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TWO DIFFUSERS, THE WHITE COLUMNS ON EACH
SIDE OF THE WHITEBOARD, PROVIDE COOL SUPPLY
AIR TO THE DEMONSTRATION DV CLASSROOM.

PERFORMANCE MONITORING
OBJECTIVES FOR CLASSROOM
DEMONSTRATION

Displacement Ventilation
in Classrooms

Introduction
Displacement ventilation (DV) is an air distribution system designed to simultaneously

improve indoor air quality and reduce energy use. Cool, rather than cold supply air is

> EVALUATE THERMAL COMFORT, INDOOR provided through low sidewall diffusers directly to occupants. The cool air, at about 65°F

AIR QUALITY (IAQ), AND ACOUSTICS
MONITOR INDOOR CONDITIONS AND
AIR CONDITIONING SYSTEMS
CONTINUOUSLY FOR SIX MONTHS
COMPARE ENERGY USE OF
DISPLACEMENT SYSTEM TO
TRADITIONAL SYSTEM

SURVEY TEACHERS ON COMFORT
AND IAQ

PROVIDE RESULTS FOR CALIBRATION
WITH EMPIRICAL MODELS OF

DISPLACEMENT VENTILATION
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rather than 55°F, falls to the floor due to gravity and spreads across the floor. When the cool
supply air comes into contact with occupants and equipment, the heat from these sources
causes the air to warm and rise. This creates a vertical air movement, driving heat towards the
ceiling exhaust. Room contaminants are carried away towards the ceiling exhaust, resulting
in improved air quality near the occupants.

Schools, restaurants, theaters and auditoriums, atria, other open spaces with high

ceilings, and spaces where air quality is a concern are excellent applications.

Overcoming Market Barriers through Technology Demonstration

As part of a recent California Energy Commission Public Interest Energy Research
(PIER) project on displacement ventilation, a market barriers study was conducted, to reveal
both real and perceived bartiers to displacement ventilation. Among those inexperienced
with the technology, the major obstacles are anticipated increases in system costs and the
scarcity of DV projects in California. Many engineers and architects want to see working
examples before they commit to an unfamiliar technology. Displacement ventilation has been

used in many schools in the Northeast and Midwest, but has seen little use in California.



Displacement ventilation is a particularly good fit for California schools. The moderate

climate presents an excellent opportunity to take advantage of a greater period of
economizer operation with the more moderate supply air temperature (SAT) of the DV
system, leading directly to cooling energy savings. Also, since heating requirements are
minimal once the classroom is occupied, the system can typically be deployed without the
need for a supplemental perimeter heating system.

Despite the many advantages of displacement ventilation, there is some reluctance
towards its application. Common questions include:

e What ceiling height is required?

o Will the students’ feet get cold?

e Won't the movement from occupants affect the thermal stratification in the room?

e Will the use of a higher supply air temperature maintain the desired indoor

humidity levels?
e Will there be a big increase in fan energy requirements, offsetting cooling

energy savings?

These are some of the questions that the researchers hoped to answer in the DV

demonstration classroom.

DV Classroom Demonstration

The displacement ventilation monitoring study, co-funded by PIER and San Diego Gas
& Electric, compared two classrooms, side by side. At Kinoshita Elementary in San Juan
Capistrano, California, a classroom with a standard four-ton packaged rooftop unit and
overhead mixing ventilation serves as the control for the study. The control classroom is
adjacent to the displacement ventilation classrooom. The DV classroom uses a heating,
ventilation, and air-conditioning (HVAC) system that is specifically designed to provide the
supply air conditions required for displacement ventilation. The monitoring study is designed
to estimate the impact of displacement ventilation on energy use.

The primary monitoring objective is to compare the thermal comfort, indoor air quality,
and HVAC energy use of the displacement ventilation classroom against the control
classroom. Thermal comfort is verified through air temperature measurements and surface
temperature spot measurements. Measurements of carbon dixoide levels verify ventilation
effectiveness, the primary IAQ benefit with DV. HVAC electricity use was also monitored over
a six-month period. System performance data verified proper system operation and control of
supply air temperature. All monitored data was collected at one-minute intervals. Finally,

teacher feedback was obtained from biweekly comfort surveys.

WHILE HEATING CAN BE SUPPLIED
THROUGH LOW-VELOCITY DIFFUSERS,
HEATING REQUIREMENTS FOR MANY
SOUTHERN CALIFORNIA CLIMATES ARE LOW
AND ARE PRIMARILY PROVIDED DURING
MORNING WARM-UP PRIOR TO OCCUPANCY.
FOR HEATING DESIGN CONSIDERATIONS
AND OTHER HVAC DESIGN DETAILS,
CONSULT THE EDR DESIGN BRIEF ON
DISPLACEMENT VENTILATION. A RELATED
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DISTRIBUTION.
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THE CHPS (COLLABORATIVE FOR HIGH
PERFORMANCE SCHOOLS) BEST PRACTICES
DESIGN MANUAL (WWW.CHPS.NET)
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EDUCATIONAL FACILITIES.

RESULTS FROM THE DISPLACEMENT
VENTILATION WORK UNDER THE PIER
INDOOR ENVIRONMENTAL QUALITY
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FULL RESULTS FROM THE FIELD
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FIGURE 1.
SCHEMATIC LAYOUT OF INDOOR

MONITORING EQUIPMENT.
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Monitoring Details

With displacement ventilation, the vertical air pattern that enhances the removal of
heat and contaminants towards the ceiling exhaust results in thermal stratification, with the
coolest air near the floor. Temperature measurements at different heights were taken to
verify that the resulting stratification falls within comfort limits defined by ASHRAE
(American Society of Heating, Refrigerating and Air-Conditioning Engineers) Standard 55.
For each classroom, platinum RTDs (resistance temperature detectors with accuracy to
0.36°F) recorded temperatures at heights of 47, 407, 66” and 90” above the floor, at three
different locations (see Figure 1). Outside air temperature (OAT) and return air temperature
(RAT) were also measured. Relative humidity (RH) was measured in the occupied zone and
at the exhaust with Vaisala 50U sensors, which have accuracy to three percent. RH

measurements verified that acceptable humidity levels were maintained with the DV system.
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Carbon dioxide (CO,) levels in the occupied zone, at the exhaust, and outdoors were
measured with Vaisala non-dispersive infrared transducers to an accuracy of +70 ppm (parts
per million) at 2000 ppm full scale. Displacement ventilation is expected to improve
ventilation effectiveness. A CO, level in the occupied zone that is consistently lower than the
concentration at the return would verify good ventilation effectiveness. In comparison,
mixing systems are expected to have steady CO, concentrations throughout the space.

A four-ton single-zone packaged rooftop unit serves each classroom. Electricity use of each
unit was monitored with Magnelab five amp current transducers and WNA-3D-480P Watt-
hour transducers. Both classrooms have both exterior and interior doors. Open doors will
provide a secondary source of ventilation, impacting the ability to evaluate HVAC ventilation
through CO, measurements. Open doors can also affect cooling loads and space temperatures.

For this reason, door status was monitored with Amseco AMS-39 contact switches.



HVAC Design Detail — Capacity Control

One barrier that was clearly identified in the research project is the dominance of
packaged direct-expansion (DX) rooftop units in the California K-12 market. Why is this
an obstacle? Displacement ventilation relies on a steady supply of 65°F air to efficiently
remove heat and contaminants and maintain comfort. Small packaged HVAC systems
deliver a constant volume of cooler (typically 55°F) supply air, and cycle on and off to meet
space loads. The cooler supply temperature and temperature fluctuations would
compromise comfort in a DV application.

Chilled water systems are a good fit with displacement ventilation. The hydronic
control valve that supplies the air handler can modulate capacity to achieve the needed
supply temperature. However, central plants are not always practical with school designs,
and often carry a higher installation cost. For displacement ventilation, a packaged system
that provides capacity control is needed.

The DV demonstration classroom is conditioned by a HVAC unit that is specially
designed for tight control of supply air temperature. The system features the Copeland
DigitalScroll™ compressor technology, which allows for a reduction in cooling output down
to as low as 10 percent of full capacity. This virtually eliminates the on-off cycling that
commonly occurs with small packaged systems. The unit also incorporates a variable-speed

drive for the supply fan to provide fan energy savings at part-load conditions.

The Results

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 3 shows
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DV HELPS MEET DEMANDING ACOUSTIC
REQUIREMENTS FOR CLASSROOMS. THE
ANSI (AMERICAN NATIONAL STANDARDS
INSTITUTE) S$12.60 ACOUSTIC STANDARD
AND THE CHPS GUIDELINES BOTH
RECOMMEND A BACKGROUND NOISE LEVEL
OF 35 DBA (DECIBELS) FOR CORE
LEARNING SPACES. THIS IS DIFFICULT TO
ACHIEVE WHEN PACKAGED ROOFTOP UNITS

ARE LOCATED ABOVE CLASSROOMS.

FIGURE 2.

MONITORING RESULTS FROM THE
DISPLACEMENT VENTILATION CLASSROOM
SHOW A CONSISTENT PATTERN OF
STRATIFICATION BETWEEN THE FLOOR
AND HEAD LEVEL OF OCCUPANTS.
MEASUREMENTS WERE TAKEN AT FOUR
HEIGHTS: 4”, 40”, 66”, AND 90” ABOVE

THE FLOOR.
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FIGURE 3.
COMPRESSOR CYCLING FROM THE SINGLE-
STAGE CONSTANT VOLUME SYSTEM
RESULTS IN FREQUENT TEMPERATURE
FLUCTUATIONS IN THE CONTROL
CLASSROOM, WHICH USES AN OVERHEAD

MIXING VENTILATION SYSTEM.

FIGURE 4.

DV SuPPLY AND RETURN TEMPERATURES,
SEPTEMBER. 15, 2005. A STEADY
SUPPLY OF 62-65°F AIR PROVIDES

EXCELLENT THERMAL COMFORT.
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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.

The displacement ventilation 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 4). This allows for good space temperature control with the DV system.
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With the use of a higher supply air temperature, some engineers have been concerned that
displacement ventilation may not provide sufficient dehumidification in some cases. The results
from the demonstration indicate that the RH is maintained to acceptable levels in the DV
classroom (see Figure 5). 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.

Small packaged HVAC units that have a single stage of cooling are designed to meet space
sensible loads. During low load conditions, the compressor cycles frequently to meet the space
load. The result is poor humidity control. While the HVAC unit for the DV classroom uses a
higher SAT, the capacity control allows for steady cooling at part-load conditions. When the
SAT is cooled below the dewpoint, this results in improved humidity control.



| |DV-RH RET% top line
DV-RH OCC% middle line
| |CTRL-RH-OCC% bottom line ﬂ

‘j&-

—
I o

-t
=
—
— |

——

it
.--l=|:.I

Lo
T

———
gt

£ 48308 8883¢8

.
L&

MR v

.00 10:00 12:00 14.00 16:00 18:00

@
8

| ——DV-RH-OGC % —=—DV-RH-RET % ——CTRL-RH-OCC % |

Indoor Environmental Quality

The primary TAQ benefit of the displacement ventilation system is improved
ventilation effectiveness. In the DV classroom, the CO, concentration is consistently lower
in the occupied zone than in the return (Figure 6). As a result, the outside air is delivered

more effectively to the occupants.
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Another noticeable benefit of DV is an improvement in acoustics. Spot measurements
of background noise levels were 40-44 dBA for the DV classroom (with the fan at maximum
speed) and 48-50 dBA for the control classroom. As a result, teachers are less likely to turn

HVAC fans off due to noise, which impacts both comfort and air quality.

Energy Comparison: Tuning into Savings

Electricity and gas use of the HVAC units were measured at one-minute intervals.
Figure 7 shows measured electricity use of the two HVAC units on September 15, 2005.
The variable-speed drive allows for energy savings at part-load conditions, as evident before
10:30AM on this day. The variable-capacity compressor allows the unit to match the
capacity to the load. This reduces both peak demand and reduces compressor cycling,
resulting in improved comfort.

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.

FIGURE 5.

RELATIVE HUMIDITY, SEPTEMBER 15, 2005.

WHILE THE RH IN THE DV CLASSROOM IS
SLIGHTLY HIGHER THAN THE RH IN THE
CONTROL CLASSROOM, IT REMAINS

WITHIN ACCEPTABLE LIMITS.

FIGURE 6.

THE CO, CONCENTRATION IN THE
OCCUPIED ZONE OF THE
DISPLACEMENT VENTILATION
CLASSROOM IS CONSISTENTLY LOWER
THAN THE CONCENTRATION AT THE
RETURN, A SIGN OF GOOD

VENTILATION EFFECTIVENESS.
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FIGURE 7.

HVAC ELECTRICITY USE FOR DV uUNIT

AND CONTROL HVAC UNIT FOR

SEPTEMBER 15, 2005.

TABLE 1.

CONTROL ADJUSTMENTS TO THE DV
HVAC UNIT RESULTED IN A SHARP
DROP IN ELECTRICITY USE, RESULTING

IN NET ENERGY SAVINGS.

SINCE INSTALLATION OF THE
DISPLACEMENT VENTILATION SYSTEM
IN HER CLASSROOM, KINOSHITA
ELEMENTARY SCHOOLTEACHER
STEPHANIE DANIEL ISN’T THE ONLY
ONE TO NOTICE A DIFFERENCE. “IT’S
LIKE WALKING IN FRESH AIR, LIKE
BEING OUTSIDE ALL THE TIME,” SHE
SAYS. “DURING OPEN HOUSE, ALL THE
OTHER TEACHERS WANTED TO KNOW
WHEN THEY’RE GETTING ONE IN

THEIR CLASSROOMS.”
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Period Control Elec Use

DV Elec Use Savings

Aug-Oct 2005 19.6 kWh/day 22.4 kWh/day (14%)
Nov 2005 10.3 kWh/day 6.3 kWh/day 39%
Totals 567.6 kWh 499.4 kWh 12%

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.

The principal factors behind the energy savings with displacement ventilation are the
extended economizer operating range and the reduction in cooling load in the occupied
zone. Additional savings are 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 50-60 percent is sufficient to condition the space. Since fan power varies with the cube
of fan speed, this provides a large reduction in fan energy. Operational savings also should

make DV an appealing investment.

Other Considerations

Teacher feedback (see sidebar) also has been positive in the displacement ventilation
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.

The primary incremental cost of the HVAC system for DV is the incremental cost of
the variable-speed drive. The cost of the diffusers will likely be partially offset by the

simplification of ductwork.



Conclusions

The demonstration classroom at Kinoshita Elementary confirmed that displacement
ventilation provides good thermal comfort for classrooms with normal ceiling heights (9
feet). The DV system did not create problems with cold drafts at the floor. The system
provides a consistent thermal stratification in the space and good ventilation effectiveness.
The effects of occupant activity and the opening of doors and windows did limit the
amount of stratification achieved in practice. However, the system provides a remarkable
improvement in acoustics.

The energy savings potential for this demonstration was not realized during the initial
phase of the project. Control setting modifications and tuning dramatically improved
system performance. With VAV systems, where air volume is the primary means of space
temperature control, compressor operation is not directly tied to space temperature (and
cooling requirements). Under such a control strategy, control tuning and verification are
critical to ensuring system performance.

Displacement ventilation can be achieved today using a variety of HVAC system
designs. Large, off-the-shelf HVAC units that have multiple cooling stages are
compatible with the DV system design requirements. The principal design
requirement is a steady supply of 65°F air. The customized HVAC unit used in this
study proved to be effective in meeting the design requirements, and is unique in its
ability to provide single-zone, VAV control for a single classroom. Further
development of additional innovative HVAC design options for displacement
ventilation will likely offer increased opportunities for energy savings.

Displacement ventilation has shown to provide effective ventilation and
excellent thermal comfort for California classrooms. Acoustic benefits alone are a
compelling reason to use DV. Energy savings are significant, especially when the
HVAC system includes variable-speed drive and variable-air-volume (VAV) control

for fan energy savings.
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