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PREFACE

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

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

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

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

e Buildings End-Use Energy Efficiency

Energy Innovations Small Grants

¢ Energy-Related Environmental Research

¢ Energy Systems Integration

¢ Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
e Renewable Energy Technologies

e Transportation

Single Zone Variable Air Volume Technology in Classrooms is the final report for grant number PIR-
08-016, conducted by Benningfield Group, Inc. The information from this project contributes to
PIER’s Buildings End-Use Efficiency Program.

For more information about the PIER Program, please visit the Energy Commission’s website at

www.energy.ca.gov/research/ or contact the Energy Commission at 916-327-1551.
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ABSTRACT

Variable air volume heating, ventilation and air conditioning systems are typically used to
condition large indoor spaces with highly variable loads such as gymnasiums and theaters that
are densely occupied for intermittent periods of time. Under those conditions, variable air
volume systems offer significant energy savings and more stable indoor temperatures
compared to constant volume heating, ventilation, and air conditioning systems. Until recently,
variable air volume systems have not been considered appropriate for smaller spaces with more
consistent occupancy levels and loads, such as school classrooms. However, since 2008, the
availability of smaller (less than 10 ton) packaged single-zone variable air volume systems has
made it possible to apply variable air volume technology to smaller spaces with less variable
loads.

This study evaluated the potential energy savings of replacing traditional constant volume
heating, ventilation, and air conditioning systems with more efficient single-zone variable air
volume technology in California school classrooms, for both new construction and
modernization projects. This study monitored the operating characteristics of a single-zone
variable air volume system installed in a California high school classroom, under varying
weather and load conditions, and compared its energy performance to that of the same system
configured to operate in constant volume mode. The results indicate that single-zone variable
air volume systems offer 64 percent fan energy savings compared to constant volume systems
in a single zone classroom installation, even when outdoor temperatures are above 85 degrees
Fahrenheit.

Key words: variable air volume, single zone, school, classroom
Please use the following citation for this report:

Silva, Jeremy; Benningfield, Lynn; Selby, Brian; Wells, Robin. (Benningfield Group Inc.) 2013.
Single Zone Variable Air Volume Technology in Classrooms. California Energy
Commission. Publication number CEC-500-2014-086.
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EXECUTIVE SUMMARY

Background

Variable air volume system controls reduce supply air fan speed and cooling capacity during
times of partial load cooling conditions, providing both performance benefits and energy
savings. Benefits include:

e Fan energy and peak savings

e Compressor energy savings

e Decreased fan noise

e Less equipment stress from reduced cycling and electric inrush current
e More consistent indoor air temperatures.

Purpose

This field study sought to quantify the energy savings attributable to using variable air volume
technology in a classroom environment. This study’s results provide school districts, their
energy consultants and mechanical design teams more information about the suitability of
variable air volume equipment for classroom environments, and its potential energy savings for
school districts.

The original study design involved measuring and comparing supply air fan and compressor
energy consumption between one constant volume and one variable air volume unit installed
on adjacent, occupied and operational classrooms of the same size, construction, orientation,
occupancy, and occupancy schedule. However, due to difficulties and delays in identifying and
accessing appropriate classrooms within the project timeframe, the study design was modified
to measure only supply air fan energy performance of a single variable air volume system, and
compare it to the supply air performance of the same unit when configured to operate as a
constant volume system. The fan power consumption of the unit operating in this mode at a
single (high) speed was extrapolated to estimate its energy use over time. A two-stage
compressor was used for the study and data on the frequency of modulation of the compressor
was also obtained.

Results

The study consisted of monitoring the supply air fan energy performance of a new variable air
volume system in a classroom, compared to that of the same system running in a constant
volume configuration. Results from this single comparison indicate significant — 64 percent- fan
energy savings compared to a constant volume unit of the same size under the same conditions.
This is equivalent to annual energy savings of 581 kilowatt-hours (kWh).

Supply air fan speed and energy consumption were compared to corresponding outdoor
temperatures, and the correlation between higher outdoor temperature and increased supply
fan speed were not as strong as expected. This can be explained in part by the observed



outdoor-indoor temperature lag of approximately two hours, which would be expected to vary
based on the thermal characteristics of each building enclosure.

The results also show that fan speed was reduced under relatively high load conditions, even
when outdoor air temperatures exceed 85 degrees.

In addition, modulation of the two-speed compressor was tracked throughout the study and
showed substantial savings. When outdoor conditions exceed 85 degrees, the compressor
operated at the 50 percent capacity level more than 60 percent of the time. Some of this may be
explained by the large capacity of the unit (5 tons). However, a five ton unit represents the
typical classroom unit size in areas where there is significant cooling load. Two-speed
compressors allow the unit to essentially operate as a 2.5 ton unit when that is all the capacity
the space requires to maintain indoor air temperatures.

Conclusions
The data indicate:

e That the supply air fan modulates frequently, even during occupied conditions.

e From an energy use standpoint, a five ton unit can and does behave as a smaller sized
unit when variable air volume and multi-stage compressor technology is utilized.

e The calculated annual fan-only energy savings does not justify unit replacement

Although the supply fan savings is dramatic, the supply fan itself is only a component of the
energy used in a packaged variable air volume system. Therefore when taken as a whole, fan
modulation alone does not justify the costs to replace a unit. However, the technology, coupled
with a two-speed compressor, is now part of design best practice.

The study answers the primary question “Do classrooms, with their unique occupant load and
density still benefit from utilization of VAV technology?” The study found that, even during
full occupancy and even during peak ambient temperature conditions, the average fan speed
was substantially lower than the 100 percent speed that is delivered by a constant volume
supply fan. In addition, compressor modulation savings point to additional savings beyond
those delivered by fan energy savings.

Benefits to California

Although the study does not address cost effectiveness directly, in order to quantify benefits to
Californians, cost effectiveness warrants discussion. In the next ten years, more than 60,000
classroom rooftop units will need replacement in California. The database for energy efficient
resources (DEER) estimates that the total savings (fan and compressor) for each five ton unit
replaced is 2,213 kWh per 900 square foot (sf) classroom per year. While this estimate is higher
than the savings estimated by this study, the DEER values include compressor savings, are
derived from hot and dry climates, and are based on a larger data set that includes some utility
bill validation. The values also looked at a broader range of equipment, including 10 ton
equipment and equipment served by different types of heating, including boilers and chillers.
Even though the database may overestimate the savings, it is independently verified as the



current best estimate for comprehensive energy savings. Because of this and because of the
desired to map savings to statewide benefits, the 2,213 kWh figure will be used.

Figure 1 projects the annual energy savings that will be realized once the units are replaced. The
incremental cost of the technology is rapidly dropping, from an estimate of $1500 per five ton
unit in 2010 to $500 or less today. As the technology moves along the market adoption curve
toward standard practice, it will become even more cost-effective and the payback time will
decrease. Based on fan savings alone, however, the technology is not cost-effective. With
compressor savings factored in, savings is higher, payback periods are lower and cost-
effectiveness is favorably impacted. As a result of implementing this technology, California
students will experience more comfortable and quieter classrooms that will enhance their
learning experience.

Figure 1: Total Statewide estimated Energy Savings over the next Ten Years, from Replacing CV with
VAY units in School Classrooms

HVAC Units Estimatted kWh /yr savings Estimated kWh year savings after
Replaced per unit year 10
60,000 2,213 Estimated 132,780,000 Estimated Total
Incremental cost Cost in dollars
$1,500 $45,000,000

Source: Benningfield Group, Inc. Calculation in 2012







Chapter 1.
Introduction

Constant volume (CV) heating, ventilation and air conditioning (HVAC) systems utilize a
single-speed supply air fan that operates continuously while a single-stage compressor cycles
on and off to meet the cooling load. CV systems move the same amount of air and use the same
amount of fan energy whenever the system is on, and system operating intervals are
determined by the space cooling load. Disadvantages of these systems include relatively high
energy consumption, relatively high noise levels when the fan operates, and indoor space
temperatures that can fluctuate several degrees above and below the indoor temperature
setpoint.

In contrast, variable air volume (VAV) HVAC systems incorporate a variable speed supply air
fan and either a two-stage or variable capacity compressor. The fan speed and compressor
output modulate to meet and maintain the indoor setpoint temperature. Advantages of these
systems include a more stable indoor temperature, and reduced fan noise and reduced energy
consumption.

1.1 Purpose

The purpose of the study is to learn more about the operating characteristics, in particular the
frequency of fan and compressor modulation, of VAV supply fans and two stage compressors
in a classroom setting.

VAV technology has been around for many years, but until around 2006 was not available for
rooftop systems under 10 tons of cooling capacity, including those for school classroom
applications. As technology advanced and costs were reduced, VAV supply fans and multi-
speed compressors became more available but were still not widely specified for classroom
applications due to a lack of full understanding that the technology is appropriate for this type
of occupancy and the high relative cost of the technology at the time. The common
understanding is that VAV works best when the load varies most. In schools, this is typically in
spaces that either 1) vary in occupancy levels during the day or 2) vary in occupancy times
across the day. Typical classroom occupancy patterns fit the opposite criteria. In 2008,
specification of single zone VAV systems was less than 1 percent! . However, VAV technology
has progressed, and prices have dropped to the extent that packaged SZVAV(Single Zone
Variable Air Volume) units are now feasible for consideration for a wider range of spaces and
occupancies within the general building population. Because of the lower cost and wider
availability, design engineers are now questioning typical assumptions about occupancy and
schedule that have traditionally been used when considering this technology for different
occupancies.

1 Automatic Energy Review for Schools, Southern California Edison, 2005-2009

5



So the key design question becomes: how much supply fan speed reduction can be expected in
crowded, hot classrooms where students are present for a large percentage of the day? This
study sought to answer that design question.

1.2 How the Technology Works

VAV distribution fans save energy by modulating supply air fan motor speeds in response to
demand. Fans operate under a predictable set of affinity laws concerning speed, power and
pressure. A change in speed (revolutions per minute or RPM) of any fan will predictably change
the pressure rise and power necessary to operate it at the new RPM. For example, when the
supply air fan speed is reduced by 20 percent, the fan uses about 45 percent less power.2 VAV
units are typically equipped with multiple stage or variable capacity compressors. The control
unit modulates the compressor stage in conjunction with the supply air fan to save energy while
satisfying the demand. For this study, the researchers collected data on compressor operation,
but no conclusions on annual savings from reduced compressor operations were made.?
Typically the most cost-effective applications for VAV systems are in large spaces having larger
air conditioning systems and fans where the spaces served are intermittently occupied. For
example, VAV fans are often considered for school gymnasiums, which are often vacant but
when in use, are densely occupied, therefore requiring a high cubic feet per minute per square
foot (cfm/sf) air volume to keep the space cool and bring in adequate fresh air. On the other
hand, classrooms are normally densely occupied most of the day. In order to realize savings
from slower supply air fan speed, there needs to be enough opportunity during the day for fan
speed to be reduced. The fan speed is reduced when the unit ‘sees’ lower loads on the space,
driven either by lower occupant density or variation in outdoor weather conditions. To
determine if typical classroom conditions create a cost-effective environment, several questions
need to be addressed. One such question is “Do recess and lunch periods provide enough
opportunity to reduce fan speed to make the VAV system design cost effective?” Another is
“Even during periods of continuous occupancy, is there an adequate opportunity for fan
modulation?” In 2008, the answer was typically thought to be ‘no’. But designers are currently
rethinking their assumptions about how often the load in the classroom needs to drop below
certain thresholds to justify the added expense of a variable speed fan.

In the past, concerns about maintenance and the quality of air distribution within a space have
also been barriers. Concerns about adequate outdoor air temperature and compressor coil
‘freeze’ due to lack of air passing over the coils also prevented the technology from moving
forward. While these technical hurdles have largely been addressed by the manufacturers,
resistance to specify VAV for classroom applications still exist in the design community due to
uncertainty about its application and perceived high cost of the equipment. During the three

2 http://www.energystar.gov/index.cfm?c=power_mgt.datacenter_efficiency_vsds

3 Due to the short data collection period, variations in classroom envelope design and layout, and the
limited number of data points collected that related to envelope load. These constraints prevented us
from attempting any estimates at annualized savings.

4 More detail can be found at http://www.trane.com/Commercial/ DNA/View.aspx?i=5 Engineers
Newsletter 42-2



year course of the study, the market has moved much closer to embracing SZVAYV for classroom
application as a design standard. To encourage this move, this study focused on measuring
variations in fan energy usage throughout the day and under different load conditions. More
data on how often the supply fan and compressor modulate would give designers more
confidence to specify the technology. The study also looked at outdoor temperature profiles as
an indicator of expected compressor and fan run time since it was traditionally thought that
SZVAV favored milder and more humid climates®.

Our project compared CV supply air fan energy performance to SZVAV supply air fan energy
data to quantify the number of hours that fan speed was reduced during typical classroom
operation. Attempts were made to compare fan speed to outdoor temperature. Annualized
energy saving from fan speed reduction was calculated. Compressor run time at each
independent speed was also collected but power requirements were not measured.

5 More information can be found at http://www.tranehk.com/eng news/vol42 2.pdf




Chapter 2:
Variable Air Volume Technology

2.2 Background

Single zone VAV systems respond to changes in the cooling load of a single-zone space by
stepping down the fan speed and/or compressor speed. Traditionally, this technology has been
used in large occupied zones, such as cafeterias, auditoriums, arenas, large meeting rooms and
churches. Because of the availability of smaller packaged rooftop units and an increased interest
in the higher energy efficiency of variable-air-volume units, these systems are now being used
in smaller spaces such as kindergarten through twelfth grade (K-12) classrooms and offices.

2.3 Key Characteristics

The technology has three key characteristics that distinguish it from traditional constant volume
systems.

2.3.1 Variable-Speed Supply Air Fan

A variable speed indoor fan motor is used to control the amount of airflow provided to the
space by modulating the fan motor speed based on the required ventilation and cooling/heating
needs. During partial load conditions, the unit operates at a lower fan speed, saving energy and
providing the space with more constant temperature control. When there is no call for heating
or cooling, the fan typically operates at 50 percent fan speed to provide adequate outside air to
meet fresh air ventilation requirements required by code.

Figure 2: VAV Unit Fan

—

Photo Credit: Benningfield Group, Inc.



2.3.2 Two-Stage Compressor

The unit in this study was equipped with a two-stage compressor. This two-stage design allows
the unit to deliver the correct amount of refrigerant flow needed to maintain the supply air
temperature setpoint when the supply fan is operating at low speeds. During partial load
conditions, usually milder days, the compressor operates at a low stage. During full load
conditions, usually hot days or hotter periods during the day, the compressor operates at the
high stage. When the compressor is operating in the low stage in conjunction with the lower
supply air fan speed, it allows the unit to save energy while still meeting the cooling load
requirements for the space. Neither compressor electrical power under different loads nor
energy used was monitored as part of the study.

Figure 3: VAV Unit Two-Stage Compressor

* Photo Credit: Benningfield Group, Inc.

2.3.3 Controller

The system uses a controller to continually modulate the supply air fan and compressor
operation. The controller ensures that minimum required fresh air ventilation rates are
maintained and that indoor temperature setpoints are satisfied. It uses algorithms to determine
the specific supply air fan speed and compressor stage at any given time in response to
changing environmental conditions. The controller allows the unit to utilize the savings of the
variable speed supply air fan motor and the two-stage compressor to increase the overall
efficiency of the system.



2.4 Comparison to Constant Volume

The more typical CV HVAC system is similar to the SZVAV system in make-up, but its
components function differently. Where the SZVAV system has the ability to adjust how its
components operate in a way specifically tailored to the zone’s current temperature, the CV
system’s compressor and supply air fan components are simply either on, or off in relation to
whether or not the temperature setpoint of the room thermostat has been reached. The CV
system works to keep the room at a certain temperature by using all of its supply air fan power
and cooling or heating capacity when there is a call for space conditioning. In the case of
classrooms and other nonresidential spaces for which mechanical ventilation is required during
times of occupancy, the fan in a CV system operates at 100 percent capacity whenever the space
is occupied, regardless of indoor temperature requirements. Because the supply air fan and
compressor do not have the ability to modulate, more energy is used and the unit cycles on and
off more frequently, while occupants experience the intermittent noise and air movement
associated with full fan flow.

In a SZVAV system, the supply fan operates at a speed dependent on the temperature of the
zone and the desired air temperature of the zone. The two-speed compressor also varies the
cooling capacity as needed to help the zone maintain the set temperature. When conditions
allow, the unit operates at the lower stage (lower capacity).

Another difference between CV and SZVAYV systems is the variability of the temperature range
in the conditioned space. The on/off nature of the CV system causes the room temperature to
fluctuate above and below the setpoint temperature for the room. In cooling mode, if the room
temperature is warmer than desired, the unit operates at 100 percent capacity until the zone
temperature is at or below the setpoint. Then the air in the room slowly warms until the unit
cycles on at 100 percent capacity again. This causes the space temperature to fluctuate and the
unit to cycle more frequently. The SZVAV system, on the other hand, can deliver a more
constant temperature due to the ability to deliver part load. This causes the space temperature
to be more constant, which increases the comfort level of occupants in the conditioned space.

An article from the Trane Engineers Newsletter states that while energy savings varies by
climate, building layout, and operating hours, “a SZVAYV system can result in significant fan
energy savings at part-load conditions.” The figure below shows approximately 30 percent less
energy consumption in three different K-12 classrooms. The figure also shows that there is
slightly greater savings realized from a continuously variable fan as opposed to a two-speed
fan. Based on this table, there would be an expected 30 percent overall supply air fan energy
savings for VAV systems in comparison to CV single zone systems.

10



Figure 4: Energy Consumption Comparison®

K-12 school
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Source: Trane Engineers Newsletter

The SZVAV system achieves this cut in energy consumption because it is often operating at a
lower supply air fan speed. In a classroom environment the fan operates during periods of
occupancy to meet the ventilation requirements; with the CV system this means that the supply
air fan operates at full speed during the occupied period; with a two-speed or variable speed
supply air fan, during mild weather conditions, the fan will modulate down to the lowest speed
that still maintains minimum outside (fresh) air requirements. This lower supply air fan speed
reduces the energy consumption, as seen in the figure below for system performance in weather
zone 3 7as defined by the American Society of Heating, Ventilating, and Air Conditioning
Engineers (ASHRAE). The figure shows how the fan energy consumption of a SZVAV unit is
significantly lower when compared to the fan energy consumption of a CV unit. The cooler
months show the most saving potential for the technology but savings are also present during
the warmer weather months. Please note that this chart was made based on a larger (10 ton)
unit so the kWh fan savings will be higher than that which is predicted for the smaller unit with
a correspondingly smaller fan.

6 Ibid

7 ASHRAE Climate Zone 3 covers most of California. It is characterized as warm and dry or warm and
marine.
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Figure 5: AAON Provided Sample Fan and DX Cooling Energy Usage for ASHRAE Zone 3.8
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Source: AAON

8 AAON. (n.d.). HVAC manufacturer. Single zone vav: discover how to save money, reduce energy
consumption and lower sound levels. [brochure].
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Chapter 3:
Methodology

The core purpose of this study was to compare the supply air fan and compressor energy
performance of a CV unit to that of a SZVAV unit under similar operating conditions. The
original study design involved measuring and comparing supply air fan and compressor
energy consumption between one CV and one VAV unit installed on identical classrooms (i.e.,
classrooms having the same size, construction, location, and orientation, occupancy, and
occupancy schedule). Ultimately the experimental design was modified to measure the supply
fan energy performance of a single VAV system, and compare it to the fan energy performance
of the same unit when configured to operate as a constant volume system. This is largely due to
logistical challenges, including finding a replacement school district site when the first district
that was selected dropped participation during the first year of the study, finding a suitable
classroom that was scheduled to have a replacement HVAC system installed within the
research time frame, and the school district’s policy scheduling the installation during a time
when the students were not present, since the installation would be disruptive to classroom
operations. These logistical delays collectively impacted the data collection schedule by more
than two years.

3.1 Primary Research Questions
The study addressed the following research questions:

1. Does the SZVAV unit save supply air fan energy when compared to a CV unit under
classroom occupancy and schedule conditions?

2. How often does the fan modulate in a classroom space?
3. How often does the compressor modulate in a classroom space?

4. Can the savings be quantified and annualized?

3.2 Issues and Methods to Address

3.2.1 Determining and Documenting Initial Conditions

In order to ensure that the unit was operating as intended and to obtain some baseline data, a
Testing, Adjusting and Balancing (TAB) contractor and factory technician were hired as
subcontractors to the project and visited the Grant Union High School site located in
Sacramento, California. There they ran tests and collected data during the spring of 2013 to fill
in the provided blank table template shown in Figure 6:
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Figure 6: Initial Conditions Testing Data Template

Unit #B12
Fan Power Fan Flow [ Outside Air
Fan Speed Settings Volts Amps CEM CEM
Blue Lead | Black Lead
1 50%
2 57%
3 70%
4 82%
*5 100%

Source: Benningfield Group, Inc.
*This row represents the operation of the constant volume unit during occupied conditions.
The values that filled this table provided key parameters for later analysis. The data collected
during this set up time can be found in the analysis section.

3.2.2 Monitoring

The monitoring period was limited to four weeks during May and June 2013 due to installation
and commissioning/set up issues. Data retrieval was coordinated with the school district. The
following data was collected in five minute intervals and downloaded daily. Weather
conditions during the monitoring period were graphed, and annual energy savings
extrapolated from a best fit line.

Figure 7: Collected Data Points

Data Point Unit Definition Unit Range
Fan Speed Status % of Maximum CFM Capacity 50% - 100%
Room Temp Degrees Fahrenheit 64 - 87°F
Supply Air Temp Degrees Fahrenheit 45 - 125.5°F
Return Air Temp Degrees Fahrenheit 55 - 115°F
Outdoor Air Temp Degrees Fahrenheit 45 - 115°F
Compressor Stage % of Maximum Cooling Capacity 50% and 100%
Heating Capacity Status | % of Maximum Heating Capacity 100%
) ) 1 (Occupied) and 2
Occupancy Status Occupied or Unoccupied .
(Unoccupied)

Source: Benningfield Group, Inc. Collected Data
The following points were addressed in the methodology developed for the project:

1. VAV supply air fan speed versus energy curve: A supply air fan speed versus energy
curve was developed from the initial conditions testing data in order to interpolate the

fan energy of the unit.
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2. Weather data: Weather data for the monitored time period was collected and used to
correlate outside air temperature to fan speed. The nearest Typical Meteorological Year
(TMY3) weather file for the Sacramento region was used to determine the expected
outside air temperature for each hour of the year. Mapping the sampled speed versus

temperatures to the standard temperatures allowed prediction of full year performance.

3. Schedule: The school district provided their standard yearly schedule of occupancy and
this schedule was referenced to quantify occupied days and the hours of operation. The
district calendar showed operating hours 6am to 6pm for 195 days, for a total operating
time of 2,340 hours/year. The research team identified this schedule as overly
conservative, assuming more run time than might be anticipated due to student-driven
occupancy schedule. However, because it was conservative, offered more data for
comparison purposes and represented an accurate HVAC operating schedule, this
schedule was utilized as the baseline. The district was advised to fine-tune their

operating schedule in order to benefit from a low or no-cost energy savings strategy.

4. Outside air: The minimum damper position was set so that adequate outdoor air
required for ventilation was maintained during all instances of fan speed variation.
Because of this, the impact of any ventilation quantity variation for different supply air

fan speed conditions was ignored for the purposes of this study.

5. Data capture: All data points were captured via the VAV unit’s controller. The
information was stored and accessed by the Tracer SC web based user interface (a web-
enabled open-protocol systems controller), which was connected to the internet for

remote connection and data download.

6. Frequency: Data was quality-checked daily and collected until such time that

performance curves could be established for key performance criteria.

7. Constant Volume unit: To simulate a CV unit, the SZVAYV system was assumed to be
running at full speed during the occupied times and the supply air fan usage was
calculated using the supply air fan energy of the variable air volume unit at 100 percent
fan speed. Compressor operation (single stage vs. multi-stage) could not be simulated
for a single speed compressor in the same fashion due to cycling variations between the
two types of compressors. In addition, variances in envelope and orientation between

any two classrooms prevented annual compressor savings to be estimated for this study.
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3.2.3 Analysis

The following five steps were followed to analyze the study data:

1.

In attempting to determine the correlation of supply air fan speed to outside air
temperature, the researchers determined the thermal flywheel effect to be evident as a
lag between the outside air temperature and resultant equipment load. The lag period
was determined by load versus temperature curve slope. For analysis purposes, an
observed offset time factor of approximately two hours was used. The analysis revealed
that, regardless of the lag, zone temperatures were not strongly correlated to the
frequency of fan power modulation and therefore was not an important variable to the
study results.

The off-set temperature curve was used to determine fan speed for each occupied hour.

a. Heating: As the unit runs at 100 percent supply air fan speed during call for
mechanical heating and 50 percent during no call for heating, a frequency of 100
percent supply air fan operation at ambient temperatures, in heating mode, was
used to build a curve of “average supply air fan speed versus outside air
temperature” for heating during the occupied period.

b. Cooling: Using the supply air fan speed versus ambient temperature correlation
prepared for the analysis (see step 1 above),the researchers determined the
supply air fan speed at each expected adjusted outside air temperature during
the occupied period.

We estimated the annual supply air fan energy usage potential using the standard
weather year, occupancy schedule, and the heating and cooling curves generated for the
analysis (see step 2 above).

We calculated the 100 percent supply air fan operation during the occupied period using
the unit schedule and school calendar.

The results of step 3 were subtracted from step 4 to determine the annual predicted fan

savings.

Besides the analysis used to predict annual fan savings, the data itself provided clear

observations regarding the frequency of modulation of the supply fan and compressor

operation during the study term. These types of data are displayed in tables within the

analysis section.
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Chapter 4.
Site Selection and Recruitment

4.1 Requirements

The project was originally designed as a side-by-side comparison of CV and SZVAYV units
installed on similar classrooms, so the requirements for locating a site included identifying:

e C(Classrooms with the same number of students of a similar grade

e (lassrooms of the same size and orientation

e Classrooms with similar lighting and envelope components (insulation, window
orientation and type, etc.)

These common elements provided some assurance that the data collected under both conditions
would not have to be analyzed or scrubbed to account for variables that might have contributed
to different performance that may or may not be attributable to the VAV component of the
design. In addition, site requirements included:

e Location where standard distribution constant volume units could be directly replaced
with SZVAV units while maintaining the same duct and diffuser design

e Adequate roof structure/support to accommodate replacement of the original unit with a
heavier one

e Units with the same roof curb

¢ District infrastructure/support for automated data transfer

Many existing school sites incorporate traditional overhead standard HVAC distribution. One
objective of the study was to prove the effectiveness of SZVAV systems during ‘modernization’
or upgrades of these existing sites, as well as for new construction. Therefore, the researchers
chose to focus on traditional overhead design rather than displacement ventilation design. This
study design allowed us to get a reasonable view of how the unit would perform in an average
classroom.

4.2 Challenges

Locating a site that met the program wish list was a challenge. The wish list included locating
two classrooms with the same orientation, geometry, vintage, use that needed an HVAC
replacement. Convincing a suitable school district of the project’s value was also a challenge. By
agreeing to participate, the district would receive free HVAC units; however, they would have
to pay for the installation, which is a significant cost. The first site that was recruited with the
help of HVAC manufacturer’s representative was Dublin Elementary School in the Dublin
Unified School District located in Dublin, California. Suitable classrooms were located and an
initial design and structural roof assessment was performed. After this initial activity, asbestos
issues were identified at the site. The additional cost of asbestos abatement precluded the
building, and therefore the district, from participating. The district representative that initially
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championed the district’s participation had also retired during the timeframe of the study,
further complicating securing the final commitment.

Figure 8: Dublin Unified School District's Dublin Elementary School

Map Data: Google

s

A replacement site was located in the Twin Rivers School District in Sacramento, California. The
facilities team suggested Harmon Johnson Elementary as an appropriate site that met the
requirements needed for the case study. The site was surveyed and two classrooms that were
already included in an HVAC modernization plan were selected. After receiving Department of
the State Architect approval, construction bids were obtained. The bids were higher than the
school district had allocated, so the project was split into phases. Unfortunately, the units in
phase 1 did not include the classrooms in the study. Since the phase 2 schedule was unknown,
another site needed to be located. The district worked with the project team to find a new
suitable site. By the time the district was able to locate a suitable site, the Energy Commission’s
grant agreement period was coming to a close and there was inadequate time to install and
collect data for these units.
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Figure 9: Twin Rivers Unified School District's Harmon Johnson Elementary

Since a dedicated installation could not be completed in time to collect adequate data for the
study, the district suggested looking into a SZVAYV unit that was recently installed for research
purposes at Grant Union High School site. The unit met all the requirements for the study,
including data points required to determine supply air fan speed and run time. Because there
was no side by side installation, the team determined that the unit could be configured as
constant volume and variable air volume for comparison purposes.

Figure 10: Twin Rivers Unified School District's Grant Union High School

CEE NI 2 e

Map Data: Google
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4.3 Site Selection and Data Collection Plan Modifications

The Grant Union High School site, located with help from Twin Rivers Unified School District,
was ultimately chosen for the study. The site, shown in figures 9 and 10, had traditional
overhead duct distribution, a typical classroom configuration and newly installed SZVAV on
the rooftop. Since the unit was already installed, adequate data could be collected in the
remaining time to obtain results.

Unfortunately, the site did not have a CV system that could be used for comparison purposes.
To compare fan energy consumption of VAV and CV units, the researchers utilized the data
from the VAV unit at 100 percent supply air fan speed as a proxy for the constant volume
system. The researchers then allowed the VAV unit to operate as designed, collecting the data
for the varying supply air fan speeds in relation to the load.

While the VAV supply air fan on high speed can be used as a proxy for a CV unit fan, the
VAV’s 2-stage compressor cannot be used as a proxy for a single speed compressor, so the team
was not able to estimate and compare compressor energy use. In addition, envelope,
microclimate and slight usage differences contribute to the problem of creating a confident
savings figure due to compressor energy. While the researchers could not gather compressor
performance by weather conditions and annualize for the purposes of the study, they were able
to quantify the hours that the compressor operated in the each stage. This data proved valuable
in the analysis.

Although the data from the SZVAYV unit was mostly limited to supply air fan energy, and
collected over a relatively short monitoring period, it served to address all of the primary
research questions.

Figure 11: Classroom with Package Variable Air Volume Unit

. m L H E m

Photo credit: Benningfield Group Inc.




Chapter 5:
Monitoring

5.1 Challenges

The primary challenge for the project was driven by the schedule. Due to site recruitment
delays, there was a short window of time to configure the system, collect data and perform the
analysis. This shortened window for monitoring put the quality of data at risk, since any
problem with data transmission represented a significant data loss. This challenge was
overcome by monitoring data daily and by working closely with the HVAC manufacturer,
school district and subcontractors to ensure that the data collected was high quality and
consistently and reliably delivered into the project database.

Initially, data was to be collected through the district’s Building Automation and Control
BACNet interface. Because the data points needed were limited, a direct web interface from the
unit was utilized. An automatic interface was developed by the Benningfield Group to increase
the frequency and reliability of data collection without having to use a manual download. The
system was designed to download fifteen minute interval data from the unit every night at
midnight and store it in a database on Benningfield Group’s servers. During the monitoring
period, there were occasional network communication issues but due to the design of the
interface, no data was lost.

The data quality control process revealed some issues that needed to be addressed, including
occupancy status. Initially, the unit was reporting the space as always occupied. The control
settings were adjusted so that the system would run on a schedule that showed the classroom
occupied from 6:00 am to 6:00 pm, the run schedule requested by the school district. Another
problem had to do with the timing of data collection. The researchers found that when fifteen
minute interval data was used, the cycling of the units, and the related flywheel effect, made it
more difficult to see what was actually happening with the unit. When the interval was
shortened to 5 minutes, these issues were greatly improved. Once the test data was viewed, an
additional data point was added to track the heating status.

5.2 Data Collection and Perceived Performance

The greatest success was the creation of the unit interface that pulled the collected data from the
unit automatically each day. Such access to the data made it easy to address problems or
questions about the operation of the unit in a timely manner. This also allowed the analysis
team to study the data daily in order to have a regular check of the data.

The team also spoke with the high school teacher whose classroom was involved in the study,
to get her feedback on the performance of the VAV unit. Her perception was that the comfort
level of the occupants had increased with the SZVAYV unit, and she did not have any issues with
the unit’s operation or control. Her overall experience with the VAV system was positive.
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Chapter 6:
Analysis

6.1 Analysis and Key Findings

Analysis included looking at all the available data to inform key research questions. Specifically
the team looked at 1) frequency of modulation of the supply fan, 2) relationship of supply fan
modulation to outdoor temperature conditions, 3) fan savings for the study period and for a
typical year, and 4) frequency of modulation of the compressor speed.

6.1.1 Fan Modulation Frequency and Savings

Data gathered from the unit was analyzed, and a curve of expected hourly supply air fan power
versus Outdoor Air (OA)° temperature was developed. The TMY3 data file for Sacramento
Metro Airport was parsed for outdoor air temperatures for an entire year. These OA
temperatures from the weather file and the very conservative power versus OA temperature
curve were then used to predict annual supply air fan power consumption. Only occupied
hours were considered for the study, since both units run on intermittent supply air fan mode
during unoccupied periods. The predicted savings are based on constant volume.

Initial conditions of the unit studied were collected by the TAB contractor and factory
technician during two separate visits as illustrated by the two figures below. The volts, amps,
fan cfm and outside air cfm were collected in order to convert future speed readings to power.
The amperage readings varied but remained within the normal expected range. Figures 11 and
12 show the power usage at the speed settings collected from the unit during the study period.
Figure 13 plots these figures to illustrate the predicted fan power curve. These values were then
applied to the frequency of time at each condition to estimate overall supply fan energy savings.

2 OA for the purposes of this section of the report refers to outdoor temperature as opposed to quantity in
cubic feet per minute (cfm) of outdoor air for ventilation purposes.
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Figure 12: SZVAV Unit Initial Conditions (collected 4/ 4/2013)

Unit & B12
Fan Power Fan Flow Outside Air
Fan 5 d Setti

AN SpEEC SEtHnES Vaolts |Amps Avg.| CFM CFM
1 50854 230 0.5 1034 323
2 579 230 0.6 1153 264

3 08 230 0.6 1413 551
4F* 8254 230 0.7 1625 587
5% 10054 230 1.2 1904 500

*The 100 percent fan speed condition represents the assumed usage of the Comparison (constant volume) unit

** Energy Usage at these fan speeds were extrapolated utilizing the fan curve
Source: Benningfield Group, Inc. Collected Data

Figure 13: SZVAV Unit Initial Conditions (collected 5/ 17/2013)

Unit #B12
Fan Power
Fan Speed Settings Volts
Amps Avg.
1 50% 230 0.3
2 57% 230 0.4
3 70% 230 0.5
4 82% 230 1.4
5 100% 230 1.5

Source: Benningfield Group, Inc. Collected Data
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Figure 14: Initial Conditions Graph (Fan Power versus Fan Speed)

Fan Law Power Curve

300

250 /

200 /
150

100 /

50 /

Power

Source: Benningfield Group, Inc. Calculation

This table illustrates the energy savings potential from supply air fan speed reduction. At 70
percent fan speed, power is reduced by 0.24 kW, from 0.44 to .20 kW. This represents the
theoretical fan operation.

After the collection of the initial conditions from the unit, the following data points were
collected at five minute intervals.
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Figure 15: Monitored VAV Unit Data Points

Data Point Unit Definition Unit Range
Fan Speed Status % of Maximum CFM Capacity 50% - 100%
Room Temp Degrees Fahrenheit 64 - 87°F
Supply Air Temp Degrees Fahrenheit 45 - 125.5°F
Return Air Temp Degrees Fahrenheit 55- 115°F
Outdoor Air Temp Degrees Fahrenheit 45 - 115°F
Compressor Stage % of Maximum Cooling Capacity 50% and 100%
Heating Capacity Status | % of Maximum Heating Capacity 100%
) . 1 (Occupied) and 2
Occupancy Status Occupied or Unoccupied .
(Unoccupied)

Source: Benningfield Group, Inc. Collected Data

The figure below shows a sample of data collected from the unit. The data collected included:

1.

Ll

Date and time stamp

Compressor stage (0%, 50 percent or 100 percent)

Outdoor air temperature

Temperature of the air leaving the supply register in the classroom (discharge air)
Occupancy status (1 = occupied, 2= unoccupied) based on district HVAC schedule
Temperature of the air as it reached the return air grille in the classroom

Supply fan operation, expressed as a fraction of total available fan speed

Heating status, whether or not there is a call for heating in the classroom (0 percent or
100%)

Room temperature (mixed air temperature)
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Figure 16: Sample of Data Collected From the Unit

Room B12 AC-Cooling Room B12 AC-Outdoor 00T B124C- Room B12 AC- Room B12 AC-Return  RoomB12AC-Supply oOT DiZAC-Hesting o o012 AC-Space
Date Collected . . Discharge Air . Capacity Primary .
CapacityStatus  AirTemperature Active Occupancy Status Air Temperatura FanSpeedStatus Temperature Activa
Temperature Status

4/25/2013 6:05:00 FM 0% 85.9°F 58.6°F 2 84.4°F 0% 0% 72.2°F

013 6:00:00 PM 503 877 533 2 88°F 575 0% 72.2°F
4/25/2013 5:55:00 PM 100% 87.9°F 53.8°F 1 88.5°F 82% 0% 73.3°F
4/25/2013 5:50:00 PM 503 877 B5°F 1 83 6°F 575 0% 73.3%F
4/25/2013 5:45:00 PM 0% 86.5°F 66.2°F 1 36°F 50% 0% 72.8°F
4/25/2013 5:40:00 PM 0% 87.3%F 56.3°F 1 86°F 0% 0% 72.3°F
4/25/2013 5:35:00 PM 50% 87.9°F 56.9°F 1 88.3°F 57% 0% 73.3°F
4/25/2013 5:30:00 PM 503 87.3%F 735 1 88.3%F 575 0% 731
4/25/2013 5:25:00 PM 0% 87.5°F 59.7°F 1 83°F 50% 0% 72.8°F
4/25/2013 5:20:00 PM 503 87.9%F 553 1 887 575 0% 731
4/28/2013 5:15:00 PM 50% 88.8°F 68.6°F 1 89.9°F 57% 0% 73.3°F
4/25/2013 5:10:00 PM 0% 89 6°F 705 1 88 2% 50% 0% 73
4/25/2013 5:05:00 PM 0% 30°F 56.9°F 1 89.7°F o5 0% 72.5°F
4/25/2013 5:00:00 PM 100% 31°F 60.1°F 1 50.8°F 82% 0% 73.3%F
4/25/2013 4:55:00 PM 50% 50.5°F 93.5°F 1 89.4°F 57% 0% 72.7°F
4/25/2013 4:50:00 PM 0% 50.2°F 875 1 50.15F 100% 100% 71.4%F
4/29/2013 4:45:00 PM 100% 30°F 52.3°F 1 50.6°F 82% 0% TLTF
4/29/2013 4-:40:00 PM 100% 50.9°F 54 1°F 1 31°F 85% 0% 72,85
4/29/2013 4:35:00 PM 100% 50.5°F 58.4°F 1 53.1°F 0% 0% 73.5°F
4/25/2013 4:30:00 PM 503 5055 69.4°F 1 88 7% 575 0% 73
4/29/2013 4:25:00 PM 0% 89.6°F 59.2°F 1 84.4°F o5 0% 71.9°F
4/29/2013 4:20:00 PM 503 50.3°F 536°F 1 5155 575 0% 71.4%F
4/25/2013 4:15:00 PM 100% 51.2°F 53.3°F 1 51.5°F 82% 0% 72.2°F
4/25/2013 810:00 PM 100% 50.3°F 548 1 52,35 85% 0% 73.3%F
4/29/2013 4.05:00 PM 100% 91.6°F 62.4°F 1 93°F 82% 0% 73.3°F
4/29/2013 4:00:00 PM 0% 30°F 63.7°F 1 83.1°F 0% 0% 72.7°F
4/29/2013 3.55:00 PM 0% 89.8°F 58.3°F 1 83.4°F 0% 0% 7LTF
4/29/2013 3:50:00 PM 50% 90.2°F 53.3°F 1 91.4%F 57% 0% TLEF
4/29/2013 3:45:00 PM 100% 51.2°F 54.1°F 1 93°F 82% 0% 72.3°F
4/29/2013 3:40:00 PM 100% 91.6°F 60.9°F 1 94.4°F 83% 0% 73.3°F
4/29/2013 3:35:00 PM 0% 89.8°F 66.7°F 1 84.9°F 50% 0% 72.8°F
4/29/2013 3:30:00 PM 0% 89.5°F 59.4°F 1 86.7°F 0% 0% 7195
4/29/2013 3.25:00 PM 50% 50.5°F 53.6°F 1 92.1°F 575 0% 7LEF
4/29/2013 3:20:00 PM 100% 90.7°F 54,3°F 1 92.8°F 82% 0% 72.3°F
4/29/2013 3:15:00 PM 100% 31°F 62.3°F 1 93.9°F 82% 0% 73.3°F
4/29/2013 3:10:00 PM 0% 30°F 64.5°F 1 83.3°F 0% 0% 72.7°F
4/29/2013 3.05:00 PM 0% 89.8°F 59.1°F 1 81.5°F 0% 0% 71.9°F
4/29/2013 3:00:00 PM 50% 90.7°F 53.5°F 1 93°F 57% 0% 71.2°F
4/29/2013 2.55:00 PM 100% 50.9°F 55.1°F 1 94.2°F 82% 0% 72.7°F
4/29/2013 2:50:00 PM 50% 90.5°F 66.1°F 1 94.8°F 57% 0% 73.3°F
4/29/2013 2.45:00 PM 0% 30°F 60.5°F 1 83.3°F 50% 0% 72.8°F
4/29/2013 2:40:00 PM 0% 30°F 56.4°F 1 91.95F 0% 0% 72.2°F
4/29/2013 2:35:00 PM 50% 30°F 54.6°F 1 93.9°F 575 0% 73.5°F
4/29/2013 2:30:00 PM 50% 90.2°F 56.1°F 1 94°F 63% 0% 74.2°F
4/29/2013 2.25:00 PM 50% 50.2°F 56.9°F 1 94 575 0% 74.4°F
4/29/2013 2:20:00 PM 50% 89.1°F 65.1°F 1 94°F 57% 0% 74.2°F
4/29/2013 2:15:00 PM 0% 88F 7LIF 1 92.8°F 50% 0% 73.6°F
4/29/2013 2:10:00 PM 0% 88°F 65.9°F 1 87.4°F 50% 0% 73.0°F
4/29/2013 2.05:00 PM 0% 87.9°F 57.3°F 1 79.5°F 0% 0% 72°F
4/29/2013 2:00:00 PM 0% 88.6°F 516°F 1 85.5°F 0% 0% 70.9°F
4/29/2013 1:55:00 PM 100% 88.4°F 51.6°F 1 90.8°F 83% 0% 72°F
4/29/2013 1:50:00 PM 100% 30°F 54%F 1 91.95F 88% 0% 73°F

Source: Benningfield Group Inc. Collected Data

Data was collected at five minute intervals. Data viewed for study purposes was the data that
fell within the district-defined schedule. The study did not specifically look to define and
capture data related to intermittent periods of occupancy during the normal schedule, such as
lunch time or recess. However, if the classroom was unoccupied for any length of time during
operating hours, this would cause a reduction in load and thus trigger a reduction in fan speed
which is captured through the normal data collection process.

The supply air fan power curve (Figurel4) was used to estimate recorded supply air fan speeds
to expected power for each of the collected data points. Finally, the five minute instantaneous
power readings were averaged over the entire hour to get an hourly power value.

The hourly supply air fan power was graphed against the outdoor air temperature to develop a
correlation curve. A large spread of data resulted. A very conservative curve was chosen so as
not to overestimate the expected savings (shown in the figure below).
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Figure 17: Hourly Power to Outdoor Air Temperature Relationship

Hourly Fan Power vs. OA Temp)
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Source: Benningfield Group, Inc. Analysis

This table indicates the wide variance in supply air fan speed across all weather conditions. It
also shows that the frequency of low supply air fan speeds is not strongly correlated with
milder outdoor temperatures. One more unexpected finding is that, likely due to variances in
actual voltage during operating conditions, the 100 percent fan speed condition underestimates
the predicted fan power (predicted .280 vs actual .242). More data would need to be collected to
better understand this phenomenon. However, for the purposes of the study it creates a
conservative savings estimate, increasing confidence in the annualized results.

To predict annual savings, the annual hour-by-hour outdoor air temperature was extracted
from the Sacramento Metro Airport 724839 (TMY3)'" file that was located at the U.S Department
of Energy website. The expected hour-by-hour power could then be found using the equation
developed. Because of the interior load lag found (2 hours) the outdoor air temperatures used
were ‘set forward’ by 2 hours. That is, the 11 am fan power was derived using the 9 am OA
temperature. Only operating hours (2,340 total) were considered for the analysis. Total

10http://appsl.eere.energy.gov/buildings/energyplus/cfm/weather_data3.cfm/region=4_north_and_central
_america_wmo_region_4/country=1_usa/cname=USA#instructions

27



operating hours were calculated by multiplying the school schedule (195 days) by daily unit
operating hours (6 am to 6 pm). Although it is not likely that students are present at all times
during this period, this best represents the unit operating schedule -- the timeframe at which the
unit is operated to condition the space. This doesn’t always correlate to time when students are
occupying the space. However, the time the classroom was occupied by students was also very
consistent day to day across the study (aprox 8 to 3). Since the project looked at operating
characteristics of the unit, primarily the researchers looked at the 2340 total operating hours.

With the combination of the equation, load lag, and operating hours, an hour-by-hour power
consumption was generated. Summing the consumption gave annual expected supply air fan
power for the SZVAV unit which was 541.3 kWh. The CV supply air fan’s annual power is
equal to the full load power (assumed equal to the study’s 100 percent power of 0.39 kW) times
the total occupied hours (2,340) to yield 912.6 kWh.

Our derived equation uses the most conservative interpretation of the data. This can be seen in
Figure 17. The graph contains a very large spread of data. The expected annual consumption of
the SZVAV unit was compared to the annual consumption of the CV unit, and the predicted
savings for the unit was 41 percent (371.3 kWh). Figure 17 shows the predicted supply air fan
power savings of the SZVAYV unit during a typical school year schedule. There is no data for
July because school is not in session during that time.

28



Figure 18: Predicted Supply Air Fan Energy Use of Studied Unit for a Typical School Year

Energy Savings by Month
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Source: Benningfield Group, Inc. Analysis
To better show the supply air fan savings that can be achieved, the graph below shows the

comparison of both the CV and SZVAYV units during a normal day of operation. The graph is
showing data on May 39, 2013. The area shown in light green represents the savings delivered
that day from the reduced supply air fan speed. The outdoor air temperature was also graphed
to show the difference of the two fan types in relationship to the cooling load due to the change
in outdoor air temperature. Note that there is significant fan speed reduction even when
outdoor air temperatures exceed 90 degrees.
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Figure 19: CV and SZVAV Typical Day of Operation
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6.1.2 Compressor Modulation Frequency and Savings

Compressor operating speeds were measured and showed that the compressor frequently ran

in less than standard (100 percent mode) the figure below maps the compressor run time during
the study.

30



Figure 20: Compressor Operation

Operating Hours by Compressor Stage
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During periods of relatively higher cooling demand, the compressor would be expected to
operate more frequently at the 100 percentstage (full cooling). The data showed that even
during times when the outdoor temperature exceed 85 degrees, the lower stage of cooling was
frequently all that was required. Part of this phenomenon is due to oversizing that is frequently
found in classrooms. A SZVAV unit has the added benefit of minimizing that phenomenon
since the compressor and the fan track load more closely.
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Figure 21: Compressor Operation During High Cooling Load Conditions

Operating Hours by Compressor Stage
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6.2 Findings

Using the equipment, installation conditions and methodology described above, the researchers
found:

Estimated SZVAV supply air fan energy savings of 64 percent compared to its operation
in CV mode

Annualized energy saved from VAV fan operation was 581 kWh per unit

The opportunity for supply air fan speed modulation occurs more than initially
predicted

The fan speed modulation does not directly track outdoor air temperature. Lower
supply air fan speeds were frequently seen up to and beyond 85°F outdoor air
temperature.
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¢ While annualized compressor savings could not be calculated, the frequency of
compressor modulation was noteworthy

6.3 Discussion

The 64 percent supply air fan energy savings derived from this study is higher than the 30
percent fan energy savings predicted.

Investigation of the data shows that the supply air fan spends the majority of the time at the 50
percent speed level even on warmer days. In fact, increases in hourly supply air fan power are
only strongly seen when outdoor temperatures were above 85°F. This can be seen in Figure 19.

The hypothesis that indoor supply air fan speed is strongly related to outdoor air temperature
was not strongly upheld by the data. It is understood that cooling load is related not only to
outdoor air temperature, but also to occupancy and lighting. As is typical in classroom
situations, the high occupancy levels drive cooling load in a significant way. The implication is
twofold: 1) minimum outdoor air requirements can limit the potential savings from supply air
fan modulation in certain cases, and 2) the relatively weak relationship between OA
temperature and cooling load means that savings are not strongly correlated to weather
conditions. This might point to a theory that between 6 am and 9 am, and again between 4 pm
and 6 pm, and perhaps during the lunch hour, the fan would mostly run at minimum speed
since the internal loads were not present. This hypothesis was also not strongly upheld by the
data. A closer look at the cause, intensity and variance of internal loads as well as external loads
would help to refine the energy savings predictions.

The authors also suggest that a longer test at elevated ambient temperatures would increase the
strength of the correlation between temperature and performance because the researchers
would have more data points during more severe weather conditions (over 90 degrees).

The study was a success in the sense that it helped to characterize performance of this
technology in a particular application (classrooms). This information allows the design
community to have additional confidence in specifying the technology. In addition, the
incremental cost is dropping and the reliability and value of operating savings is clear. Figure
22 below shows that fan savings alone may not justify the additional incremental cost of the
unit with this technology. However, even when conservative compressor savings are added in
the payback drops substantially.! If the DEER estimates are used, the unit looks the most cost
effective. In all cases, the unit is a best-practice design option for a classroom environment.

11 Estimates derived from multiple sources, including
http://bea.fpl.esource.com/BEA1/PA/PA Cooling/PA-37
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Figure 22: Savings and Payback Calculations

Savings and Payback, Fan Only
yearl year 2 year 3 yeard year 5

KWh Savings 581 381 581 581 381
$ Savings 5 gl s 85 5 g2 5 95 5 95
incremental cost 51,000 5750 5500 0 0
payback 10years 7.5years Syears nfa nfa

Savings and Payback , Including Compressor Savings (estimated)

kWh Savings 1291 1291 1291 1291 1291
$ Savings S 181 S 188 S 19 S 203 | S 211
incremental cost 51,000 5750 5500 0 0
payback Syears 4years 3years nfa nfa

Savings and Payback, using Deemed Savings for Climate Zone 8 (DEER)

kWh Savings 2213 2213 2213 2213 2213
$ Savings S 310 § 322 S5 335 5 349 S 362
incremental cost 1000 750 500

payback jyears  2.5years 1l.6years nfa nfa
assumptions: 5500 rebate in year oneanly

4% increase in real energy costs

compressor represents 65% of HYAC usage

Source: Benningfield Group, Inc. Analysis
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Chapter 7:
Technology Transfer

7.1 Technology Transfer Plan

Recent developments by manufacturers are making this technology economically feasible and
readily available in smaller capacities (< 7.5 ton). The smaller capacity range represents
approximately two thirds of all commercial space conditioning in Pacific Gas and Electric’s
(PG&E) service territory !> alone. Many manufacturers currently offer SZVAV equipment in this
range to accommodate the market demand for higher efficiency.

Figure 23: PG&E’s 1999 Commercial Unit Size Survey

AC Unit Distribution by Size

PG&E Commercial End Use Survey Database 1999

m<7.5ton
m75to12ton
=12 to 20 ton

m =20 ton

Source: PG&E

This capacity range is ideal for use in classrooms. Generally, classrooms use smaller capacity (5
ton or less) packaged rooftop CV HVAC systems to provide the necessary heating and cooling
to the zone. The trend to move toward the SZVAYV technology is substantially due to the large
fan savings (64 percent of fan energy) and overall energy savings (approx. 30 percent of HVAC
energy'®) when compared to an equivalent CV system, based on the evidence from
manufacturers’ marketing material and this study. Additional benefits of the SZVAV
equipment include: greater space temperature and humidity control; the ability to utilize the
existing duct system; and lower average noise levels.

Although the existing 2008 California Title 24 Energy Efficiency Standards (Standards) require
fan controls to vary the airflow on equipment with cooling capacities >110,000 Btu/hr'* (approx.

12 Commercial Building Survey, Summary Report to the CEC, June 23, 1997 PG&E Energy Research and
Analysis.

13 Commercial Buildings Energy Consumption Survey, National Renewable Energy Laboratory, Dec 2006

14 2008 Building Energy Efficiency Standards, section144(1)
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10 tons), the benefits of the technology have driven the market with lower cooling capacities to
early adoption of this technology. The new 2013 Standards will require fan controls to vary the
airflow on equipment with cooling capacities >75,000 Btu/hr by 2014 and >65,000 Btu/hr by
2016. Over time this change in code will require the market to adopt the SZVAV technology for
equipment in that capacity range, but smaller capacity equipment (<65,000 Btu/hr) will not be
affected.

Although there is no hard data to prove it is standard practice to install or retrofit classrooms
with SZVAV equipment, there is strong evidence that suggests this is the trend. The trend is
primarily driven by the age of the technology and the increasing frequency of its problem-free
operation in multiple classroom sites across the country. Currently, at least four manufacturers
have been identified that offer SZVAV equipment with cooling capacities < 65,000 Btu/hr. This
is an increase from 2008, where only two manufacturers had equipment that was market ready
within this capacity range.

A representative from the manufacturer who provided the equipment for this study reported
that there is an increasing demand for SZVAV equipment within the smaller capacity range. He
also reported that more schools are utilizing this technology for both new construction and
modernization. With the increased cost of energy and the demand to reduce operating
expenses, California schools can benefit from the savings this technology provides. Utilities are
providing upstream rebates for the technology, lowering the incremental cost to the district to
less than $1000 typically. The upstream rebates range from $400-500 per unit depending on the
utility, specific equipment features and capacity. 1>

The results of this study supports the move of this technology toward best practice design. In
relation to the commercialization graph below, this product lies squarely in the Early Majority
upslope section of the curve. Based on the natural progression, the technology should be ready
for code consideration in 2016 or 2019. One suggestion for increasing the use of the SZVAV
units for classrooms is to include them as Collaborative for High Performances Schools Best
Practice. The development of design, installation and commissioning guidelines specifically for
classroom applications would help to ensure that school districts realize the full benefit of their
performance and energy savings.

15 Per discussions with Equipment Manufacturers and Utility Representatives
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Figure 24: Energy Technologies Commercialization Process16
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7.2 Website

One of the goals for sharing the results of this study is to disseminate information via the
internet. This website includes a brief description of a SZVAV and a CV system, a diagram of a
typical packaged rooftop HVAC system with descriptions of key elements within the system,
the key benefits of a SZVAV system, and a link to the technical bulletin. A link to the website
will be distributed to architects, engineers, school superintendents and facility managers
throughout California. The link to the website is: (http://www.benningfieldgroup.com/berg/).
Sample screenshots are shown in figures 25 and 26:

16 For more information see: http://aceee.org/portal/market-transformation
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Figure 25: SZVAV System Information (from the website)
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Figure 26: SZVAV Benefits and Savings (from the website)
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Source: Benningfield Group, Inc. Website
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Chapter 8:
Conclusion

This study’s results predict that a new SZVAYV system saves 581 kWh/year, or 64 percent of fan
energy compared to that of a new CV system installed in the same classroom. Additional
savings from the VAV unit’s two-stage compressor will increase overall unit operating savings,
and significantly higher unit savings can be expected whenever older and less efficient single
zone CV systems are replaced with new, higher SEER VAV units.

The technical feasibility of applying 4-5 ton single zone VAV systems to California classrooms
in lieu of less energy efficient CV systems has been established. Major manufacturers including
Carrier, Trane, and Aaon now offer products with VAV technology as a special order item.
During the course of the study, the technology has progressed along the commercialization and
market transformation path (see Figure 24 above) from “early adopters” to “early majority.”
Another indication of the market acceptance and technical potential of VAV technology in
general is the fact that the upcoming California 2013 Title 24 Appliance Standards require that
all packaged HVAC units > 65,000 Btuh use SZVAYV technology by January 1, 2016. While these
units are less than the threshold, the requirement illustrates the move toward increased
adoption and deployment of the technology. Ultilities provide upstream rebates to encourage
adoption. Proposition 39 money earmarked for schools will be utilized to change out older
HVAC units for SZVAV units with higher SEERS have the advantage of being quieter and more
efficient fans..

All of these factors and the data from this study should reinforce the move toward the design
community specifying SZVAYV as best practice.
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GLOSSARY

ASHRAE American Society of Heating, Ventilating, and
Air conditioning Engineers

BTUH amount of energy needed to cool or heat one
pound of water by one degree Fahrenheit.

Cfm/sf cubic feet per minute (of air) per square foot
(of floor space)

cv Constant Volume

DEER Database for Energy Efficiency Research

DSA Department of State Architects

K-12 Kindergarten through 12t grade

kWh Kilowatt- hour

kW Kilowatt

OA Outdoor Air

PIER Public Interest Energy Research

Proposition 39 A law passed that benefits California Schools
by supporting clean jobs and energy efficiency
in existing school buildings

RD&D research development and deployment

SEER Seasonal Energy Efficiency Ratio

SCE Southern California Edison

SZVAV Single Zone Variable Air Volume

TAB Testing, Adjusting, and Balancing

TMY Typical Meteorological Year

Tons a ton of cooling represents 12,000 BTUH

Trane, AAon and Carrier

Manufacturers of packaged roof top
equipment marketed to schools

VAV

Variable Air Volume
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