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EXECUTIVE SUMMARY

Laboratories are one of the next major frontiers in energy efficiency. After data centers,
laboratories consume more energy per square foot than any other type of facility. This is
due to their energy-intensive equipment, around-the-clock operations, and uniquely
demanding HVAC requirements. A recent study conducted by the Center for Energy
Efficient Laboratories (CEEL) identified a minimum of 116 million square feet of laboratory
space in California in just the academic, life science research, and hospital market sectors.
This study also uncovered a substantial, untapped opportunity for energy savings in
California’s laboratory plug loads, which were found to comprise ~2% of commercial
electrical consumption in the state, or up to ~3 billion kWh/year. This report constitutes the
critical first step in a widespread multi-year effort to realize savings from laboratory plug
load reductions. This effort logically begins by targeting one of the most intensive energy
consumers in research, the ultra-low temperature freezer.

A single ultra-low temperature freezer (ULT, -80°C) draws as much energy as an average
U.S. household. California is home to ~58,000 ULT freezers consuming an estimated 400
million kWh/year. This study sought to quantify the potential direct and indirect energy
savings associated with energy-efficient ULT freezer technology. Eight different ULT freezer
brands from five manufacturers, accounting for over 80% of the total ULT freezer market,
were selected for the study. Fifteen ULT freezers, ranging in size from 16-29 ft3, were
evaluated according to the EPA ENERGY STAR® test method, and of those, seven were
further tested in a controlled field study that measured energy consumption and
temperature performance. Of the ULT freezers tested, ten utilized traditional, standard
dual-compressor technology while five were marketed as using new, energy-efficient
technology. Additional baseline energy data were gathered for 107 ULT freezers in the field.

AVG KWH/

3 AVG TEMP AVG TEMP
FREEZER (S:i_i o REFRIGERANT ~ AVG s '_:;;O/OIZAY @ UntrormITY STABILITY
(1) e ooe Y Feo  $9 e
RESULTS) €S =G
Standard 15-20 HFC and 0.829 N/A 7.7 4.0
Efficiency HFC/Natural
Blend
Energy 15-20 Natural 0.507 N/A 6.7 4.2
Efficient
Standard 21-28 HFC and 0.693 0.74 8.5 4.3
Efficiency HFC/Natural
Blend
Energy 21-28 Natural 0.324 0.34 11.3 7.0
Efficient
Installed 21-28 HFC N/A 1.1 N/A N/A
Base

Energy-efficient ULT freezers exhibited temperature performance that was comparable to,
and in some cases better than, their standard-efficiency peers, while consuming at least
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25%, and in some cases up to 70%, less energy. Even an average new, standard-efficiency
ULT freezer was found to consume at least 20% less energy than an average freezer in the
existing installed base, which is laden with older, relatively inefficient models. A summary
of these findings is above. All data are from the ENERGY STAR test unless otherwise noted.

In addition to quantifying the benefits of energy-efficient freezer technology, the study
found that significant energy savings can be achieved through behavioral change.
Advocates for energy efficiency in laboratories have suggested that increasing ULT freezer
temperature from -80°C to -70°C can reduce energy usage while maintaining performance.
This study corroborated that view, finding that such a temperature change reduces energy
consumption by an average of 37% for both standard-efficiency and energy-efficient ULT
freezers without any discernable effect on temperature stability.

Potential statewide annual electric energy savings, including secondary HVAC energy
impacts, associated with improving the efficiency of California’s ULT freezer population are
shown in the table below. Replacing 10% of the population’s older units (5,800 freezers)
with energy-efficient models would generate savings of 49 million kWh/year, less a small
thermal energy (natural gas) penalty. Approximately 5,800 new freezers are purchased
each year in California. If all of these were energy-efficient, as opposed to standard-
efficiency, units, the state could save 14 million kWh/year. Adjusting temperature set points
for the same number of freezers would also have a large impact, resulting in savings of 26
million kWh/year. In all cases the annual savings would compound in subsequent years,
tracking the growth of the installed base of efficient units.

DIRECT SAVINGS HVAC ELECTRIC ToTAL ELECTRIC
(KWH/YR) SAVINGS (KWH/YR) SAVINGS (KWH/YR)
Savings Over Existing Older 41 million 7.6 million 49 million
Model Freezers
Savings Over New Standard 12 million 2.2 million 14 million
Efficiency Freezers
Savings From Adjusting 22 million 4.1 million 26 million

Freezer Set Point to -70°C

An in-depth market analysis of ULT freezers revealed that the energy-efficient units
identified in this study cost an average of $2,000 more than standard-efficiency models, and
that institutional rebate programs designed to bridge that price gap have resulted in
increased sales of energy-efficient units. Scientists surveyed for this study indicated that
price was the primary driver of ULT freezer purchases. Given the significant potential for
energy savings, and the historical efficacy of rebates, the CEEL recommends that the I0OUs
consider incentivizing the purchase of energy-efficient ULT freezers. The CEEL also
advocates the implementation of behavior-change programs promoting the adjustment of
ULT freezer set points to -70° from -80°C.

Taken as a whole, this report is intended to provide guidance to the California IOUs,
constructive feedback to ULT freezer manufacturers, and comprehensive data to those
purchasing ULT freezers or designing laboratory facilities. Should the industry choose to act
on the recommendations outlined in this report, California could potentially realize
annualized energy reductions of at least 14-49 million kWh in 2017.
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INTRODUCTION

Laboratories are one of the next major frontiers in energy efficiency. After data centers,
laboratories consume more energy per square foot than any other type of facility, due to
energy-intensive equipment, around-the-clock operations, 100% outside air requirements,
and high airflow rates. While recent years have seen the emergence of energy reduction
plans for laboratory buildings, widespread conversation about laboratory operations and
equipment has stalled due to a lack of information on market size and energy consumption,
which has been further obscured by the complex relationships between facility managers,
manufacturers, procurement departments and end-users. Stakeholders across California,
from scientists to vendors, and building designers to energy managers, are clamoring for
someone to address energy efficiency in laboratory equipment and operations. They
recognize that a future in which funding is wisely spent on energy efficient equipment will
see more money funneled into research rather than overhead, and a more equitable sharing
of institutional and communal resources. They also acknowledge the potential non-energy
benefits of increased overall efficiency, including enhanced safety, improved performance,
higher productivity, and reduced environmental impact.

With the support of the California investor-owned utility companies (IOUs), the Center for
Energy Efficient Laboratories (CEEL) has taken a significant step toward addressing energy
efficiency in laboratories by assessing and quantifying energy consumption from plug loads.
A recent study completed by the CEEL! identified a minimum of 116 million square feet of
laboratory space in California in just the academic, life science research, and hospital
market sectors, and found that the

research market is growing steadily at = CALIFORNIA EQUIPMENT APPROX. EsT. ENERGY
an average rate of 5% per year. The LAB DENSITY NUMBER — ~J\ C  MPTION
study also found that state-wide plug EQUIPMENT (UNITS/LAB) (THousAND (GWH/YR)
loads from just 13 pieces of commonly — ESTIMATES )
used laboratory equipment consume 0.8 g4 Freezer 2.9 58 228 — 648
- 3.2 TWh/year. -20 Freezer 3.7 74 126 - 363
Refrigerator 3.7 95 19 - 254
The CEEL study identified several Fume Hood* 3.0 60 661 — 1322
categories of equipment that present  Fluo Micro 1.7 34 6-12
opportunities for energy savings in  Centrifuge 3.8 76 12 - 227
laboratories, which are summarized in Water Bath 2.6 52 115 - 201
the adjacent table. Of these, only Heat Block 3.0 60 15
refrigeration has been studied in any PCR Machine 2.2 44 35
depth, and within that category, ultra- = Incubator 3.0 60 41 - 524
low temperature (ULT, -80°C) freezers Shaker 1.2 24 53
have garnered the most attention. Autoclave 0.8 16 26 - 527
Vac Pump 2.1 42 1-115
TC Hood 1.7 34 106 - 235

The annual statewide energy
consumption of ULT freezers exceeds * HVAC electricity consumption due to fume hoods

400 million kWh. Though energy-

efficient ULT freezers have been available in the life sciences market for over five years,
growth in their adoption has been stunted by the prevalence and institutionalization of older
equipment, and a pervasive skepticism of new technology. In addition, the absence of
objective, independent, third-party energy testing has made it difficult for end-users to
validate manufacturers’ promises of greater efficiency and performance.
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To provide the needed energy and performance data of new ULT freezer technology, this
study sought to evaluate a wide range of ULT freezers on the basis of energy consumption,
temperature uniformity, and thermal stability. These tests were conducted in both an ISO
17025 accredited test facility and in the field. The effect of ULT freezers on HVAC system
performance was also studied in an effort to understand the overall impact of this
technology on whole-building energy consumption. In addition, the study included a
comprehensive review of the ULT freezer market, in which data were collected on the size,
model, age, location, temperature set point, and purchase price of ULT freezers across
California and the greater United States. The data, findings, and recommendations in this
report provide the necessary foundation upon which manufacturers, end-users, government
agencies, and the I0OUs will collaborate to move the market toward the adoption of energy-
efficient ULT freezer technology.

CHAPTER 1: BACKGROUND

This project constitutes Phase II of a larger effort by the Center for Energy Efficient
Laboratories (CEEL) to benefit the Investor-Owned Utilities (IOUs), their customers with
laboratories, laboratory equipment manufacturers, and those industry stakeholders involved
with laboratory efficiency projects and programs. Founded in 2015 and led by My Green
Lab, the CEEL was formed to develop the standards and methods necessary to bring about
widespread adoption of energy-efficient practices in scientific research. It is a partnership
between My Green Lab, Fisher-Nickel, Inc. (FNI), and kW Engineering.

The $101 billion biomedical industry is the second-largest industry in California, directly
employing 270,000 people?. This industry is supported by an extensive network of top-tier
academic research institutions, which collectively received more than $3.3 billion in NIH
funding last year®. Hospital research conducted in over 200 hospitals in California also
contributes substantially to the state’s economic development.

The bioscience market is strong and significant outside California as well. Nationwide, the
bioscience industry directly employed 1.62 million people in 2012, and accounted for an
additional 5 million jobs. It has grown at a rate seven times faster than the total US private
sector since 2001, and its growth continues to outpace most industries*. One sector of the
US biosciences industry, biopharmaceuticals, generated $789 billion alone in 2013, or 2.9%
of total US economic output®.

Behind these market statistics are scientists working in laboratories. California is home to
the largest number of academic research laboratories in the country®, and San Diego and
San Francisco have the highest density of biotech companies outside of Boston’.
Laboratories can consume 3-5 times more energy per square foot than typical office space®
due to their use of energy intensive equipment and requirement for high airflow rates using
100% outside air. However, detailed study of laboratory energy consumption has only
recently begun in earnest, and the lack of measured data for equipment energy usually
leads facility designers to overestimate laboratory plug loads. Space conditioning systems
are therefore typically oversized, resulting in large inefficiencies under normal operating
conditions.
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An analysis of the size, scope, and equipment loads in life science research laboratories
across California was conducted in 2015°. This report is referenced herein as the CEEL
Laboratory Market Assessment. In the ~116 million square feet of lab space in California,
just 13 pieces of laboratory equipment, of the 32 studied, were found to collectively
consume as much as 3.2 TWh/year. The study also revealed several opportunities for
energy conservation in laboratories, including the replacement and/or powering off of
refrigeration equipment, autoclaves, incubators, and water baths. ULT freezers were
identified as one of the largest energy consumers in the lab, drawing an estimated 400
million kWh/year in the state.

ULT freezers have a long history in the life science research market. The first laboratory
freezer was manufactured in 1968 by ScienTemp!®. Early laboratory freezers achieved
temperatures of -20°C to -40°C; ULT freezers, with temperatures generally ranging from -
56°C to -86°C, came into the marketplace in the 1970s. Within these temperature ranges,
scientists generally chose their own temperature set points. Interestingly, when these
freezers were first introduced, they were often set to -70°C, and in fact were referred to as
‘minus seventies’. The past two decades have seen temperature set points generally fall to
-80°C, and the common name of these freezers adjusted accordingly, from ‘minus
seventies’ to ‘minus eighties’.

Achieving such low temperatures was no small feat. Refrigeration systems are designed to
remove heat, and the wide temperature range between room temperature and ULT freezer
temperature requirements is simply too large for one refrigerant-compressor system to
accommodate. The first breakthrough in ULT freezer technology came with the
development of the cascade system, which utilizes two individual compressor-refrigerant
circuits in which one operates in a high stage configuration, and the other in a low stage
one. In a cascade system, the low-stage circuit removes heat from the freezer cabinet as
the refrigerant absorbs heat and evaporates. After compression of the refrigerant by the
low-stage compressor, this heat is transferred to the high-stage via an interstage heat
exchanger which acts as the condenser of the low-stage circuit and the evaporator of the
high-stage circuit. The condenser coils of the high-stage circuit are exposed to room air. In
this way, heat is removed through a two-step process, from the inside of the freezer to the
interstage heat exchanger, and from the heat exchanger to the outside. The compressors
cycle on and off in response to feedback from a temperature sensor located in the freezer
cabinet.

The dual-compressor cascade system continues to be the most widely used technology for
ULT freezers. Variations on this technology, including the use of a single compressor with
two different refrigerants, are also in use, but the basic principle remains the same. In the
United States, most manufacturers use synthetic refrigerants, such as R-508 for the low
stage and R-407D for the high stage. Synthetic oil is also used to maintain the integrity of
the compressors.

Recent regulations in Europe over high global warming potential refrigerants, like those
cited above, and the slow realization that ULT freezers consume large quantities of energy,
have begun to drive the market towards new technologies. The first major recent
development in ULT freezer technology came in 2010, when Stirling Ultracold built its ULT
freezers around a Stirling cooling engine instead of a dual-cascade compressor system. The
Stirling freezer uses an electrically driven free-piston engine, which is located at the top of
the freezer and employs helium as its working medium. The engine operates at constant
frequency and piston stroke amplitude is varied to modulate the cooling capacity in
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response to demand. Connected to the cold head of the engine is a thermosiphon, a sealed
copper tube that wraps around the interior of the freezer cabinet. The thermosiphon
contains ethane (R-170) as a refrigerant. Liquid ethane flows via gravity down the length of
the tube, where it absorbs heat from the interior of the freezer. As it warms, the ethane
transitions from a liquid to a vapor and rises up the tube. At the cold head of the engine,
the ethane is condensed back into a liquid. The thermosiphon does not include any
mechanical moving parts.

In 2016, Thermo Fisher Scientific released a new ULT freezer technology - the V-drive. In
this freezer, the compressors and condenser fans to run at variable speeds in response to
varying load demand. When the freezer door is opened, for example, the V-drive is likely to
operate in ‘high speed’ mode in order to maintain internal temperature. Overnight, when
the freezer is unlikely to be actively used, the V-drive ramps down into ‘low speed’ mode.
The compressor construction is similar to standard compressors with the inverter drive
(converting A/C input to simulated 3 phase variable frequency output) and the motor being
the unique difference.

These advancements in ULT freezer technology, including others that have optimized the
fans, compressors, and condensers, in combination with the recent adoption of natural
hydrocarbon refrigerants, have all been made with energy efficiency in mind. In addition,
vacuum-insulated panels and high performance polyurethane insulation have contributed to
improved efficiencies. These technologies are employed by several ULT freezer
manufacturers, including Eppendorf and Panasonic.

With these innovations, ULT freezers have been a focus of laboratory energy efficiency for
nearly a decade. Several field studies have been conducted on the energy consumption of
various models of upright ULT freezers. The most recent study, published by the Better
Buildings Alliance in 2014*!, documented the energy consumption of four different models of
upright ULT freezers at three universities. The study found that the newer freezer models
consumed less energy than the older legacy models, and that at least one of the models
tested was significantly more efficient than the others. The study further noted that the
energy savings associated with the more energy efficient model were at least 9 kWh/day.
Additional independent field studies have confirmed that the energy savings opportunities
for ULT freezers range from 5-10 kWh/day. Because of this, customized incentive programs
have been utilized across California to provide financial incentives for the purchase of
energy-efficient ULT freezers. This activity has driven the EPA ENERGY STAR® program to
initiate the development of a test method for ULT freezers with the goal of supporting a new
product specification for this equipment category.

With such interest and activity surrounding the promotion of energy-efficient ULT freezers, it
is surprising that there has been little effort to evaluate their energy use under the
controlled conditions of the ENERGY STAR test method. Room conditions, freezer locations,
freezer capacity utilization, and test procedures have all varied widely in the previously-
conducted industry studies, making it impossible to compare results and draw uniform
conclusions. Moreover, few of the tests have sought to evaluate temperature stability,
which is one of the most important, if not the most important, feature of a ULT freezer.

ULT freezers are used in a wide range of life science research laboratories for the same
purpose - to maintain the integrity of samples and reagents for long periods of time
(usually longer than six months). Biological activity is significantly reduced at the low
temperatures maintained by these freezers, allowing for the preservation of samples such
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as RNA, protein, cell extracts, and tissue'?. There are an average of approximately 3 ULT
freezers per life science research lab in California®®, with an estimated inventory of 58,000
in the state. However, life science research laboratories are not the only labs or facilities
that have ULT freezers - they are found in industrial and chemical labs, manufacturing
facilities (particularly in the pharmaceutical industry), and biorepository and blood-banking
facilities. In all instances, reliability, thermal stability, and temperature uniformity are
critically important. And although academic labs tend to purchase ULT freezers based on
vendor datasheets, manufacturing facilities and biorepositories will often independently
validate new ULT freezers to ensure that they meet strict internal performance standards.

To properly evaluate new ULT freezer technology, it was thus necessary to perform a
comprehensive study of ULT freezer performance and energy consumption in a standard,
systematic manner. The EPA ENERGY STAR test method formed the foundation for
evaluating ULT freezers under controlled conditions. However, this test method differs from
field conditions in several key ways, making it necessary to overlay an evaluation of the
temperature and energy performance of ULT freezers as they are used in the field. As a
point of comparison, baseline data from traditional, cascade compressor upright ULT
freezers were collected alongside data from newer upright ULT freezer models. Whole
building energy models were developed in order to understand the interactive effects of ULT
freezers on HVAC systems, the results of which should be used to inform the future design
of laboratories.

This study also characterized the existing ULT freezer market with respect to freezer model,
capacity, age, turnover, and pricing. Energy-efficient freezer designs have been on the
market for the last six years, yet these new technologies have not been widely adopted.
Understanding the underlying reasons for this lack of market share is an important step in
moving the market toward energy-efficient solutions.

Taken together, the results presented in this report are intended to provide guidance to the
California I0Us, constructive feedback for ULT freezer manufacturers, and comprehensive
data for people purchasing ULT freezers or designing laboratory facilities in the life science
research market. Should the industry choose to act on the recommendations outlined in
this report, it is conceivable that California could see annualized energy reductions of at
least 14-49 million kWh in 2017.

CHAPTER 2: ASSESSMENT OBJECTIVES

The main objectives of this project were to:

e Use the existing EPA ENERGY STAR test method to evaluate upright ULT freezers from a
variety of manufacturers under controlled environment and field conditions.

e Evaluate ULT freezer temperature and energy performance under simulated working
laboratory conditions at a research facility.

e Model the effects of ULT freezers on HVAC energy use.

e (Characterize the ULT freezer market with respect to market size, turnover, and pricing
strategies, and evaluate the market changes that might result from program
interventions and other external influences.
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This project was completed with the intent of providing recommendations to the California
I0OUs, their customers, and equipment manufacturers regarding strategies for increasing
market penetration of energy-efficient ULT freezers. Doing so required confirming that
freezers marketed as “energy efficient” actually demonstrate better overall performance.
The energy savings of new ULT freezer technology over incumbent technology have
therefore been calculated as part of this assessment, and are further used as a basis for
framing potential incentive programs.

CHAPTER 3: TECHNOLOGY/PRODUCT
EVALUATION

Fifteen upright ULT freezer models of varying storage capacity were evaluated in a
standard, independent test facility, and seven of those 15 were further evaluated in the field
at a customer site. The test facility evaluated the ULT freezers according to the EPA
ENERGY STAR test method; the field evaluation differed in several key ways that resulted in
it being a more accurate representation of how the products are used by end-users. The 15
ULT freezers tested utilized both older, dual-compressor technology, as well as newer
technology such as the Stirling engine, variable speed compressors, and energy-efficient
freezer components. The intention of testing such a wide range of equipment and
technologies was to establish the baseline for ULT freezers using older technology, and to
compare those to ULT freezers using new technology.

ULT freezer evaluation according to the ENERGY STAR test method was performed at the
Food Service Technology Center (FSTC) in San Ramon. This site was chosen owing to the
FSTC’s decades of experience testing refrigeration equipment. The tests conducted at the
FSTC will heretofore be referred to as the controlled environment tests.

The field test was performed at Amgen in Thousand Oaks in a freezer farm. The freezer
farm is located in the basement of one of the research buildings, and although the space is
nearly full, accommodations were made to allow for this project. The test site criteria were
numerous:

research laboratory facility

space for up to seven upright ULT freezers

electrical outlets satisfying the requirements of the freezers

test site personnel willing and able to open freezer doors at predetermined time
points throughout the day

e on-site access for the team

Amgen not only met these criteria but they also have an organizational interest in energy-
efficient ULT freezers, making their facility an ideal place to conduct a field test. 1In
addition, this was a co-funded project by the California I0Us, and every effort was made to
ensure that each territory contributed to the overall study.

Both the FSTC and Amgen test sites were staffed with personnel familiar with freezer
technology. Work at the Amgen test site in particular was aided by several staff members
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who had previously conducted field tests of ULT freezers in other buildings on the campus.
The tests were performed by contractors in addition to staff, including Azzur, a company
that specializes in ULT freezer testing and validation, and My Green Lab, a non-profit whose
staff has expertise in laboratory equipment operation and use.

In both the controlled environment and field tests ULT freezers were compared on the basis
of normalized energy consumption, thermal stability, and temperature uniformity. The ULT
freezers studied in the field were subject to further testing; the freezers were validated
according to an Amgen-specific validation protocol. Detailed information about how the
freezers were assessed can be found in Chapter 4.

In addition to evaluating new ULT freezers, it was also important to establish an energy
consumption baseline for these freezers in the field. Therefore several ULT freezer models
of varying ages and sizes were metered at laboratory facility locations in the Bay Area.
Additional data were collected from facilities across California that had endeavored to meter
their freezers on their own. Taken together, these data illustrate the landscape of the
existing market, and this should be used as the backdrop against which the data gathered
from the new freezers are evaluated.

The Table 1 below summarizes the different methods used to evaluate ULT freezer
technology.

TABLE 1: SUMMARY OF ULT FREEZER EVALUATION METHODS

ULT FREEZER RESULTS TEST METHOD DATA SOURCE

ENERGY STAR
New ULT Freezers A-O (Controlled This Study, FSTC
Environment Test)

New ULT Freezers A-H Controlled Field Test This Study, Amgen

Existing Freezers from

University (2) Field Test This Study
(E;()lstlng Freezers from Biotech Field Test This Study
Existing Freezers, Additional Various T

Data (101)

CHAPTER 4: TECHNICAL APPROACH/TEST
METHODOLOGY

ULT freezers evaluated for this study were chosen to be representative of the market.
Detailed information on the ULT freezer market can be found in Chapter 5.
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CONTROLLED ENVIRONMENT ENERGY STAR TEST OF UPRIGHT
ULT FREEZERS

Fifteen upright ULT freezers were brought into the Food Service Technology Center (FSTC)
testing facilities for evaluation of their performance characteristics, and to compare energy
and temperature metrics in a controlled environment to their operation in a field setting.
Freezers were tested in a climate controlled chamber that maintained ambient temperature
and humidity according to the specification in the published ENERGY STAR test method.
Temperature was regulated by dispersed streams of low velocity air, which were either
heated or cooled based on the measured room conditions. Humidity was regulated by
intermittent dispersions of steam into the climate chamber, based on humidity
measurements. The dry bulb temperature was kept at 75.2°F £ 1.8°F and the wet bulb
temperature was kept at 64.4°F £ 1.8°F.

FIGURE 1: CONTROLLED ENVIRONMENT TESTING
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FIGURE 2: CONTROLLED ENVIRONMENT TESTING

Units tested had either a 120V or 208V power supply and were connected to a power meter
with @ minimum resolution of 0.02 Wh.

The tested freezer was monitored for electric energy usage and internal temperature.
Electric energy usage was monitored by a calibrated energy meter and freezer temperature
was monitored by an array of validated thermocouples. Type K thermocouples (TCs) were
arranged within the freezer such that there were 3 TCs arrayed diagonally across three
horizontal planes: 3 inches from the top, at the center of the freezer, and 3 inches from the
bottom. These TCs were submerged in 5 mL vials filled with a porous foam material and a
50/50 mixture of glycol and distilled water to dampen temperature fluctuations and more
accurately represent freezer sample temperature variations (see Figure 4). Freezers with
four or more compartments had an additional temperature measurement per compartment
not occupied by the three horizontal planes. All TC wires were routed through the
designated temperature channels built into the ULT freezer cabinet and were sealed using a
factory-provided plug (Figure 5). Prior to testing, all the TC junctions were placed near a
calibrated RTD inside the ULT freezer for verification near the desired testing temperatures.
All freezer energy and temperature data were collected at an interval of five seconds
through a data acquisition system and recorded in a spreadsheet.
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FIGURE 3: FREEZER THERMOCOUPLE PLACEMENT LOCATIONS
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FIGURE 5: THERMOCOUPLE ROUTING
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FIGURE 7: FIVE COMPARTMENT FREEZER VIAL PLACEMENT

Humidity was maintained by an electric humidifier placed inside the room with the humid air
being dispersed with a low velocity fan. Conditioned air was supplied to the room through
large area perforated diffusers at low velocity and exhausted at a flowrate of 700 cfm. The
supply and exhaust fan were balanced based on the differential pressure between the inside
and outside of the conditioned room with no air currents exceeding 49 fpm. Humidity and
temperature gradients were measured with two humidity sensors and thermocouples
located 36 inches from the front of the ULT freezer: at the geometric center of the ULT
freezer door, and 6 in above the highest point of the ULT freezer.

The ULT freezers were stabilized for at least 24 hours prior to the beginning of the test.
ULT freezers were deemed ‘stable’ when the internal temperature reached equilibrium and
the average temperature during compressor cycles did not exhibit a downward trend. The
freezer thermostat was adjusted to maintain an average temperature of -80°C in the
placed-vial TCs, as shown in Figures 6 and 7. The door opening test was conducted for a
duration of 24 hours. During the first 6 hours, the door was opened every hour for 15
seconds at a time. In total the door remained open for 90 seconds over the 6-hour period.
During each opening the main door and the top inner compartment door were opened to an
angle of 90 degrees, over a duration of 2 seconds each, with the door remaining fully open
for 15 seconds. The steady state test was conducted for a duration of 24 hours immediately
following the last door opening. Both tests were repeated for internal freezer temperature
of -70°C.
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During TC validation, it was observed that the ULT freezer temperature set point often did
not match the average temperature reading of the TCs arranged in the freezer. This is most
likely due to the fact that most ULT freezers adjust their temperature based on one or two
temperature readings in the vertical center of the freezer.

The controlled environment test setup includes temperature measurements close to the top
and the bottom of the freezer, which, due to temperature stratification, is different from a
single vertical center reading. Thus, prior to the energy usage testing, ULT temperature set
points were adjusted to provide average measured temperatures of -70°C and -80°C, as
specified by the test standard. Listed below are the adjusted temperature set points for
each freezer.

TABLE 2: ULT TEMPERATURE SET POINTS USED TO OBTAIN DESIRED AVERAGE VIAL TEMPERATURE

SET POINT FOR SET POINT FOR
ULT FREEZER -70°C AVERAGE -80°C AVERAGE
VIAL TEMP (°C) VIAL TEMP (°C)

A -73.0 -84.0
B -71.0 -82.0
C -74.0 -85.0
D -72.5 -84.5
E -74.0 -84.0
F -71.0 -81.0
G -72.0 -86.0
H -72.0 -86.0
I -72.0 -83.0
J -70.0 -84.0
K -71.0 -82.5
L -73.0 -83.0
M -69.5 -81.5
N -74.0 -85.0
(0] -70.0 -83.5
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BASELINE DATA GATHERING

Two field test sites in the Bay Area were selected to gather data on energy consumption of
existing upright ULT freezers in laboratories. One site was a university and the other was a
biotech incubator.

BASELINE DATA GATHERING AT UNIVERSITY FIELD TEST SITE

Two ULT freezers were evaluated in a university setting. The test site was chosen because
the lab was representative of a ‘typical’ university lab, and because the lab members were
particularly interested in energy effi