CA. 
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Figure 4.3.4: Simulated cooling-season HVAC system energy consumption for San Francisco, CA.   

 

 

Figure 4.3.5: Cooling-system fan, and nighttime precooling operation in terms of power and 
energy (the area under the curves) for the Radiant+DOAS, VAV+WSFC, and standard VAV-

baseline with water-cooled chiller. The plot is for the day of peak cooling loads in Sacramento, CA 
(TMY-2 climate data). 

Peak power demand for the Radiant+DOAS is both significantly reduced and shifted to off-
peak hours (Figure 4.3.5): In Sacramento, the VAV baseline system peaks at 20.9 kW on July 
19th; on that day, the Radiant+DOAS system peaks at just 9.8 kW—a 50% reduction—and does 
so at 2:45 AM when utility power demand is very low. During the afternoon hours of July 19th, 
the radiant-DOAS system peaks at just 2 kW—a 90% reduction. The peak cooling-season 
demand for the radiant system is 10.4 kW and occurs at 4:15 AM. Evaluating only afternoon 
hours (noon to 5:00 PM) when electric demands tend to peak, the radiant system has just 34.5 
hours of demand over 5 kW, while the VAV system has 504 hours of operation over this same 
threshold. 

 

Figure 1: Simulated cooling-season HVAC system energy consumption for San Francisco, CA. 
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Figure 1: Cooling-system, fan, and nighttime precooling operation in terms of power and energy (the area 

under the curves) for the Radiant+DOAS, VAV+WSFC, and standard VAV-baseline with water-cooled 

chiller. The plot is for the day of peak cooling loads in Sacramento, CA (TMY-2 climate data). 
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Even with aggressive precooling for the hydronic slabs, thermal performance for the two 
systems in the hot Sacramento climate remains comparable. The greatest difference occurs on 
the hottest few days in July and August with late-afternoon peak solar gain in the west 
perimeter zones. At this time, the concrete slabs are relatively warm and the peaking outdoor 
wet-bulb temperature limits the evaporative cooling of supply water. Under these conditions, 
operative temperatures for west perimeter zones with Radiant+DOAS cooling exceed 1K (1.8°F) 
above that of the baseline system only within the very last occupied hour of the day, if at all. For 
the vast majority of the cooling season, however, the Radiant+DOAS system provides a lower 
operative temperature. 

From a gross, whole-building perspective, thermal performance for the low-energy Radiant+ 
DOAS differs only subtly from that of the baseline VAV system. Even for the afternoon of  the 
peak cooling day in Sacramento, with 40°C (104°F) dry-bulb and 23°C (73.4°F) coincident wet-
bulb temperatures, the combined average operative temperature for all regularly occupied 
spaces differs less than 0.5 K (0.9°F) between the radiant-cooling and baseline-VAV cases. This 
is additionally significant given that the peak cooling provided by the hydronic radiant slabs 
occurs three hours after the hydronic circulation pumps have been shut off to avoid adding heat 
to the slabs. Just 16% of total cooling at that time is provided by the DOAS. However, achieving 
this with constrained supply water temperatures and at the same time avoiding excessive 
precooling required careful attention to numerous control parameters. Thus slab precooling 
with water from a cooling tower and augmentation by indirect evaporative cooling of 
ventilation air would appear to be an effective strategy for exceptionally low-energy cooling, 
even in hot climates such as Sacramento, if appropriate attention is paid to the design and 
control of the system.  

There were three essential control strategies employed to utilize the slab thermal mass and the 
extended nighttime cooling-tower capacity: 1) cut off cooling water to any given slab when the 
water temperature from the cooling tower exceeds the slab core temperature; 2) avoid cooling 
the slabs in the late afternoon and evening hours, even when the outdoor WBT is low—i.e.,  
begin the nighttime precooling only after the outdoor WBT has dropped significantly and the 
slab core temperature is approaching equilibrium with the occupied space; 3) constrain 
precooling to avoid overcooling occupied spaces in early morning hours. Together with the 
location of hydronic cooling at the core of the massive concrete slabs, these strategies 
maintained thermal comfort while shifting a large fraction of the cooling load to off-peak hours 
suited to evaporative cooling. 
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Chapter 5: Applications of thermal comfort modeling 

Task 5.1 – Integration with COMFEN 

The goal of this task was to integrate the CBE comfort model into the COMFEN tool so that 
useful thermal comfort feedback can be provided to designers.   

In order to accomplish this, we designed and implemented a new XML input format for the 
CBE comfort model.  This XML format enables external software programs to generate input for 
the comfort model including specifying environmental conditions, human physiology, room 
geometry and desired output data.  This allows us to flexibly integrate the comfort model as a 
post-processing tool to EnergyPlus simulations within the COMFEN tool or other applications. 

Task 5.2 – Development tasks for the CBE comfort model 

The goal of this task is to produce documentation and training materials for the CBE comfort 
model in order to promote its use among designers.  Following is a list of the documentation 
that was produced. 

The Berkeley comfort model tutorial 5.2.1 

The first version of the tutorial was completed in 2008.  In a subsequent CBE comfort model 
workshop CBE partners learned how to use the comfort model using the tutorial. Feedback was 
solicited and we used it to modify the tutorial.  The new version has been updated based on 
further use and is included as Appendix 5-1.    

Documentation of comfort model clothing algorithm 5.2.2 

A major element of the Berkeley comfort model is the implementation of a clothing node, which 
considers both heat and moisture capacitance of clothing. Heat capacity of the clothing has been 
demonstrated to be important when considering transient effects. Moisture capacitance is 
important to correctly model evaporative heat loss from the body through clothing. The 
moisture model uses a “regain” approach to calculate the amount of moisture that a specific 
fabric will absorb at a given humidity.  We published a paper [Voelker et al. 2009] that describes 
the equations to calculate clothing heat and moisture transfer in the Berkeley comfort model. 

Comfort model thermoregulation modeling 5.2.3 

Basal metabolic heat production and blood perfusion rate are two major factors affecting human 
body thermal physiology responses.  Currently there are nine multi-compartment 
thermoregulation models available worldwide.  We compared the basal metabolic rate, basal 
cardiac output, and basal blood perfusion rates between the nine models. The analysis is very 
valuable for the future work in the area of human body thermoregulation modeling. 

Next steps in comfort model development 5.2.4 

The support from PIER/CEC for the comfort model development provides CBE the 
opportunity to develop other funding opportunities to further development of the model.  Near 
the end of this project, two major funding proposals were submitted to General Motors in 
conjunction with grants from DOE.  These projects will:  

1.  Install geometry images from other commercially available software packages, 
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2. Link the comfort model to inputs from a CFD software package.  In this project we, 
propose to further develop models that predict comfort for local cooling devices, such as 
the “PEC”, personal environmental control system.   

The comfort model development in the first proposal is part of a larger proposal which involves 
human subjects testing.   

 

Task 5.3 – Case study of modeling comfort over cooled floors 

The goal of this task is to use the CBE Comfort Model to assess the impact of cooled floors on 
thermal comfort, provide information for designers to use in practice.  The use of radiant floors 
and underfloor air distribution systems is increasing in California.  These systems have the 
potential to reduce energy use in buildings, yet their impact on thermal comfort needs to be 
better understood in order to operate them effectively. 

Introduction 5.3.1 

IDeAs is an office of Integrated Design Associates Inc. located in San Jose, California.  It is a 
7,200-ft2 one-story building (Figure 5.3 -1), renovated with various approaches to reaching its 
owner’s zero-energy goal.  The building uses a radiant floor for heating and cooling.   This 
study was carried out to examine the comfort effects of the radiant floor in both summer and 
winter seasons. 

  

Figure 5.3-1. IDeAs, Integrated Design Associates Inc. 

We visited IDeAs three times over one year, and conducted a survey remotely at a 4th time.  The 
first visit was conducted in summer 2008.  During the visits, we examined how the radiant 
system operates, interviewed the owner of the building regarding its design intent, energy 
saving approaches, and measured air and surface temperatures.  Then we predicted thermal 
comfort using the CBE Comfort Model using the measured environmental conditions.  In the 
second and third visits which were conducted in winter and summer, respectively, we surveyed 
office occupants’ comfort responses (using the CBE “Right Now” survey tool described in 
Figure 5.3-2), and measured the environmental conditions, which we put into the CBE Comfort 
Model to predict the comfort responses.  We then compared the predictions with the real votes.  
The last survey was conducted remotely during the summer season.  For this survey, we 
compared the survey results with the comfort model prediction results. 
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During these visits and from the survey results, we found that the office thermal environmental 
conditions were comfortable for most people in their workspaces.  The radiant floor worked 
well providing comfort except for one time when the cooled water supply had been 
inadvertently turned off.  The area near the window would have caused comfort problems in 
the warm season, had workstations been located near it, due to solar radiation coming through 
the windows.  These findings were consistent with simulations done with the Berkeley comfort 
model using our measured environmental parameters as input. 

RIGHT-NOW feelings:  Please mark the positions on the scales that best describe your ‘right-now’ 

feelings about the thermal environment 

  

 

 

1. Please list any body parts that are much 
warmer than the rest of your body. 
 
Do these warmer body parts cause comfort 
or discomfort? 

2. Please list any body parts that are much 
cooler than the rest of your body? 
 
Do these cooler body parts cause comfort or 
discomfort? 

 

 

Figure 5.3-2. “Right Now” Occupant survey questionnaire 

 

 

very cold

cold

cool

slightly cool

neutral

slightly warm

warm

hot

very hot

Please rate your current thermal sensation

very cold

cold

cool

slightly cool

neutral

slightly warm

warm

hot

very hot

Please rate your current thermal sensation

 

very comfortable

comfortable

just comfortable

Please rate your current thermal comfort

very uncomfortable

uncomfortable

just uncomfortable

very comfortable

comfortable

just comfortable

Please rate your current thermal comfort

very uncomfortable

uncomfortable

just uncomfortable
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Description of visits and findings 5.3.2 

Site visit (September 29, 2008) 5.3.2.1 

We inspected the building systems, talked with the owner, and measured the indoor/outdoor 
air temperatures and the surface temperature of the radiant cooling floor.  The outside air 
temperature was 82.4ºF (28 ºC) at RH 37% during the visit.  The three sets of images below 
(Figure 5.3-3) show the cooled floors at different locations in the office.  The top images show 
the locations and those on the second row are corresponding IR images at the same locations.   
The pictures on the third row provide additional information.  The room air temperature 
(shielded from radiant flux) was 78ºF (25.6ºC), and the RH 40%.  The floor temperature 
averaged 70ºF (21.1ºC).  We perceived the environment to be comfortable during the two-hour 
visit.  The office’s occupants were not surveyed during this visit.   

Simulations of these conditions with the CBE Comfort Model show comfort being maintained in 
the office area (green dot in Figure 5.3-4). The figure shows three curves produced from comfort 
model simulations.  The upper and lower curves bound the floor temperature for different air 
temperatures.  The middle curve represents the floor temperature for the best comfort.  The 
environmental conditions in workstation are close to the condition for the best comfort (shown 
by a green dot in the figure).  However in the front region near the window (second set of 
images in Figure 5.3-3), solar radiation raises the surface temperatures of the south window to 
86ºF (30ºC) and floor (10ºF higher than the floors without solar radiation (see Figure 5.3-3).   In 
addition there is shortwave radiation on the occupants.  The window is protected by an exterior 
overhang with photovoltaic cells, but there is still a small amount of solar radiation entering the 
space (see the front-outdoor picture on the third row, Figure 5.3-3).  Assuming 170 W/m2 direct 
and 100 W/m2 diffuse radiation gain and using the measured south window and floor surface 
temperatures described above, comfort is not maintained in this front region.  The solar and 
longwave radiation is equivalent to a 5.4ºF (3ºC) rise in room air temperature, which is 
presented as a red dot in Figure 5.3-4. 
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walkway 

 

front, inside/outside 

 

workstation 

Figure 5.3-3, Summer Sept. 2008 

 

Figure 5.3-4.  Thermal comfort predictions for workspace and front desk region with solar 
radiation (summer clo, metabolic level 1) 
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 Winter visit, occupant surveys (January 22, 2009) 5.3.1.2 

On January 22, 2009, the outdoor temperature was about 46 ºF.   We measured room air and 
surface temperatures, and took IR images indoors and outdoors.  Unlike the warm season 
image in Figure 5.3-3, the IR images do not reveal the warm pipes on the floor, instead, we see a 
very uniform floor temperatures (Figure 5.3-5) across the room.  The indoor air temperature 
averaged 71ºF, and the floor temperature averaged about 73 ºF.   

 

   

walkway front workstation 

Figure 5.3-5, Winter January 2009 

Note that in order to better display the temperature ranges, the scale of these winter IR images 
is 5ºF lower than in the images taken in September for summer condition shown in Figure 5.3-3. 

One can see from the images that the aluminum window frames are large transmitters of heat 
(Figure 5.3-6 and left and middle images in Figure 5.3-5).  Their indoor temperature is about 
62ºF and their outside temperature above 60ºF.  At the bottom they are warmest, because they 
are in contact with the heated floor. One can see that the heat from the heated floor extends far 
out into the pavement outdoors, partly by conduction under the window frame, and partly by 
radiation from the window surface. 

 
 

Figure 5.3-6,  Exterior infrared camera views 
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We surveyed 8 of the 10 people in the office that day.  The occupant survey questions are shown 
in Figure 5.3-2.  Among those surveyed, 6 wore sweaters, and 2 were in short-sleeved shirts.  
The thermal sensation was neutral for 5 people (4 in sweaters, 1 in short-sleeved shirt), two 
warm (in sweater), and 1 cool (in short-sleeved shirt).  There were two (unacceptable) 
discomfort votes:   one of the short-sleeved shirt persons recorded cool-discomfort, and one of 
the sweater persons recorded warm discomfort.  The remaining six were all comfortable.    One 
can see that although clothing insulation level has a strong influence on sensation and comfort, 
some people may not choose to add or reduce clothing, even if it would make them more 
comfortable. 

The simulation with the comfort model shows that at these temperatures comfort is expected 
with a sweater, but that cool-discomfort is expected with a short-sleeved shirt.  The person who 
was comfortable with the short-sleeved shirt may have been more active or have had a higher 
metabolic rate than the norm. 

Warm season visit, occupant survey (September 1, 2009) 5.3.1.3 

During the afternoon visit, the outside air temperature was 86ºF, 22% RH.  The indoor air 
temperature was 82.6 – 84.6ºF for different zones, 38% RH.  The floor temperature was 76 ºF, 
showing no cooled pipes (Figure 5.3-7).  It seemed that the radiant cooled floor was not 
operating.  The IDeAS operator checked the system and found that the water was not being 
cooled, and was circulating at 75.4ºF.   

 

   

walkway front workstation 

Figure 5.3-7, Summer September 1, 2009.  Cooled floor was not working 

The scales are slightly different from the first visit shown in Figure 5.3-3 (unit conversion: 24ºC 
= 75.2ºF, 25ºC =77ºF, 28ºC = 82.4ºF, 29ºC = 84.2ºF) in order to better display the temperature 
variations. 

We surveyed all 6 people in the office that day.  Four people voted thermal sensation “slightly 
warm”, and two “warm”.  Four people voted “just uncomfortable” and “just unacceptable”, 
and two voted “comfortable” and “acceptable”.  All were in short-sleeved shirts. 

The comfort simulation shows that the environmental conditions were just outside of the 
comfort range (Figure 5.3-8; red dot).   
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Warm Season Occupant survey (September 8, 2009) 5.3.1.4 

Because the radiant floor was not functioning the day we visited, IDeAs administered another 
survey 7 days later when the floor was working.  The room air temperature was 78.3 – 80.3ºF, 
and the slab temperature was 72 – 74.3ºF. 

The comfort responses are much higher than the responses on September 1.  Among 9 survey 
responses, 3 voted “comfortable”, 3 voted “very comfortable”, and 3 voted “just 
uncomfortable”.  All voted “acceptable” or “clearly acceptable”, at the top of the scale. 

The comfort simulation shows that the environmental condition is at the middle of the comfort 
zone, Figure 5.3-8 green dot. 

 

 

Figure 5.3-8.  Environmental conditions on the comfort chart predicted by the comfort model for 
two summer visits (summer clo, met 1) 

Energy use 5.3.3 

The design goal for the IDeAs building was to make it a zero-energy building.  There are many 
energy efficient techniques embodied in the building system design.  For more detailed 
information, please see the website: 

http://www.ideasi.com/home.html  
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We obtained energy use from utility bills for summer 2008 to fall 2009.  Starting in 2009, the goal 
of zero energy was reached.  See Table 5.3-1 and Figure 5.3-9 

 

Table 5.3-1. IDeAs Building Electricity Use Data (kWh) 

June 2008 - Sept 2009 
  

    Month Produced Total Net 

June 3868 5388 1520 

July 3885 4525 640 

Aug 4188 5788 1600 

Sept 2971 4811 1840 

Oct 2377 3897 1520 

Nov 1501 3501 2000 

Dec 1551 5151 3600 

Jan 1774 4334 2560 

Feb 2083 4163 2080 

Mar 3885 2685 -1200 

Apr 4681 3641 -1040 

May 5309 2509 -2800 

June 5158 3078 -2080 

July 5358 4078 -1280 

Aug 4908 4028 -880 

Sept 4904 4184 -720 
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Figure 5.3-9.  Electricity use data –IDeAs building 

 

Published papers 5.4 

Two papers were published in conjunction with this work: 

Wang et al. (2009) first compares thermal comfort responses from unique chamber studies done 
in the 1960s at Kansas State University to simulations of the same tests using the CBE Comfort 
Model.  The tests and the simulations were done for both warm and cooled floors and ceilings, 
at various room air temperatures.  We then used the CBE Comfort Model to predict comfortable 
ranges of floor and ceiling temperatures for a wide range of possible air temperatures.  The 
results are compiled in two figures, providing information suitable for designers.  The work 
was published in the international building simulation conference. 
 
Voelker et al. (2007) focuses on the assessment of thermal comfort in rooms equipped with 
radiant cooling technology. The computational fluid dynamics was used to simulate the indoor 
conditions influenced by a cooled floor and a ceiling. The results were implemented into the UC 
Berkeley comfort model in order to assess thermal comfort. The main advantage of a radiant 
cooling ceiling is the uniform air temperature created due to convective heat exchange. 
However, in the present case, floor cooling achieves a higher level of thermal comfort by 
providing more cooling effect due to a larger view factor from the cooled floor than from the 
cooled ceiling. Since this paper only compares two simple exemplary cases, further research is 
necessary to gain broader knowledge. 
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