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Preface

The 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, managed by the California Energy Commission (the Commission),
annually awards up to $62 million to conduct the most promising public interest energy
research. To carry out this research, the Commission partners with research, development,
and demonstration (RD&D) organizations, including individuals, businesses, utilities, and
public or private research institutions.

The PIER program funds efforts in six RD&D program areas:

Buildings End-Use Energy Efficiency
Industrial/Agricultural/Water End-Use Energy Efficiency
Renewable Energy

Environmentally-Preferred Advanced Generation
Energy-Related Environmental Research

Strategic Energy Research.

This document is the final report for the Advanced HVAC Systems for Improving Indoor
Environmental Quality and Energy Performance of California K-12 Schools Program (IEQ-
K12), Contract Number 500-03-003, conducted by Architectural Energy Corporation (AEC).
This project contributes to the PIER Buildings End-Use Energy Efficiency Program.

The AEC team prepared this final report and its attachments to serve as a complete record of
the objectives, methods, findings, and accomplishments of the IEQ-K12 program. Architects,
school designers and specifiers, contractors, school district owners and operators,
manufacturers, researchers, and the energy efficiency community, should find the report and
the attachments highly applicable to their interests.

This report serves as the final project report for Project 2, Thermal Displacement Ventilation in
Schools, under the PIER IEQ-K12 Program. This report summarizes the outcomes of each
project task and serves as a research summary for the project. The report references project
report deliverables that are available on the program website (http://www.archenergy.com/ieg-
k12).

For more information on the PIER program, please visit the Commission’s Web site at:
www.energy.ca.gov/research/index.html or contact the Commission’s Publications Unit at 916-
654-5200.
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EXECUTIVE SUMMARY

Poor environments in schools influence the health, performancr

and attendance of students. Many existing school space &
conditioning systems using conventional mixing ventilation W{ -
systems fail to provide the indoor air quality, acoustics, and A
comfort that can produce optimal student and teacher performs =
DV is a cost effective means of providing an optimal indoor B
environment by delivering cool supply air directly to the occupa
in a space. The air is enters the room at about 65 °F, about 10"
warmer than with a conventional air conditioning system. The
fresh air, supplied near the floor at a very low velocity, falls
towards the floor due to gravity and spreads across the room u
it comes into contact with heat sources. The supply air slowly ri
as it picks up heat from occupants and equipment. The warm a
picks up contaminants as it rises towards the ceiling whesexihausted from the space. This vertical
airflow pattern near each occupant often referred talasremal plumemakes it less likely that germs
will spread. The air distribution system provides for effectivailation, since the fresh supply air is
delivered directly to each occupant. All this can be provided attadiss that is comparable to that of
less effective conventional mixing ventilation systems that rely eaticg fully mixed air in the room.

N

ofB
SR A

The overall goal of this project was to gain wide acceptance of DV in boily censtructed and
renovated K-12 schools.

Key outcomes included the following.

Two demonstration DV systems were installed, commissioned, and monitorediassvooms; one in
southern and one in northern California.

Coyote Ridge Elementary in the Dry Creek Joint School District wastsél for northern California
and, for southern California, Kinoshita Elementary in the Capistranoedrifthool District
participated. The research team partnered with the manufacturing parthertao installations. The
Coyote Ridge system consists of a standard heat pump, with a refrigatanti@at exchanger, a
volume storage tank and a single-zone air handler. The Capistrano systenpretotype packaged
rooftop unit that was designed with a manufacturing partner and servedpaisritug/ product
development effort for this project. The unit includes a variadgecity compressor and variable speed
supply fan with an enhanced control package. Commissioning activities regrdeal by the project
team. The project team also installed instrumentation in the atessrat both schools to monitor air
temperature, indoor air quality and HVAC electricity use during typicatains, and compared these
data to temperature and air quality in comparable conventional classiiceanbers and students were
interviewed about their experience with the system.

Results of the DV demonstration classrooms showed that significant eagngys are possible.

The Coyote Ridge demonstration used a VAV system with 100% outside air. Esergsas
comparable to the control classroom during the cooling season. The CoyoterRitteing results for
the 2004-2005 school year showed the following: 1) a supply of 1,100 cfnifoh@Svas sufficient to
maintain comfort during design cooling conditions in Roseville, 2) two diffysevided good room air
distribution and maintained a consistent pattern of stratificatiohg3ystem demonstrated good
ventilation effectiveness with the measured CO2 level in the occupiedansistently lower than the
level at the return in the DV classroom, and 4) acceptable comfort wataimed in the winter by
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providing a morning warm-up and by supplyingB&upply air through the displacement diffusers in
heating mode.

The second demonstration, at Kinoshita Elementary in San Juan Capi€aéfoynia, was designed to
verify energy savings and to demonstrate a packaged unit solution. HV&@céleuse was monitored
in the control classroom and the DV classroom during the fall 2005 and spring 2@3essminitially,
energy monitoring results did not show a reduction in HVAC electricityrudes DV classroom.
However, an investigation of the data showed that the DV classroom wigshentained to a cooler
average temperature. Moreover, the HVAC system’s economizer setimg not optimally set for DV.
After configuration changes were made to the DV unit, the energy monitesotis showed 20%
energy savings over the monitored time periods.

Other results of the DV demonstration classrooms showed improved IAQ andaceitktacceptable
humidity levels.

The DV design allows the cooling capacity to be varied continuously, whichsatmwood space
temperature control with the DV system. The primary IAQ benefti@iV system is improved
ventilation effectiveness. In the DV classroom at both sites, thee@@entration is consistently lower
in the occupied zone than in the return. As a result, the outside air srddlimore effectively to the
occupants.

Another noticeable benefit of DV is an improvement in acoustics. Spoumeaants of background
noise levels at Kinoshita were 40-44 dBA (decibels) for the DV dass(with the fan at maximum
speed) and 48-50 dBA for the control classroom. Measurements of backgroundvedsseflthe DV
classroom at Coyote Ridge were 40-42 dBA or lower. As a result, teachéesslikely to turn HVAC
fans off due to noise, which impacts both comfort and air quality.

Finally, the results from both demonstrations indicate that theweelatimidity (RH) is maintained to
acceptable levels in the DV classroom.

Teacher feedback was positive for the DV demonstration classrooms.

Teacher feedback also has been positive in the DV classroom. Thadéadhe DV and conventional
classrooms were given surveys on the acoustics, indoor air quality, amaltbemfort. The teachers in
the displacement classrooms gave the DV system higher marks focbasties and thermal comfort
compared to the conventional classrooms.

Technology transfer activities were conducted.

Activities included the following: DV School Design Charrette pnésiion, ASHRAE Meeting
presentation, CASH Conference presentation, ACEEE papers presented at theni20@4 Study and
developed for the 2006 Summer Study, and an Engineered Systems Magazin@\artl2€06).
Training sessions were conducted at SMUD and CTAC, and a presentatiatedravCASH
representatives. Again, the work under this task was completed ilelpaitn the Program Market
Connection (Project 4) activities. The research team will contmpeomote the results of this project
and provide market and technical information, when requested.

Key conclusions are summarized as follows
The demonstration classrooms confirmed that DV provides good thermal comfdasgnooms with
normal ceiling heights (9 feet).

The DV system did not create problems with cold drafts at the floor.yBhens provided a consistent
thermal stratification in the space and good ventilation effectivembsseffects of occupant activity
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and the opening of doors and windows did limit the amount of stratificatiorvadhie practice.
However, the system provides a remarkable improvement in acoustics.

A supply of 1,100 cfm of 85 air is sufficient for most classrooms in California climates.

Both the CFD simulation results and monitored data show that design coolingacendan be met by
a DV system without increases in system cooling capacity or airflowe\slmulation studies indicate
that up to 20% more supply air is needed with DV, a system supply air flow rRtEO6fcfm is less
than what is typically supplied to California classrooms.

The use of a tuned VAV control strategy will optimize energy savings.

The energy savings potential for this demonstration were not realized theiimtial phase of the
project. Control setting modifications and tuning dramatically improve@syperformance. With
VAV systems, where air volume is the primary means of space tatapecontrol, compressor
operation is not directly tied to space temperature (and cooling requireniémds) such a control
strategy, control tuning and verification are critical to ensurisgesy performance.

DV can be achieved today using a variety of HVAC system designs.

Large, off-the-shelf HVAC units that have multiple cooling stagesampatible with the DV system
design requirements. The principal design requirement is a steady suppl¥ @fit63 he customized
HVAC unit used at Kinoshita Elementary proved to be effective in medtenddsign requirements, and
is unique in its ability to provide single-zone, VAV control for a singésstoom. Further development
of additional innovative HVAC design options for DV will likely offer heased opportunities for
energy savings.

DV provides many compelling benefits including energy savings.

DV has shown to provide effective ventilation and excellent thermal cofofd@alifornia classrooms.
Acoustic benefits alone are a compelling reason to use DV. Energy sa@rgjgraficant, especially
when the HVAC system includes variable-speed drive and VAV controlragrfargy savings.

10
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INTRODUCTION

BACKGROUND AND OVERVIEW

The goal of the Advanced HVAC Systems for Improving Indoor
Environmental Quality and Energy Performance of California K-12
Schools Program (IEQ-K12) was to develop and demonstrate
advanced equipment for cooling, heating, and ventilating school
classrooms. This equipment improves indoor environmental quality,
saves energy, reduces peak demand, and, ultimately, reduces
pollution for the citizens of California.

Schools use more than 3% of California’s electricity each year, and 27% of that electricity
powers heating, cooling, and ventilation. The way in which schools are ventilated and the
guantity of the ventilation directly affects the quality of the school environment, which has
implications for student health and overall learning performance. This program addresses
three of the IEQ target areas. The relationships between the program activities and the
research and market needs identified in the IEQ target areas are discussed in the sections that
follow.

Under the projects in this program, investigators worked with major manufacturers to develop
innovative systems that have energy and IEQ advantages over conventional systems, to
demonstrate the energy performance and cost advantages of these systems, and to create
and distribute design tools and related information to decision makers and school design
professionals. The program team helped to achieve the following goals:

The next generation of California K-12 classrooms, resulting from Proposition 47 (State
of California 2002) and local bond funding, are more comfortable and energy efficient,
as well as healthier.

Teachers have better control over the IEQ and thermal comfort of their classrooms.
Students and teachers are sick less, are more comfortable, and perform better.

School districts spend less on energy and are able to spend more on books,
computers, and salaries.

The IEQ-K12 program consisted of four projects. Information about Project 1, Program
Administration, which was led by Donald Frey and Vernon Smith of the Architectural Energy
Corporation (AEC), is not included in this report. The three projects are

Thermal Displacement Ventilation (TDV) in Schools (Project 2), led by Charles Eley
and John Arent of AEC

Effectiveness of UVC [ultraviolet light in the “C” band] Technology for Improving School
Performance (Project 3), led by Roger Wright and Stacia Okura of RLW Analytics, Inc.

Program Market Connection, led by Morton Blatt of Morton H. Blatt Energy Utilization
Consulting (Project 4)

PROJECT 2 OBJECTIVES

The overall goal of this project was to gain wide acceptance of TDV in both newly constructed
and renovated K-12 schools. Specifically, the project team worked toward four goals:

11
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Create a TDV HVAC system that requires 50% of the fan energy and 33% of the
cooling energy of conventional HYAC systems.

Target 20% penetration in the new construction and retrofit/renovation market for
schools.

Reduce the peak demand in California by 224 MW at the 20% level of penetration.

Reduce annual energy consumption in California by 380 GWh at the 20% level of
penetration.

Objectives

The objectives for Project 2 were to:

Develop definitive guidelines on the quantity and conditions of air that must be
delivered in order to maintain thermal comfort in a variety of classroom configurations.
The guidelines were based on computational fluid dynamics (CFD) analyses of at least
eight classroom configurations.

Validate the CFD results with a full-scale mockup of one classroom. The mockup was
designed so that it could be reconfigured to allow study of various thermal conditions.

Contact approximately 40 individuals involved in the design, construction, and
operation of California schools. As a result of these contacts, the project team gained
an understanding of concerns about implementing TDV in new schools, in major
modernizations, or both.

Develop at least two detailed engineering solutions for applying TDV in K-12 California
classrooms. The resulting prototype designs include specific equipment specifications,
system schematics, control sequences, and other information.

Construct two demonstration TDV classrooms, one in a Northern California valley
climate and one in a Southern California coastal climate.

Monitor the performance of the demonstration classrooms for a period of at least 6
months, spanning fall and winter or winter and spring. During the study period, the
researchers monitored temperature and carbon dioxide (CO.,), along with HYAC energy
use. The team took measurements in multiple locations and gathered data in at least
hourly time steps.

Work with manufacturers to develop new products that meet TDV-related marketplace
needs. Based on the previous tasks, an equipment specification was developed and
the key partner engineers invested their time (on a match basis) to create suitable
products.

Develop a series of fact sheets for school decision makers and an engineering guide
for design professionals. Team members worked with the Collaborative for High
Performance Schools (CHPS) to integrate these materials into the CHPS Best
Practices Manual (2006).

Develop a one-day training curriculum on TDV for design professionals and present the
training program to technical audiences in a variety of California locations.

Prepare and submit for publication at least two articles on the application of TDV in
California schools in professional trade journals or technical conference proceedings.

12
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PROJECT OBJECTIVES

The overall goal of this project was to gain wide acceptance of TDV in both newly
constructed and renovated K-12 schools.

The specific objectives for Project 2 were to:

Develop definitive guidelines on the quantity and conditions of air that must be
delivered in order to maintain thermal comfort in a variety of classroom configurations.
The guidelines were based on computational fluid dynamics (CFD) analyses of at least
eight classroom configurations.

Validate the CFD results with a full-scale mockup of one classroom. The mockup can
be reconfigured to allow various thermal conditions to be studied.

Contact approximately 40 individuals involved in the design, construction, and
operation of California schools. These contacts gave the project team an understanding
of concerns about implementing TDV in new schools, major modernizations, or both.

Develop at least two detailed engineering solutions for applying TDV in K-12 California
classrooms. The resulting prototype designs include specific equipment specifications,
system schematics, control sequences, and other information.

Construct two demonstration TDV classrooms, one in a Northern California valley
climate and one in a Southern California coastal climate.

Monitor the performance of the demonstration classrooms for a period of at least 6
months, spanning fall and winter or winter and spring. The researchers monitored
temperature and carbon dioxide (CO.,), along with HVAC energy use. The team took
measurements in multiple locations and gathered data in at least hourly time steps.

Work with manufacturers to develop new products that meet TDV-related marketplace
needs. Based on the previous tasks, the team developed equipment specifications and
the key partner engineers invested their time (on a match basis) to create suitable
products.

Develop a series of fact sheets for school decision makers and an engineering guide
for design professionals. Team members worked with the Collaborative for High
Performance Schools (CHPS) to integrate these materials into the CHPS Best
Practices Manual (2006).

Develop a one-day training curriculum on TDV for design professionals and present the
training program to technical audiences at a variety of California locations.

Prepare and submit for publication at least two articles on the application of TDV in
California schools in professional trade journals or technical conference proceedings.

PROJECT APPROACH

This section provides a summary of the methodology used to accomplish specific task
objectives. For additional information, project report deliverables are referenced at the end of
this report.

13
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COORDINATION WITH ONGOING RELATED PIER NATURAL VENT ILATION AND TDV
RESEARCH (TASK 2.1)

The objective of this task was to review, coordinate, and leverage the content of work under
this project with two other Commission-sponsored research projects. The two projects and the
objectives of the review were

To review research—conducted at UC San Diego and at Lawrence Berkeley National
Laboratory (LBNL)—on natural ventilation modeling and algorithms developed for
EnergyPlus (PIER Contract Number 400-99-012, Element 4, Task 2.8)

To review current under-floor air distribution research by UC Berkeley, UC San Diego,
LBNL, and York International (PIER Contract Number 500-01-035)

The research included a comprehensive literature review of displacement ventilation, including but
not limited to: CFD simulations, field studies, recommended load calculation and modeling
procedures, a review of existing buildings with displacement ventilation and research on underfloor
air distribution conducted under a separate PIER research program.

CFD ANALYSIS AND VALIDATION WITH FULL-SCALE MOCKUP (TASK 2.2 AND TASK 2.3)

The approach in this study was to build a CFD model of a typical California classroom,
designed to comply with the current and/or proposed California energy efficiency standards; to
validate this model through full scale testing; and then to study variations from the basecase
to understand how the design parameters (air flow, etc.) would change for variations in ceiling
height, internal heat gains, and building envelope loads.

For the base case classroom, a series of CFD simulations were performed to determine the
supply rate of 65°F air needed to maintain acceptable thermal conditions. A supply air
temperature of 65°F was selected based on previous experience with TDV in other locations.
Warmer air provides inadequate cooling and with colder air there is a greater risk of cold feet
for those sitting near the diffusers. Through parametric CFD simulations, air volume was
gradually increased in order to achieve satisfactory thermal conditions, e.g. until the average
temperature at the top of the occupied zone (60 in. above the floor) was no greater than 75°F
(74+1°F) and the temperature difference from top to bottom of the occupied zone was no
greater than 5.4°F (the recommendations of ASHRAE Standard 55). For the other simulation
cases, the volume of air was scaled up or down from the basecase with thermal loads. The
same diffuser area is used in all cases.

With displacement ventilation, sizing of equipment is based either on thermal comfort or
ventilation requirements. For the CFD simulations, the air flow is determined to provide
sufficient cooling and maintain thermal comfort in the space.

A typical California classroom is used for the base case. The base case classroom is defined
to comply with the minimum requirements of the California energy efficiency standards, but to
exceed these standards when common practice does. The prototype was developed through
both an evaluation of code minimums and a review of current school plans, recently submitted
to the Bay Area regional office of the State Architect. Average data from the Nonresidential
New Construction (NRNC) Database was also used to determine representative window
areas, occupancy, and equipment schedules.

The baseline model was then revised to develop nine additional test cases corresponding to
different load conditions, building envelopes and ceiling heights. The intent was to cover a range
of loads that are typical for California classrooms, to determine required supply air conditions.
Test cases are summarized below:

14
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Table 1 — Loads and Variations for Parametric Simul  ations

Conduction Occupants Internal Gains Total
Component Walls Roof  Window  Floor Solar Sensible Latent Lights Equip Process Sensible
Baseline 513 1377 1097 0 4660 3732 2625 2575 1440 0 15394
12 ft Ceiling 654 1377 1097 0 4660 3732 2625 2575 1440 0 15535
9 ft Ceiling 442 1377 1097 0 4660 3732 2625 2575 1440 0 15323
Poor Insulation 2731 5871 1136 0 4851 3732 2625 2575 1440 0 22336
Three Exterior Walls 2019 1419 1242 0 4324 3732 2625 2575 1440 0 16751
East Orientation 346 440 975 0 11612 3732 2625 2575 1440 0 21120
Increased Window Area 1168 1586 2761 0 12458 3732 2625 2575 1440 0 25720
Computer Laboratory 771 1617 1555 0 4439 3732 2625 2575 7604 0 22293
High Lighting Power 513 1377 1097 0 4660 3732 2625 4627 1440 0 17446
High Occupancy 599 1438 1257 0 4449 5540 3875 2575 1440 0 17298
Heating Simulation -922 -1788  (53F) 0 0 1420 0 1983 0

Total sensible load does not include infiltration or natural ventilation cooling load (outside air).
A constant space temperature of 74F was assumed fo r this estimate.

DOE-2 models were developed for each of the prototypes, and simulations were ran to
estimate interior surface temperatures, which were then used as boundary conditions for the
CFD simulations.

Halton Company, working as subcontractor to AEC, developed CFD models of the ten
classroom cases. Airpak 2.1.10 was used as the CFD simulation package and the zero
equation turbulence model was used to simulate indoor flow conditions. Simulations were run
until convergence was achieved.

BARRIERS STUDY (TASK 2.4)

This research study consisted of one-on-one interviews with a variety of participants involved
in the identification and implementation of HVAC systems. Special emphasis was placed on
including participants with experience building, implementing and utilizing HVAC systems in
California schools.

Potential research participants were identified and first contacted by Eley
Associates/Architectural Energy. All participants first completed a short screener to gauge
their interest and usefulness to the goals of the study. Potential participants were screened
for experienced or involvement with schools. Staff members charged with recruiting
participants used a compilation of lists containing school architects/engineers in California,
recent school projects generated by Eley Associates and other secondary sources. The pool
of potential participants was then augmented with more TDV-experienced professionals with
operations outside California.

Screening interviews were conducted by Eley staff. Following the screening interview,
participants were invited to participate in a more detailed interview with Brian Fowler, an
independent market research professional working with SDV/ACCI. The interviewing
screening tool is located in the appendices.
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Thirty-five (35) professionals participated in the in-depth interviews consisting of 30-45 minute
personal telephone interviews. The interviews focused on general knowledge, attitudes (past,
present and future), experience and perceived and encountered problems with thermal
displacement ventilation in classrooms and contained a mix of closed and open-ended
guestions. On occasion, a few participants were asked subsequent questions via email and
telephone for clarification. All interviews were recorded for reference. Interview guides also
are in the appendices.

All participants in this study had previous experience working with schools and school
districts. Those patrticipating in the in-depth interview derived more than 60% (and usually
higher than 70%) of their business from the service to schools.

The participants also reflected a variety of school and school project sizes. The site sizes
ranged from 15 to over 75 classrooms.

The interview script was designed to uncover and determine participants’ level of knowledge,
attitude, and behavior of TDV, compared to HVAC systems currently in use in California
schools. For purposes of gaining the most useful insights, respondents were stratified across
the following responsibilities and experience levels.

With Without
TDV TDV
Segment . .
Experi Experien
ence ce
. ) 6 3
A. HVAC Mechanical Engineers
3 3
B. School Architects / Designers
3
C. School District Facilities
3
D. Maintenance and Operations personnel
1 3
E. Construction/Contractors
2 2
F. Manufacturers
2
G. DSA Plan Examiners
4
H. Users (Teachers)
Total 12 23

SYSTEM DESIGN OPTIONS (TASK 2.5)

To fulfill this task, the project team developed practical and cost-effective engineering
solutions for supplying neutral TDV air to K-12 classrooms.

The development of system design options for displacement ventilation included the following
tasks:

A design charrette with leading architects and design engineers of K-12 schools was held in
2004 to develop conceptual designs for displacement ventilation systems and to discuss
design considerations with DV systems. The meeting was held in May 2005 at the California
Energy Commission and included manufacturing representatives and engineers experienced
with displacement ventilation in other states.
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Architectural Energy Corporation worked with CTG Energetics to develop schematic design
options for displacement ventilation for a typical classroom wing of eight classrooms. Design
options included a packaged single zone rooftop system for each classroom, a multizone VAV
system with variable air volume terminal units, and a central plant approach. The Outline
Specification and Schematic Design Report documents advantages, disadvantages and
limitations of each system option, system schematics and recommended control sequences.

The detailed design task in this project covered an in-depth look at the following system
design issues:

HVAC System specifications

Diffuser Layout and Selection

Load Calculation Procedures

Energy Modeling

The results of this task were incorporated into the Design Guideline for Displacement
Ventilation in K-12 Schools (Task 2.9).

CONSTRUCTION AND PERFORMANCE MONITORING OF DEMONSTRATION CLASSROOMS
(TASK 2.6 AND TASK 2.7)

This task was designed to demonstrate the viability of TDV in at least two classrooms, one in
Northern California and one in Southern California. The project team installed instrumentation
in these classrooms to monitor air temperature and quality during typical operations, and
compared these data to temperature and air quality in comparable conventional classrooms.
Teachers and students were interviewed about their experience with the system.

Two school sites were selected to meet basic requirements for displacement ventilation. The
classrooms required a minimum ceiling height of nine feet, and the schools were selected so
that two classrooms at the same school, having essentially the same orientation, class
schedules and loads, could be monitored side-by-side for comparison purposes. Coyote
Ridge Elementary in Dry Creek Joint Elementary School District and Kinoshita Elementary in
Capistrano Unified School District in San Juan Capistrano, CA were chosen for monitoring.
The projects were designed to be a retrofit of an existing classroom with a displacement
ventilation system. As retrofit projects, they had additional constraints that new installations
would not have had. First, the system had to use the existing roof curb for the packaged
rooftop DX unit in place. Second, the projects had the requirement that the existing ductwork
to the overhead ceiling diffusers be left in place, to give the Districts the option to easily revert
back to the original system if desired.

For the first demonstration, Architectural Energy Corporation worked with Trane Company to
design an HVAC system specifically to meet displacement ventilation requirements. The most
important design requirement was a tight control of the supply air temperature. The design
selected was to use a heat pump with a refrigerant-water heat exchanger. The system was
designed to provide chilled water for cooling and heated water for heating. The system also
included a custom outdoor air handler, with an economizer and variable-speed drive for VAV
control. The system was integrated with the school’s existing Alerton controls network for
diagnostics and analysis.

The first construction project came in well over budget, leaving very little budget for the
second demonstration. The factors contributing to the high costs were the need for a custom
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roof curb, the requirement for a new electrical panel and a significant cost for custom Alerton

controls programming and graphics. For this reason, Architectural Energy Corporation held a
Critical Project Review meeting with the California Energy Commission to revise plans for the
second demonstration. The Commission desired a packaged equipment solution for DV that

was not yet available from manufacturers. This accelerated the product development tasks of
the project, to design and develop a new packaged rooftop product for displacement

ventilation that could be used in the Capistrano demonstration.

Architectural Energy Corporation also obtained match funding from San Diego Gas &
Electric’'s Emerging Technologies Program to help fund the installation costs and monitoring

costs for the second demonstration.

Architectural Energy Corporation worked with Carrier Corporation to design a displacement
ventilation prototype unit that would be a direct replacement of the 4-ton Carrier packaged
rooftop unit in place at the second demonstration school, Kinoshita Elementary. This
prototype unit was developed in the spring of 2005 and installed in the summer of 2005.

Performance monitoring of the demonstration classrooms at Coyote Ridge Elementary and
Kinoshita Elementary took place during the 2004-2005 and 2005-2006 school years,
respectively. To provide a sufficient set of data, the classrooms were monitored for an entire
school year. Data was collected on indoor air temperatures, relative humidity, carbon dioxide
levels and HVAC electricity use. The instrumentation summary is shown in the table below.

Instrumentation Plan Summary

Measurement

Instrument

Location

Purpose

Room Temperature

Temperature Logger,

RTDs or thermistors, +/-
0.2 C or better

4 vertical heights (4", 39", 60", 90”)
at two locations in the room)

Temperature stratification — verify DT
meets comfort standard 55. Verify
temperature distribution is uniform in the
space.

Outdoor Temperature

RTD, +/0.2<C or better

Outdoors

Control — verify TDV operation based on
OAT, correlate performance with
ambient conditions

Room Relative Humidity

RH sensor w/ +/- 2-5%
accuracy over humidity
range of 10 — 90%

Indoors in occupied zone, Exhaust

Verify that humidity is in acceptable
range (humidity ratio below 0.012, per
ASHRAE 55)

Carbon dioxide

Non-dispersive infrared
(NDIR Sensor)

3 - Outdoors, in breathing zone, in
upper portion of room near the
exhaust

Compare ventilation effectiveness with
the control classroom

Supply Fan Speed

From EMS Controller

Supply air flow: for confirming design
rules for sizing air flow.

Supply Temperature

RTDs or thermistors, +/-
0.2 C or better

System diagnostics

Exhaust Temperature

RTDs or thermistors, +/-
0.2 T or better

System diagnostics. SAT, RAT and
airflow also can be used to determine
the heat extraction rate.

TDV HVAC Electricity
Use

Watt transducer

Multiple points for Coyote Ridge
system; one point for Kinoshita
system

System efficiency and energy use
comparison with the standard heat

pump.

Short-term measurements were also taken of classroom noise levels with a Simpson sound

meter (with a capability to measure down to 40 dBA).

Since teachers and students may
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frequently open doors and windows, magnetic contact switches were installed on both interior
and exterior doors and windows, to record any additional sources of ventilation that would
affect air quality monitoring results.

Measurement of particulates was considered for the study, but was not feasible within the
monitoring budget.

PRODUCT DEVELOPMENT AND PRODUCTION READINESS PLAN ( TASKS 2.8 AND 2.12)

The objective of this task was to develop new products for TDV systems in classrooms.
Although chillers with hydronic coils may be configured for TDV applications, packaged direct-
expansion (DX) equipment is generally not capable of producing the required 65%F air under
varying load conditions. This task built on the exploration of the system design options in the
previous task. The barriers study and the system design options demonstrated that necessary
system components are not currently available on the market, so the team worked with
manufacturers to develop the needed components.

The first step in this task was to identify new products for displacement ventilation, and to
define system design requirements for each new product. CTG Energetics, Inc. provided
input to this task.

The next step was to work with manufacturers to develop new products for displacement
ventilation. In response to a Critical Project Review meeting with the CEC, Architectural
Energy Corporation and the California Energy Commission decided to postpone the second
demonstration classroom, to give time to product development efforts. The intent was to
develop a packaged rooftop unit for the second demonstration classroom that is both an
effective and practical solution. Architectural Energy Corporation discussed the system
requirements for the second demonstration with the Trane Company, the manufacturing
partner for the first demonstration classroom in Roseville. Two design options were explored:
the first was the Trane XL1600, a two-stage, two compressor unit that also included a two-
speed fan. This unit could marginally meet DV requirements for supply air temperature
control, but would require some adjustments to the controller at a minimum. After discussions
with Trane, it was decided that the unit wasn't ideally suited for the needs of the
demonstration classroom.

The second design option explored was the use of a variable-capacity compressor to provide
the needed capacity control. Architectural Energy Corporation discussed with Trane the use
of the Copeland DigitalScroll™ compressor, which is capable of adjusting cooling output down
to as low as 10% in response to changes in cooling load. This compressor is unique in its
ability to meet the requirements for DV in a small tonnage (4-5 nominal tons). Manufacturers
in Asia had successfully used this system in split-system air conditioners, and at least one
U.S. manufacturer (AAON) had some experience with the compressor. Trane was reluctant
to take on the upfront design work required for engineering and testing a new system for a
single pilot project.

Architectural Energy Corporation, after notification to Trane, expanded the product search to
include other HYAC manufacturers. Both Carrier and AAON were approached. After some
discussions, Carrier became very interested in displacement ventilation and agreed to
participate and to donate both engineering time and material equipment costs to the project.
Another constraint was in Carrier’s favor: since the classroom was a retrofit of an existing
classroom, it was beneficial to use the existing roof curb, rather than incur the extra cost of a
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curb adaptor. Carrier worked with AEC’s design requirements and worked with AEC to design
the control system for the unit.

The unit was based on the Carrier 48HJ base model, but included a variable-speed drive for
the supply fan, the Copeland DigitalScroll™, a thermostatic expansion valve, and an
advanced controller with control programs set specifically for DV requirements. The controls
programming and testing proved to be one of the more time-consuming aspects of the unit.
The unit was installed at Kinoshita Elementary in the summer of 2005.

The object of the production readiness plan was to identify the steps required to bring the
designed product(s) to market. During the product development phase, it became clear that a
packaged DX rooftop unit serving a single classroom was the largest need and biggest
obstacle to widespread implementation of DV systems. The steps required to bring the
prototype DV packaged unit to market would be integrated into Product Development task
activities.

FACT SHEETS AND GUIDELINES (TASK 2.9)

Under this task, the project team developed promotional materials that feature the benefits of
TDV in classroom applications for school district personnel, along with engineering guides for
design professionals and contractors. The fact sheets and guidelines developed in this task
summarize the findings of the previous tasks. The information is packaged for effective
distribution to industry, and is being distributed as part of the CHPS program, the Coalition for
Adequate School Housing (CASH), and the California Association of School Business
Officials (CASBO), as well as other groups that make school-related decisions.

The following informational products were identified for this task:

Fact Sheets — for engineers, architects, school district officials
Design Guideline — for engineers and architects

An annotated outline of the design guideline was developed. Previous ASHRAE research has
produced design guidelines for displacement ventilation. The intent of this publication was to
provide designers with more practical, actionable information and guidance on areas such as
diffuser layout and selection, load calculations, and HVAC design considerations.

INFORMATION DISSEMINATION (TASK 2.10)

The objective of this task was to introduce the informational products to the target audience of
school districts, school architects, engineers, construction managers, and contractors.

In California, a large share of school HVAC system design is carried out by a handful of
mechanical engineering firms. The project team worked with these firms to unveil the tools
that emerged from this project and to help designers become more comfortable with the TDV
concept.

Each school district has a set of educational specifications (EdSpecs) that describe (often in
detail) typical design and system concepts that should be considered for each school facility.
The EdSpecs often restrict the type of HVAC system that is permitted and specify
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requirements for controls, design temperatures, and other aspects. The project team explored
the development of an updated model EdSpec for HVAC systems. If school district
representatives want to use TDV systems in new schools, the model EdSpec could help them
achieve that goal.

To reach a large audience of engineers, architects and others involved in the financing,
design, consutrction or operations and maintenance of K-12 schools, Architectural Energy
Corporation conducted trainings at the state Energy Centers. The initial plan was to deliver
trainings at all five of the state energy centers; however, due in part to difficulties in
scheduling, only two trainings were delivered. Two six-hour trainings were held at SMUD and
at Southern California Edison’s Customer Technology Applications Center. The trainings
were well-attended, with 34 in attendance at SMUD and 63 at CTAC. In addition to engineers
and architects, attendees included Savings by Design program managers, Cal State
University facilities managers, school district officials and IAQ and acoustics experts.

In lieu of additional trainings, several other activities were conducted under this task, with
approval by the California Energy Commission. First, Architectural Energy Corporation held a
half-day design charrette for the design team of a large K-12 school in LAUSD that was
planning to implement displacement ventilation with a central plant design. Architectural
Energy Corporation provided guidance on typical supply airflow requirements, diffuser layout,
architectural design requirements and HVAC design requirements. Engineers were
particularly concerned about humidity control with this type of system.

Several papers were published under the auspices of this project. Architectural Energy
Corporation presented its findings on the CFD simulations of DV at the ACEEE 2004 Summer
Study, and will present performance monitoring results a the ACEEE 2006 Summer Study.
Architectural Energy Corporation also co-wrote an article for April 2006 Engineered Systems
describing the benefits, applications and key design issues with displacement ventilation.
Charles Eley also presented a summary of the PIER research at the 2006 CASH Conference.

TECHNOLOGY TRANSFER ACTIVITIES (TASK 2.11)
This task objective was primarily to support the development and implementation of the

technology transfer plan developed in Project 4 of the PIER research program. Activities
included:

Review of the Technology Transfer Plan

Work on draft language for incorporating DV into school district “EdSpec” specifications
Review of DV Code Change Proposal and recommended DV modeling procedures
Review of DV Applications Guidelines for off-the-shelf equipment

Guidance on code issues with Title 24 / ASHRAE 90.1

Supply of information materials and project deliverables to market outreach agents
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PROJECT OUTCOMES

This section of the report documents project outcomes. This report highlights the major
findings of project tasks. The reader is directed to the referenced PIER reports for supporting
data and further details on the studies.

TASK 2.1

The conclusions as to how each area of research applies to our TDV project are summarized
below.

1. The analytical plume model predicts the airflow of a single thermal plume for a given supply
velocity and heat gain. The model is applicable when thermal plumes generated by internal
heat gains are the driving force of the flow. For well-insulated classrooms, internal heat gains
from occupants make a large contribution to the cooling load. Experiment results from the
TDV mockup tests can be compared with predictions from this model.

2. EnergyPlus offers a more accurate estimate of displacement ventilation than other energy
simulation programs, such as DOE-2. The CFD simulation data and mockup test data from
the PIER TDV project can be used to validate the EnergyPlus model. The CFD and mockup
tests provide a more accurate estimate of the temperature profile for design cooling
conditions. The CFD and mockup tests are primarily used to size the system. The value of
EnergyPlus is in estimating annual energy costs of the TDV system. EnergyPlus can estimate
the annual cooling savings of a TDV system over a conventional system; modeling rules for
TDV can be incorporated into the Title 24 Performance compliance procedure, so that users
receive proper credit for use of TDV systems.

3. Due to differences between UFAD and TDV systems, differences in the test setup and
different load patterns, the UFAD test data cannot be applied to TDV in classrooms.

4. Existing design guidelines published by ASHRAE and REHVA offer procedures for
designing TDV systems for thermal comfort and air quality. The CFD simulation results and
mockup test results can validate the applicability of these guidelines to California classrooms,
or serve as the basis for new design guidelines.

TASK 2.2/2.3

The CFD analysis and validation confirmed that thermal comfort can be maintained under all
test cases corresponding to California K-12 classroom load conditions.
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Table 2 — CFD Predicted Air Flow Rates

Average Temperature of 6 Measurement Locations

Case Air Flow Rate 4in 39.41in 60 in 90 in Exhaust Temp
Baseline 1100 71.0 735 74.7 76.5 77.74
12 ft Ceiling 1100 70.5 72.8 73.9 75.2 77.59
9 ft Ceiling 1100 71.0 73.7 74.9 7.7 77.5
Poor Insulation 1600 70.2 72.1 73.7 76.2 77.82
Three Exterior Walls 1200 70.5 72.7 74.1 76.2 77.44
East Orientation 1510 70.7 72.3 74.1 76.7 77.41
Increased Window 1840 71.1 73.0 74.6 76.7 77.43
Area

Computer 1590 71.1 73.4 75.2 77.0 77.77
Laboratory

High Lighting Power 1250 70.4 72.6 73.9 75.8 77.69
High Occupancy 1250 71.1 73.5 74.7 76.2 77.57

The simulation results for the additional runs show that scaling the airflow with the total
sensible load is acceptable as a first approximation of the sizing requirement. The results for
the run with the 12 ft ceiling show that for the same air flow and sensible loads, the higher
ceiling does result in a cooler, more comfortable occupied zone. When the airflow is adjusted
in proportion to the total sensible cooling load, the computer laboratory has a warmer
occupied zone than the base case. This indicates that equipment loads contribute more heat
to the occupied zone. In contrast, the room for the case with the high lighting power has a
cooler occupied zone. Therefore, the airflow could be reduced in this case, since lights
contribute less heat to the occupied zone. A more detailed procedure for determining the
design airflow requirements should address the individual effects of envelope, lighting,
equipment and occupant loads.

The following conclusions can be made from the CFD analysis of different classroom

configurations.

- In all cases, sufficient cooling and thermal comfort can be provided through two
displacement diffusers, providing 65F supply air.
A 9 ft ceiling is sufficient for thermal displacement ventilation. Benefits of stratification are
seen with high (12 ft) ceilings; as a result, less air is required to maintain the same room
setpoint, for the same design cooling loads.
For all cases, marginal comfort is maintained at locations close to the diffusers. The
temperatures at floor level are cool (67-68F) and th e temperature stratification slightly
exceeds ASHRAE 55 recommendations. Adding additional diffusers would improve
comfort at locations near the corners of the room. Seated students should be situated at a
distance of at least 4 feet from the corner diffusers, to stay comfortable.
As expected, lighting loads contribute less heat to the occupied zone than occupant or
equipment loads.
Displacement ventilation shows improvements in ventilation effectiveness, as evidenced
by lower CO, levels and a lower mean age of air in the occupied zone.
For classrooms with double-pane windows, perimeter heat is not required for coastal and
valley California climates. Perimeter heat is required in mountain climates where the
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winter design dry-bulb is 10F or less. Perimeter heat losses through the slab cause the
most comfort issues during heating conditions.

The reader should consult PIER Deliverable Report 2.2d, Classroom Documentation Report,
for additional details on the study methodology and results.

BARRIERS STUDY (TASK 2.4)

The interviews conducted with professionals involved in the design and building of schools
find thermal displacement ventilation (TDV) faces two primary challenges for entry into the
California public school market: education of design and building professionals and initial cost
justification.

The challenges of introducing TDV into California schools are reasonable when compared to
most products being introduced into a new marketplace. The primary barrier for new products
is often gaining acceptance through increasing familiarity with new technologies. The process
of educating the market and selling the benefits of the product hopefully results in the
justification of the price for any given product. Without this education (or marketing) effort, a
new product or service has little chance of acceptance.

The difference between typical new product introduction and the issues TDV is facing can be
found in the consideration of the primary decision makers’ budget constraints. School districts
in the state are facing record budget shortfalls which translate to ultra-fiscally conservative
budget management practices. Although both experienced and inexperienced professionals
gave TDV high marks for energy efficiency and improved air quality (over existing systems),
the perceived higher initial cost and perceived risk of introducing an unfamiliar system are
very significant barriers for School Board decision-makers.

Gaining acceptance for TDV in California schools will require a significant education
campaign. This research suggests that familiarity with TDV is low among all professionals
involved in the process. While many of the architects and engineers without TDV experience
were familiar with the theory of displacement ventilation and its benefits, most had little
working knowledge of TDV and questioned the specifics of how the system would be
implemented. This education of the engineers represents the crucial front line of acceptance.
They were the most progressive of the participants and the most supportive. Engineers
readily accepted the argument that TDV was a more energy efficient system and they are
most likely to be the champions for TDV.

Architects, contractors, construction managers, maintenance, and facilities managers also
greatly influence the decisions of the school board. The interviews suggest that these
professionals are concerned primarily with matters of resources. These participants were
more risk averse in their responses. Behind their objections, they were looking for more than
just material costs and specifications. They were looking for experiences and success stories
of TDV being used in similar situations and in similar climates.

Finally, at each level of involvement in the decision process for HVAC systems we found a
significant desire and need for low-maintenance system options. The school districts’
stretched resources (both budgetary and personnel) unintentionally encourage disrepair and
little preventative maintenance of existing HVAC systems. In turn, the districts tend to rely on
packaged unitary systems that are inexpensive to replace. A durable thermal displacement
system that requires infrequent maintenance will likely gain favor among maintenance and
facilities personnel. The manufacturers of such systems would also do well to recognize that
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maintenance staff are less likely to perform preventative maintenance (such as filter changes)
if they have easy access to the system’s access panels.

SYSTEM DESIGN OPTIONS (TASK 2.5)

The design charrette brought together leading architects and engineers to discuss
displacement ventilation design requirements and develop conceptual architectural and
engineering solutions for applying DV to classrooms. Typical single-loaded classroom wings
were considered. Some key outcomes of the meeting were:

Packaged rooftop units were clearly the preferred HVAC system choice for schools.
More working examples are needed to assess the benefits (and possible liabilities) of DV
systems in practice

What is needed is a packaged rooftop direct-expansion (DX) unit that can provide the
necessary supply air temperature and control for displacement ventilation

Larger central air handling units would require additional space for ductwork and would
have additional acoustic design considerations

Central plant solutions are less common in practice due to requirements for maintenance
staff and due to classroom exposure if the plant goes down

For air distribution, a central corridor could be used as a pressurized supply plenum
serving a wing of classrooms.

A secondary objective of the charrette was to educate architects and design engineers that
develop K-12 schools on the benefits and design considerations of displacement ventilation.
The results from the design charrette were applied to the conceptual design options subtask,
and to the detailed displacement ventilation design guideline (Task 2.9).

Collaborating with Architectural Energy Corporation, CTG Energetics developed outline
specifications and schematic design solutions for a representative wing of eight classrooms.
The design options considered were: packaged rooftop units for each classroom, a packaged
variable air volume (VAV) unit serving multiple classrooms, and a central air-cooled chiller and
boiler. The central plant option offered the best capability for supply air temperature control
and good energy performance. The packaged VAV unit offered good energy performance
and would provide a reduction in fan energy consumption, but had limited ability to
simultaneously heat and cool classrooms, and the air distribution ductwork would have
additional acoustic design considerations. The packaged rooftop DX unit solution was
considered the best option in the short term, due to lower first cost, ease of maintenance and
good individual room temperature control.

At the time of this report, the packaged rooftop unit DX solution that most closely met TDV
requirements was the Trane XL1600. This unit features two cooling stages with two
compressors and a two-speed fan, and is available in nominal cooling capacities of 3, 4 and 5
tons. However, the unit would likely require, at a minimum, some changes from the default
control strategy to prevent the supply air temperature (SAT) from dropping below 62F when
operating in the first cooling stage. Under low load conditions, the fan might have to run at
high speed to moderate the supply air temperature. Additional details on these schematic
solutions are documented in the Outline Specification and Schematic Design Report (D-2.5b).

As part of the detailed design task, load calculation and energy modeling procedures were
investigated. Load calculation procedures reviewed included the ASHRAE System
Performance Evaluation and Design Guidelines for Displacement Ventilation (Chen 2003),
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REHVA'’s Guidebook on Displacement Ventilation for non-Industrial Premises (Skistad 2002),
and a procedure described in the Energy Design Resources Simulation Guidebook (EDR
2004). The models were compared against the CFD simulation study results, performed with
Halton company, and the performance monitoring results of the demonstration classrooms.

A key finding of this research was that, for California classrooms, the level of thermal
stratification is somewhat less than predicted by some theoretical models. Resasons for this
could include the operation of doors and windows, or occupant movement in the classrooms
(kindergarten and second-grade classrooms were used with TDV). The ASHRAE model,
while validated for a variety of spaces, is based upon the assumption of a stratification level in
the occupied zone that just meets the ASHRAE 55-2004 comfort criterion (a temperature
difference of 3.6F between head and foot level in t he occupied zone). In the field data, a
temperature difference of 2.0F to 2.5% was observed . Moreover, air temperatures at the
ceiling exhaust, in both the CFD simulations and monitored data, were about 4-5F warmer
than the air temperature at the thermostat.

For load calculations and energy modeling for California K-12 classrooms, the load factors
published in the Energy Design Resources Simulation Guidebook can be applied. These
provide a simple method for estimating the fraction of heat gains from occupants, equipment
and lighting that contribute to a cooling load in the occupied zone. One advantage of this
model is that it can be readily incorporated into DOE-2 based programs used for compliance
with the Title 24 Standards (EnergyPro and eQuest).

Other design considerations explored were diffuser specifications and control strategies.
Diffusers are specified to: (1) minimize the impact of the adjacent zone (where the local air
velocity exceeds 40 fpm) and (2) meet a recommended combined diffuser noise criteria rating
of NC-27. Two sidewall diffusers were shown to provide a uniform air distribution and
adequate cooling for California classrooms. Control strategies considered were constant air
volume (CAV), variable air volume (VAV) and variable volume and temperature (VVT). The
variable air volume control is preferred over the constant air volume for several reasons: (1) it
promotes fan energy savings at part-load conditions, (2) it provides comfort benefits, by
reducing potential for drafts, and (3) provides acoustics benefits when operating at reduced air
volumes.

The results of this task were packaged for communication to industry, both in a six-hour
presentation and in the detailed displacement ventilation design guidelines.

DEMONSTRATION CLASSROOMS (TASK 2.6 / 2.7)

The two demonstration classrooms were installed with displacement ventilation. Both
classrooms were retrofits of existing classrooms. The Coyote Ridge demonstration classroom
was installed in the summer of 2004 and monitored for the 2004-2005 school year. The
Kinoshita Elementary demonstration classroom was installed in the summer of 2005 and
monitored through the 2005-2006 school year. Both displacement ventilation systems met
specifications for supply air temperature control and space temperature control requirements.
Both Districts have opted to keep the TDV systems in place at the conclusion of the project.

First Demonstration — Coyote Ridge Elementary

The Coyote Ridge performance monitoring confirmed that the DV system performed well at
maintaining comfort conditions in the space. The supply air temperature was held at a
minimum of 65F to maintain comfort. This provided fo r a uniform comfortable air temperature
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near the floor (Figure 1). The DV system created a consistent pattern of thermal stratification,
with the warmest air temperatures near the ceiling and coolest air temperatures near the floor.
The temperature differential in the occupied zone, between head and foot level of seated
students, was about 2.0F, well within the limits pre scribed by ASHRAE Standard 55-2004.

=)

9

0 2 4 G g 10 12 14 16 18 20 22
— TO-SE-4" — T -ME-4" — TO -S4

Figure 1 — DV Room Temperatures Near the Floor (9/7 /04)
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Figure 2 — Coyote Ridge, DV Room Temperatures at Di  fferent Heights (9/7/04)

Air quality was monitored with carbon dioxide (CO,) sensors in the occupied area of the room,
at the ceiling return, and outdoors. For DV, the CO, concentration in the occupied zone is
expected to be lower than the concentration at the return, a sign of good ventilation
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effectiveness. In the demonstration classroom, this was the case (see Figure 3). In contrast,
for the mixing ventilation classroom, the occupied zone CO, concentration was slightly higher
than that at the return, a sign of less effective ventilation.

Figure 3 — Coyote Ridge, Displacement Ventilation C  arbon Dioxide Levels (9/27/04)

The primary goal of this study was to verify that the system provided good thermal comfort,
met space cooling loads, and provided good IAQ. However, electricity use for the DV HVAC
unit and the control unit was also monitored with Watt transducers. The DV system, which
used 100% outside air, and a supply air volume varying from 450 cfm to 1200 cfm, used the
same amount of energy as the control classroom during the peak cooling season, while
providing better IAQ.

Teacher feedback was positive in the DV classroom. Over the six-month monitoring period,
the teacher gave the classroom high marks on acoustics and indoor air quality. Comfort was
improved as well.

Heating performance was adequate using the displacement diffusers for heating. At Coyote
Ridge, the supply air temperature was held between 70F and 80F during occupied hours in
heating mode. Adequate comfort was maintained throughout the winter months. As
expected, ventilation performance, while adequate, was not as good during the winter months.
The supply of 100% outside air in heating provided good indoor air quality, but this is not an
energy-efficient option. The supply of a minimum of 450 cfm of outside air, with full airflow
(1100 cfm), proved to be the best solution in terms of maintaining good IAQ while controlling
energy use.

Second Demonstration — Kinoshita Elementary

For the second demonstration at Kinoshita Elementary, a focus was placed on energy use.
The system at Capistrano was specially designed to provide the supply air conditions required
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for DV. The unit is based on a Carrier 4-ton packaged rooftop unit, model 48HJG005. The unit
includes a single compressor, an airside integrated economizer with differential dry-bulb
control, and a low fire low NOx gas heat section. The unit also includes a powered exhaust
system with variable-speed fan that is controlled off of the supply fan.

The modification made to the unit was to replace the standard scroll compressor with the
Copeland DigitalScroll™ compressor. The compressor has the ability to reduce cooling output
down to 10% of full capacity, with corresponding reductions in power. This allows for a steady
supply of 65F supply air, even at part-load condition s. The unit also includes programmable
DDC controls for control of the supply airflow, SAT, occupant schedules.

The system uses a variable-speed drive on the supply fan, to save fan energy at part-load
conditions. The controls include an adjustable minimum damper position on the economizer,
to ensure that minimum outside air is maintained at reduced air flows.

The control strategy is illustrated in the diagram below. The supply air volume is the primary
means of space temperature control. The supply air is varied from a minimum of 450 cfm to a
maximum of 1200 cfm. Over this range the compressor output is modulated to maintain a
65F SAT. If the space continues to cool below the contr ol band, and the minimum supply air
overcools the space, the SAT is reset upwards. If the space temperature is outside of the
control band and 1200 cfm of 65F air is insufficient t o cool the space, the SAT is reset
downwards.

Figure 4 — Kinoshita Displacement Ventilation Contr ol Schematic
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The low-velocity diffusers are also used in heating the space. Heating conditions largely occur
at the beginning of the school day in this climate. The supply airflow is held at maximum in
heating to moderate the supply air temperature.

Diffuser Layout and Ductwork

This classroom uses two Halton AFB-250 half-round diffusers, located at quarter-points along
the interior wall (see Error! Reference source not found. ). The return is located at the
ceiling, near the exterior of the space. Twelve inch round branch ducts supply each of the two
displacement diffusers. A single return air duct directs return air back to the return air plenum.
(This demonstration had the additional constraint of leaving the existing supply ductwork in
place, in case the school wished to revert back to the original overhead ventilation system at
the end of the study.)

Thermal Comfort

Space temperatures were monitored to assess thermal comfort provided by the DV system.
Figure 2 shows air temperatures at four different heights in the DV classroom. A steady
pattern of stratification is achieved between floor level (4”) and head level (66"). The level of
stratification conforms to the ASHRAE 55 comfort criteria for unmixed spaces.

Figure 5 shows a plot of air temperatures at different heights in the control classroom, which
uses overhead mixing ventilation. The frequent cycling that occurs with a single-stage,
constant-volume unit results in frequent fluctuations in room temperatures (Figure 6).

Figure 5 — Classroom Temperatures at Different Heig  hts
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Figure 6 — Kinoshita Control Classroom Temps (9/15/  05)

The DV design allows the cooling capacity to be varied continuously to meet the space load.
As a result, the supply air temperature is controlled closely to the SAT setpoint (see Figure 7).
This allows for good space temperature control with the DV system.

Figure 7 — Kinoshita DV System Supply and Return Ai  r Temperatures (9/15/05)

Some engineers have pointed out that with the use of a higher supply air temperature, DV
may not provide sufficient dehumidification in some cases. The results from Kinoshita show
that the humidity is maintained to acceptable levels in the DV classroom (see Figure 8). While
the conventional unit provides additional dehumidification, it is not necessary in this instance.
Moreover, the humidity levels vary widely in the conventional classroom as the unit cycles on
and off to meet space sensible loads.
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Figure 8 — Kinoshita Classroom RH Levels (9/15/05)

Like the demonstration classroom at Coyote Ridge, the Kinoshita DV demonstration showed that good
indoor air quality was maintained in the breathing zone. An interesting outcome of the second
demonstration was that fan for the control classroom, which used an overhead mixing ventilation
system, was often set to intermittent fan operation due to excessive noise. This resulted in a significant
number of hours where the indoor CO, levels exceeded limits recommended by ASHRAE 62.1-2004.

Table 3 — CO, Monitoring Summary Results, Kinoshita Elementary, 2005-2006

Mixing Classroom DV Classroom
Hours Above 1,100 ppm 57.75 0
Peak CO; Level 1,746 ppm 1,002 ppm

Spot measurements of background noise levels were 40 to 44 dBA for the DV classroom (with
the fan at maximum speed) and 48 to 50 dBA for the control classroom. As a result, teachers
are less likely to turn HVAC fans off, which impacts both comfort and air quality.

Monitored data of HYAC kWh show how the power consumption of the two systems compares
over the course of a day in the cooling season. Figure 9 shows power consumption, averaged
over 1-minute intervals, for both the DV unit and control unit. On this day, during daytime
hours, the DV unit consumed 14.2 kWh, compared to 16.3 kWh for the control unit. The cycling
of the control unit is easily seen. The DV unit's compressor runs at part-capacity for most of
the day. The system also has a reduced daily peak demand (2.5 kW), since the system is able
to run at part-capacity to maintain space conditions.
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Figure 9: HVAC Electricity Consumption, September 1 5, 2005

The energy efficiency of this unit is most prevalent during mild outdoor conditions, when the
system can take full advantage of the increased opportunities for free cooling. Monitored data
at Kinoshita on November 9, 2005 shows a dramatic reduction in daily energy use (4.9 kwWh for
the DV unit, compared to 19 kWh for the control unit). A large portion of the energy savings is
attributed to the use of a variable-speed drive on the supply fan. Another benefit is the
reduction in peak demand: since the system can vary capacity to meet actual load conditions
at the site, it can operate at reduced power consumption.
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Figure 10: HVAC Electricity Use, Nov. 9, 2005

HVAC electricity use was monitored during the fall 2005 semester. Initially, energy monitoring
results did not show a reduction in HVAC electricity use in the DV classroom. However, an
investigation of the data for the two classrooms showed that the DV classroom was being
maintained to a cooler average temperature. Moreover, the HVAC system’s economizer
settings were not optimally set for DV. After configuration changes were made to the DV unit,
the energy monitoring results showed a significant energy savings.

Recent performance monitoring results from a DV classroom in San Juan Capistrano showed
a significant reduction in cooling energy use. The energy savings level reached nearly 40%
over a period in the fall. Adjustment of economizer control setting enabled the system to take
full advantage of the mild coastal climate. In part due to the use of a variable-speed drive on
the supply fan, the DV system used less than half the energy of a mixing ventilation packaged
rooftop unit in the spring of 2006. Daily energy savings are most evident during mild outdoor
conditions.

Table 4 — DV Classroom Energy Savings, San Juan Cap istrano
Control adjustments to the DV HVAC unit resulted in a sharp drop in electricity use, resulting in a net energy savings.

Period Control Unit Displacement Ventilation Unit

Total Daily Average Total Daily Average
8/22/05 — 9/30/05 392 kWh 19.6 kWh/day 448 KWh 22.4 kWh/day
10/31/05 — 12/14/05 330.8 kWh 10.7 kWh/day 197.9 kwWh 6.4 kWh/day
2/2306 - 4/18/06 128.4 kWh 2..92 kWh/day* 239.0 kWh 5.43 kWh/day
4/19/06 - 5/23/06 611.3 kWh 17.0 kWh/day 266.9 kWh 7.41 kWh/day
Total 1,462.5 kWh 1,151.8 kWh

During this period the supply fan was often set to auto during school hours.

The principal factors behind the energy savings with DV are the extended economizer
operating range and the reduction in cooling load in the occupied zone. Additional savings is
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available through the use of a variable-speed drive for supply fan control. The monitoring data
showed that for the demonstration classroom, a fan speed of 50 to 60% is sufficient to
condition the space. Since fan power varies with the cube of fan speed, this provides a large
reduction in fan energy.

Teacher feedback has been positive in the DV classroom. The teachers in the two classrooms
were given surveys on the acoustics, indoor air quality and thermal comfort. The teacher in
the displacement classroom gave the DV system slightly higher marks for both acoustics and
thermal comfort.

PRODUCT DEVELOPMENT (TASK 2.8/2.12)

The prototype unit used at Kinoshita Elementary in San Juan Capistrano is the primary
product of the product development task.

The displacement ventilation unit was developed in the spring of 2005, and installed at
Kinoshita Elementary over the summer. Testing of the unit began during the start of classes in
August and continued throughout the school year. This report refers to the unit as the “DV
prototype unit”. The unit is a packaged rooftop unit with a nominal 4 ton cooling capacity, with
variable cooling capacity and variable air volume capabilities. Design requirements for the unit
are documented in the Equipment List and Performance Specification report for this project
(PIER deliverables D-2.8a and D-2.8b).

Variable capacity compressors offer a great potential to provide a much tighter supply air
temperature control and energy savings during part-load conditions. The Copeland digital
scroll compressor has a capacity modulation down to 10%, and has been used in air-
conditioning split systems in Korea. AAON also has direct experience in using this technology
in their premium humidity control product. The technology allows for a “turn down” in cooling
output down to 10% of full capacity.

Unit Description
The displacement ventilation demonstration unit is based on a Carrier 4-ton packaged rooftop
unit with gas heating, model 48HJGO05H-651RY. The base unit was modified to include:
Factory-installed powered exhaust system
Variable-speed drive for the supply fan
Replacement of the original scroll compressor with the Copeland DigitaIScroIITM compressor

Space temperature sensor with CO2 sensor — although not used, the unit is capable of demand
control ventilation

Thermostatic expansion valve for refrigerant flow control

Replacement of the control system with the Carrier Comfortlink Control System from the larger VAV
48A series rooftops

The Comfortlink control system from a larger VAV rooftop unit was used with the system.
Much of the development time for the unit was spent developing and testing custom control
sequences for the unit. A variable air volume (VAV) control sequence was developed for the
unit, to use air volume as the primary means of space temperature control. Supply air
temperature reset was provided as a secondary control. The compressor output is adjusted
to meet the SAT setpoint for cooling. For heating, a single gas-heat stage was used.
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The DV prototype unit performed very well at controlling supply air temperature to the supply
air temperature setpoint. The SAT setpoint was nominally set at 65F for this installation. The
system controls the supply air temperature by adjusting the cooling capacity output of the
Copeland DigitalScroll™ compressor. This compressor has the capability to modulate cooling
capacity down to 10% of full output. The system power decreases as the cooling capacity
decreases, allowing for energy efficiency at part-load conditions.

Figure 11 shows monitored supply temperatures at one-minute intervals. On this day, the
economizer provided cooling until 10:30 AM. When the outdoor air temperature exceeded the
supply air temperature setpoint, the supply air temperature was maintained at 62F to 63F. At
this point, the compressor turned on to control the supply air temperature to the setpoint.
Monitored data for this day show that the SAT was controlled to within 1F to 2F of the
setpoint.
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Figure 11: SAT and RAT, September 15, 2005

Product Status

The prototype unit was successful in meeting design requirements. Occupant feedback has
been very positive. The manufacturer (Carrier Corporation) has indicated a desire to further
the development of the product. The manufacturer also plans to continue monitoring of the
Kinoshita unit through a communications modem.

This prototype was constrained to use the same roof curb as the existing unit (a Carrier model
48HJDO005). The manufacturer is building a second prototype based on the same design. The
second prototype will use the same cooling and control strategies, but will be based on the
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manufacturer’s premium rooftop package. The manufacturer may have a unit tested and
ready for market by late 2007.

It should be noted that other manufacturers are interested in the technology demonstrated at
Kinoshita and in displacement ventilation. AAON Corporation has direct experience in using
the Copeland DigitalScroll™ for applications that require humidity control or precise control of
the supply air temperature. Competition among manufacturers may help move the product
development cycle forward.

Product Development Needs

The unit shows great promise as a packaged single-zone solution for displacement ventilation.
The unit has performed reliably at Kinoshita and has met or exceeded expectations for
functionality. The manufacturer has expressed interest in performing additional small-scale
deployments of the unit. However, work is required to bring the unit into a production line. The
following needs have been identified for the unit:

Digital Scroll System Options.  Currently, the Copeland DigitalScroll is only available in
capacity sizes of 4 tons or larger. Due to the turndown available with the compressor, the 4
ton Digital Scroll can be used effectively today with displacement ventilation. However,
California classrooms in temperate climates with high performance designs will only require 2
to 3 tons of cooling capacity. Another limitation today is that the Copeland compressor is only
available in R-22 refrigerant; a Digital Scroll using R410A is planned for late 2006. The
manufacturer has expressed interest in applying the DV unit design to their premium rooftop
package, which uses the Puron refrigerant and can readily use their premium controller.

Cooling Efficiency Testing.  As this is a new system configuration, no efficiency data exists
for the unit. The DigitalScroll™ does use a small amount of power in the fully unloaded state
(approximately 10% of full power). This will decrease the cooling efficiency at low part-load
ratios. It is unclear whether or not the unit would have an equivalent or higher SEER rating
than currently available high-efficiency units. Additional testing is required to test for cooling
efficiency.

Identification of Cost Target. It is likely that a displacement ventilation HYAC unit would
carry at least a slight cost premium. The cost premium of the DigitalScroll™ and variable
speed drive could be significant. A cost premium of up to 20-30% would be acceptable
considering non-energy benefits (IAQ and acoustics), but a higher cost could make this
product more difficult to market. While a variable-speed drive is not required to this
technology, it is clear that significant additional energy savings are achieved with a VAV
system.

Additional Refinement of Controls. Significant time was spent developing control algorithms
for the unit. The control sequences are more complex than a constant-volume, packaged unit.
The manufacturer may wish to explore strategies such as SAT reset in greater detail to
optimize energy performance. SAT reset will increase the opportunity for free cooling, but may
increase fan energy in a VAV control strategy.

Humidity Control for Other Climates. Control of humidity requires additional features not
available with the Kinoshita unit. The supply air temperature could be lowered slightly to
provide for some dehumidification, but this would not be sufficient in other areas of the country.
The manufacturer is investigating options for addressing humidity so that the product would be
suitable for a national market.
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Heating Options. The unit could benefit from a low heating stage (typically, 35 MBH) to
moderate the supply air temperature. The Coyote Ridge demonstration used hydronic control
to limit the supply air temperature in heating to 80-85F. The use of a higher supply air
temperature may cause some of the heat to rise to the ceiling return before it has a chance to
heat the space. For applications with significant daytime heating needs, the use of
displacement diffusers with a capability to reduce outlet area to increase discharge air velocity
would also improve heating performance.

FACT SHEETS & GUIDELINES (TASK 2.9)

The end products of this task are a fact sheet on displacement ventilation in schools and a
detailed Design Guide for Displacement Ventilation in K-12 Schools. The detailed design
guide (deliverable D-2.9c) incorporates all major findings of the PIER study, presents
additional case studies of displacement ventilation, and covers the application of displacement
ventilation to other school spaces (auditoria, libraries, gymnasiums, etc.). The detailed design
guide provides a detailed discussion of the comfort, IAQ and energy benefits of displacement
ventilation, presents guidelines for diffuser selection and recommendations for diffuser layout,
presents load calculation and energy modeling procedures, and HVAC design details. The
intent of the guide is to provide “actionable” information that architects and design engineers
can use to evaluate, design and specify DV systems for school applications.

INFORMATION DISSEMINATION (TASK 2.10)

DV training seminars were delivered at two of the state energy centers, the Sacramento
Municipal Utilities District and Southern California Edison’s Customer Technology Applications
Center (CTAC). The presentations were well attended, with 34 present at SMUD and
approximately 65 at CTAC. A copy of the handouts was provided to the California Energy
Commission for the study. The presentation also included animation files depicting airflow
patterns and audio files illustrating the concepts of signal-to-noise ratio and reverberation.

Several presentations were delivered to key audiences, both at the state and national level.
At the 2005 ASHRAE Winter Meeting in Chicago, the demonstration classroom monitoring
results were presented. At the 2006 CASH conference, displacement ventilation was
presented, with a focus on the performance monitoring results. The CASH audience included
school district officials in addition to architects and engineers. Papers for presentations on the
CFD results were presented at the 2004 ACEEE Summer Study and will be presented at the
2006 ACEEE Summer Study.

Publications included an article in Engineered Systems article on the overall benefits and
application of displacement ventilation, and inclusion of displacement ventilation in an
ASHRAE Journal article. In addition, the application guideline in the Collaborative for High
Performance Schools (CHPS) Best Practices Manual was updated to reflect PIER research
results.

TECHNOLOGY TRANSFER (TASK 2.11)

Technology transfer activities were in support of the Market Connection activities performed
under Project 4 of the PIER program. Draft language for school district educational
specifications (EdSpecs) was developed to more easily permit the inclusion of displacement
ventilation systems. An outreach to the ASHRAE 90.1 technical committee was taken to more
accurately model displacement ventilation systems under the energy cost budget method
approach.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The Thermal Displacement Ventilation in Schools project yielded interesting results, many of which
can be directly applied to DV design. The study showed that:

Air Supply Requirements for Classrooms  —the CFD simulation studies showed that for
California classrooms, a supply of 1,100 cfm of 65F ai r maintains comfort under peak
cooling conditions.

Architectural Requirements  — the demonstration classrooms showed that a nine foot
ceiling is sufficient to maintain thermal stratification patterns and provide effective
ventilation with a displacement ventilation system.

Diffuser Specification and Layout - for classrooms, two diffusers provide a uniform air
distribution and minimize potential drafts in the occupied space.

Load Calculations — a procedure that applies load factors can estimate with a fair degree
of accuracy the cooling load that must be handled by a DV system.

Energy Benefits — when fitted with a variable-speed drive, the DV system provides
significant energy savings over conventional, constant air-volume packaged units. The
second demonstration showed an HVAC electricity savings in excess of 20%. With some
tuning and adjustment of controls, an energy savings of 40%-60% is possible with the use
of a variable-speed drive.

HVAC System Design Requirements — a packaged direct-expansion rooftop unit can be
built today with off-the-shelf HYAC components. The variable-capacity compressor
technology allows the DV system to achieve significant energy and demand savings.

COMMERCIALIZATION POTENTIAL

The majority of the HVAC design community is sold on the air quality and energy benefits of
displacement ventilation. Widespread application of the technology to K-12 schools depends upon
the further development of packaged products for displacement ventilation. The prototype unit
tested at Kinoshita Elementary shows great promise as a production unit. A production unit may
be available in the market in the next 18 months. Multiple manufacturers in the United States have
experience with the technology used in the demonstration, but this is the first time it has been
applied to the California market. Additional DV installations in California will promote the adoption
of the technology in the California market.

Other factors affecting the market penetration rate of DV include:

Use of central HVAC systems for schools. Displacement ventilation can be more readily
achieved with the use of a central cooling source such as a packaged chiller. This type is best
applied to large central campuses. The specification of other system types for schools would
speed the application of DV to the California market.

Diffuser product options and costs. Currently there are a limited number of manufacturers of
displacement diffusers in the United States. An increase in the product offerings or decrease in
cost would help to drive the technology.

39



IEQ Program — Project 2 Final Report

In the next two years, due to the unavailability of off-the-shelf packaged products for DV, market
adoption will likely remain limited. However, if products that are currently under development are
brought to market and are competitive with premium packaged units, the technology could receive
widespread adoption. The majority of school buildings and California climates are suitable
candidates for the technology.

The Product Engineering Efforts report (project deliverable D-2.8d) documents the status of this
product in greater details.

RECOMMENDATIONS

The Thermal Displacement Ventilation project showed the DV provides good thermal comfort
and indoor environmental quality for K-12 classrooms, in both northern California and
southern California climates. Performance monitoring of the demonstration classrooms
verified that DV systems provide good ventilation effectiveness, with reduced CO,
concentrations in the breathing zone. Another important result is that the systems directly
provide a reduction in background noise levels. Still, there are some needs in the design of
displacement ventilation systems for schools and the development of HYAC systems for
displacement ventilation

Load Calculations and Modeling. A key step in the design of displacement ventilation
systems is to estimate cooling loads in the occupied zone. This has been the subject of
various research studies. The procedure outlined in the Energy Design Resources Simulation
Guidebook (2004) has been adopted as the recommended load calculation procedure. DOE-
2 models of DV classrooms have been developed using this guideline and the simulation
results compared against field data. The same procedure has been recommended for the
2008 Title 24 Standards update, to give DV systems proper credit.

There is a dearth of field data on DV system performance. The demonstration programs
show that there are energy benefits, but in practice, benefits are lower than predicted by some
DV models. Additional testing and calibration against measured data (either field data or
mockup data) is recommended. Moreover, the PIER research project focuses on DV in
classrooms. Ideally data to support a code change would include tests of different building
types used (i.e., retail, industrial, libraries, auditoriums) to understand the impact of ceiling
height, diffuser layout and other factors on system performance.

Codes and Standards Updates.  Additional work is required to support a code change to
allow alternate modeling procedures for DV systems in the 2008 Title 24 ACM. This work
includes:
additional verification against existing field data, or experimental mockups in
absence of sufficient field data
development of a credit for reduced specific fan power (W/cfm) for large fan
systems using displacement ventilation
validation of the model for different space types
definition of system prerequisites to qualify for Title 24 Calculation procedure
implementation of the model in qualified ACMs (EnergyPro, eQuest)

Design Verification for other Space Types. The research for this project focused on the
application of DV to classrooms. However, displacement ventilation is just as applicable to
other space types, such as libraries, gymnasiums, auditoria, atria, and offices. The Design
Guideline addresses the design of DV for other space types. However, additional guidance
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on thermal stratification and diffuser specification is needed for these space types. For
auditoria in particular, the design of DV is a challenging task. Additional work is needed to
provide guidance on the application of DV to other space types without the need for
cumbersome CFD simulations.

HVAC Packaged Unit Development.  This project clearly identified small, packaged rooftop
units as the system of choice for school districts. While the prototype used in the
demonstration was successful, additional product options are needed for displacement
ventilation. The availability of multiple products that are cost-effective will help transform the
technology from a “niche” market to the mainstream school market.

Improved design options for heating. It is well-known that low-velocity displacement
diffusers are not designed for heating. For the demonstration classrooms, heating needs
were sufficiently low such that thermal comfort and acceptable IAQ was maintained during the
winter months. However, new diffuser designs can provide improved performance. The
product development task identified a variable-aperture diffuser that can automatically reduce
the diffuser outlet area, to increase discharge air velocity in heating to promote a well-mixed
airspace. Otherwise, some of the warm supply air, when supplied at a low velocity low in the
space, can short-circuit to the ceiling return before ventilating the space. European
manufacturers have products available, and such products could eliminate the need for a
separate perimeter heating system.

BENEFITS TO CALIFORNIA

The Displacement Ventilation project evaluated displacement ventilation as a means to improve
indoor air quality, provide superior acoustics and reduce energy use of California K-12 schools.
The displacement ventilation demonstration classrooms showed an improved indoor air quality in
the breathing zone, and superior acoustics. The potential economic impacts associated to
increases in productivity and potential reduced absenteeism were not studied in this project. A
significant benefit is the presence of two working examples of displacement ventilation in California
schools. The demonstration classrooms showed that good comfort and indoor air quality is
maintained. Visitors to the classrooms often expressed surprise at how quiet the systems are.

Energy savings were inconclusive in the first demonstration project, which used a different type of
HVAC design. In the second demonstration project, the DV system saved 21% of HVAC electricity
overall, and improved indoor air quality levels. (The poorer indoor air quality in the control
classroom was largely a result of intermittent fan operation in the winter months.) Simulation
studies of displacement ventilation evaluated the energy benefits in different California climates.
The simulation studies apply the load factors recommended by this project, originally derived for
Energy Design Resources. The simulations predict a significant energy savings with displacement
ventilation when coupled with a variable air volume system.

Table 5 — DOE-2 Simulation Model of a DV classroom  with Variable Air Volume Control

Savings vs. VAV Savings vs. CAV
Climate Zone 3 (San Francisco) 23% 61%
Climate Zone 8 (El Toro) 24% 44%
Climate Zone 12 (Sacramento) 21% 46%
Climate Zone 14 (China Lake) 15% 43%
Climate Zone 16 (Mount Shasta)* 16% 67%
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*Application of DV for this climate is limited due to the need for a separate perimeter heating
system.

The market outreach segment of the project provoked increased interest in the technology. The
training seminars at the state energy centers were well-attended and well-received. Many of the
guestions and issues raised in the market barrier study in the earlier phase of the project have
been directly addressed and no longer appear to be an obstacle to displacement ventilation.

State-wide energy impact is difficult to evaluate at this stage, since widespread adoption of the
technology depends upon increased availability of packaged HVAC product options for
displacement ventilation.
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