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Preface

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

The PIER Program, managed by the California Energy Commission (Commission),
annually awards up to $62 million to conduct the most promising public interest energy
research by partnering with Research, Development, and Demonstration (RD&D)
organizations, including individuals, businesses, utilities, and public or private research
institutions.

PIER funding efforts are focused on the following six RD&D program areas:
¢ Buildings End-Use Energy Efficiency
e Industrial/Agricultural/Water End-Use Energy Efficiency
e Renewable Energy
e Environmentally-Preferred Advanced Generation
e Energy-Related Environmental Research
e Energy Systems Integration

What follows is an attachment to the final report for the Design Refinement and
Demonstration of a Market-Optimized Residential Heat-Pump Water Heater project,
Contract Number 500-98-028, conducted by TIAX. This project contributes to the PIER
Building End-Use Energy Efficiency program.

This attachment, “Durability Testing Results” (Attachment A-3), provides supplemental
information to the project’s final report and includes a copy of an Oak Ridge National
Laboratory report, “Durability Testing of a Drop-In Heat Pump Water Heater.”

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




Abstract

This “California Field Test Data and Analysis” attachment is a set of reports produced by the
Design Refinement and Demonstration of a Market-Optimized Residential Heat-Pump Water
Heater project, funded by the California Energy Commission’s Public Interest Energy Research
(PIER) Program.

“Market-optimized” means that cost and performance are balanced to meet market needs.
Specifically, the market-optimized heat-pump water heater (HPWH) is less expensive and easier
to install relative to other HPWHSs on the market. Prior to this project, with support from the
U.S. Department of Energy Oak Ridge National Laboratory, TIAX and EMI developed and
tested two generations of prototype market-optimized HPWHSs. The overall scope of this project
was to further refine the design of the market-optimized HPWH and then verify the third-
generation design through both laboratory and field testing. Oak Ridge National Laboratory
conducted laboratory-based durability tests on ten units, simulating the equivalent of ten years of
heat-pump cycling under normal operation. TIAX and EMI then conducted a yearlong field test
in California on 20 units.

This attachment, “Durability Testing Results” (Attachment A-3), provides supplemental
information to the project’s final report and includes a copy of an Oak Ridge National
Laboratory (ORNL) report, “Durability Testing of a Drop-In Heat Pump Water Heater.”



Attachment 3

ORNL Durability Report

Attachment to Final Report: Design Refinement and Demonstration of
Market-Optimized Heat-Pump Water Heater

April 2004

California Energy Commission
Public Interest Energy Research

Contract Number 500-98-028

Note: This attachment is NOT a stand-alone report. It should be interpreted only in the context of the final
report from which it is referenced.
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DURABILITY TESTING OF A “DROP-IN" HEAT PUMP WATER HEATER

VAN D. BAXTER
R. L. LINKOUS

ABSTRACT

Ten prototype “drop-in” heat pump water heaters (HPWHS) were placed in an environmentally
controlled test facility and run through a durability test program of approximately 7300 compressor
duty cycles (the actual cycles accumulated ranged from 6677 to 7950 for the ten units). This
durahility test was designed to represent approximately 10 years of normal compressor cycling to
meet the hot water needs of aresidence. The heat pump portion of the HPWHSs experienced no
compressor, evaporator fan, or power relay failures during the durability test run. One thermal
expansion valve had to be replaced because of a blocked bleed port. Two of the test units experienced
refrigerant leaks that occurred in pressure transducer fittings added to the circuit as part of the testing
program. Since these fittings would not be included in production HPWH units, this problem is not
considered areliability concern.

The first-generation control system proved to be the least reliable component of the prototype
HPWH units. Each HPWH controller included four temperature sensors to monitor key control
parameters. Out of 40 total sensors, 16 failed during the durability program. These failures were due
to problems with spliced joints in the sensor lead wires.

Efficiency measurements on all units showed that the prototype HPWH is at least twice as
efficient as conventional electric resistance water heaters. Energy factors measured at the end of the
durability run, at ambient conditions close to those prescribed by the U.S. Department of Energy
Simulated Use Test, ranged from 1.8 to 2.1. Thisfigure is comparable to average efficiencies
achieved by several field test units, but lower than the 2.47 value achieved by an early prototype
design in 2000. Based on the data available, there is no evidence that strongly suggests that any of the
HPWHs suffered any performance degradation as aresult of undergoing more than 7000 compressor
cyclesin this durability test.

1. INTRODUCTION

“Reliability” is defined as the probability that any product will function without failure under
given conditions for a given period of time. In the case of a heat pump water heater (HPWH) or any
water heater, the function is the delivery of hot water without falloff in efficiency and without
component failure. To define the “ given period of time,” we examined the lifetime of atypical
electric resistance water heater (EWH). Appliance Magazine estimated in 1999 that the “initial
purchaser” of aconventional residential EWH would retain the appliance for about 7 to 18 years
(Appliance Magazine 1999); in 2001 this estimate had changed dlightly to 7 to 15 years (Appliance
Magazine 2001). For gas water heaters (GWHSs), these time periods were 6 to 13 years for 1999 and
7 to 10 yearsin 2001. These figures suggest that customers' expectations for the average lifetime of
any “drop-in” HPWH that replaces a conventional water heater would be no less than 7 years and
probably more in the range of 10-12 years. Therefore we determined to conduct accelerated life, or
durability, testing to simulate the equivalent of 10 years of use as representative of life expectancy
requirements for an HPWH.



Heat Pump Water Heater Description

The HPWH examined in this study was
intended to be a“drop-in” replacement for a
conventional EWH. It ispicturedin Fig. 1.1
and shown in a schematic cut-away view in
Fig. 1.2. Asused in this report, “drop-in”
means that the HPWH can be installed virtually
anywhere an EWH can beinstalled, using
essentially the same installation procedures. It
islikely that most HPWH installations will
require slightly more time than EWH
installations because of the requirement to
provide for drainage of condensate from the
HPWH evaporator.

Development of this HPWH design was a
collaborative effort between Arthur D. Little,
Inc. (ADL), EnviroMaster Internationa (EMI,
the manufacturing partner), and Oak Ridge
National Laboratory (ORNL) with sponsorship
from the U.S. Department of Energy (DOE),
the New Y ork State Energy Research and
Development Authority, and the California
Energy Commission (CEC). Thedesignis
based on a patented concept originally
developed by ADL (Dieckmann et al. 19993,
1999b). EMI developed an original prototype
production design based on the ADL concept
in 1999. This design was subsequently
refined and considerably improved by ORNL,
ultimately achieving an energy factor (EF)
rating of 2.47, based on the DOE Simulated
Use Test procedure (Federal Register 1998), in
early 2000 (Tomlinson 2000). Ten units of this
final prototype were built by EMI and
delivered to ORNL in late summer of 2000 for
the durability test program discussed in this
report. Another 18 units were built and sent to
ORNL for aDOE national field test program
that will be described in a separate report
(Murphy 2002). In addition, approximately 20
units areto be built for afield test program to
be conducted in Californiaby ADL under CEC
sponsorship.

The HPWHSs in question are about the size
of avertical cylinder 5ft highand 2 ftin
diameter. A small (about 1/4 hp) air-to-water
vapor-compression heat pump unit, which uses
R-134aastherefrigerant, islocated on top of a

Fig. 1.1. Photograph of the prototype “ drop-
in” heat pump water heater unit that wasthe
subject of the durability testing discussed in this
report.

Compressor,
Evaporator,
Fan, and
Controls Inside

Removable
Shroud

Louvered
Panel
50-Gallon

Tank j ‘

Backup

Wrapped Coil
Condenser

Foam

Insulation \

Fig. 1.2. Cutaway schematic view of the
HPWH.

nominal 50-gal water tank (45.9 gal actual capacity). Heat to the evaporator is provided by ambient
air. The unit’s condenser coil iswrapped around the bottom third of the water tank to provide heat to



the water. Figures 1.3 and 1.4 show the compressor and evaporator sections, respectively. The
condenser is composed of a copper tube, slightly flattened on one side and wound tightly around the
bottom third of the water tank. A highly conductive heat transfer paste, or mastic, is spread between
the condenser tubing and the tank wall during the winding process to ensure good thermal contact
along the entire condenser length. Water is heated by the condensing refrigerant via conduction
through the tank wall. Blown polyurethane foam insulation between the tank wall and the outer water
heater metal jacket helpsto hold the condenser in place. The condenser tubes are wrapped with plastic
to prevent the insulation from getting between tubes and tank wall during the foam blowing process.
Figure 1.5 shows a section of the condenser wrap located at the bottom electric element access cover.
By design, the small compressor takes 6-8 hoursto heat up atank of water from a cold start or about
1.5-2 hoursto recover a hot tank after a 10.7-gal water draw.

The HPWHSs used in the durability tests were each equipped with a solid-state, microprocessor-
based control system based on a design that was originally developed by ADL under CEC
sponsorship. Figure 1.6 is a photograph of the first-generation version of the control board as used in
the durability test units described in this report. A programmable microprocessor chip, which contains
the unit control program, can be seen near the middle of the board (partially obscured by some
wiring). Along the right and bottom sides of the board can be seen six large black objects. These are
the 240-VAC, 30-amp relays that switch power to the compressor, fans (two), electric elements (two),
and a condensate re-evaporation heater that is part of an optional condensate management system (not
used in this durability test). The control system requires seven inputs (listed in Table 1.1).

i

; Evaporator
’ \ | housing

- ; L

- Fans " Expansion
e Cye valve

] -
Pl 34T

Compressor

Suction
= pressure
» transducer
Discharge
pressure
transducer

Fig. 1.3. Photo of heat pump section of HPWH showing compressor (foreground), rear of
evaporator housing (background), and thermal expansion valve (right-hand side).
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Fig. 1.4. Photo of heat pump section of the HPWH showing front of evaporator Wifh
thermal expansion valveto the left.

Electric element
connections

- KN E \ i -
Fig. 1.5. Photo of section of HPWH condenser near bottom
electric element.
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Thermistor splice

e e Power switching relays:
Evaporator thermistor |~z 3 o 1 — upper element
(T3) location 7 ! LB ® 2 — [ower element
| s - 3 — condensate heater
4 - compressor
Thermostat

input location
on board

Power (240 VAC)

and control (5 VAC) 8 ———
wire bundle - ARl Fanrdays(2)
' z .. £ l.:' " "'"--. ¥

Fig. 1.6. Photo of first-generation HPWH solid-state control board. The microprocessor isin the middle,
partially obscured by the wire bundle.

Table 1.1. Analog and digital inputsto heat pump water heater
control system

Input Device Units
Dial thermostat (user input) Var. resistor Q
Lower tank temperature, T1 Thermistor Q
Upper tank temperature, T2 Thermistor Q
Evaporator temperature, T3 Thermistor Q
Compressor discharge temperature, T4 Thermistor Q
Condensate present in pan Float Switch 1 Open/Closed
Condensate pan overflow Float Switch 2 Open/Closed

An HPWH mode switch was included on the first-generation control board. It enabled switching
between HPWH mode and conventional EWH mode.

Three light-emitting diodes (LEDs) are provided to indicate when the controller is calling for
compressor (yellow light), lower element (red), or upper element (green) operation. The durability
and field test HPWH contral systems were equipped with RS-232 and RJ-45 communication ports for
programming, debugging, and setting operating parameters.

The control system is powered from the same 240-V, 60-Hz, single-phase source as the HPWH.
The controller does not permit the upper element and lower element to energize simultaneoudly. It



also prevents the compressor and the optional condensate management system’'s (CMS's) condensate
re-evaporation heater from energizing when either electric element is energized.

Heat Pump Water Heater Control Sequence

The software embedded in the microprocessor provides control of the HPWH and determines—
based on the values of the inputs (Table 1.1), the system operating parameters (Table 1.2), and the
control logic—whether the water heater operates as a

e conventiona EWH or
¢ HPWH

On the first-generation control system used in the durability test units, the software control
program sampled each input signal one time and then made control decisions based on those
instantaneous values. This feature provided for relatively simple program logic but would render the
HPWH vulnerable to erratic operation in the event of random aberrant signal inputs caused by
electronic noise, etc. As noted in Sect. 4, random noise events were suspected of causing some
operational problems for the durability units.

The operating parameters were embedded into the memory of the microprocessor. Nominal
values for the operating parameters are listed in Table 1.2.

Table 1.2. Operating parameter descriptionsand nominal valuesfor heat
pump water heater (HPWH) control system

Variable Description Value
HPWHSet Set-point temperature of the HPWH User set
TempLow The lower evaporating temperature limit for heat-pump operation. 25°F
TempFanl The evaporating temperature that shuts off one fan. 60°F
TempFan2 The evaporating temperature that shuts off both fans. 65°F
MinDisc Minimum compressor discharge temperature that is required for continued 100°F

operation of the HPWH after start-up.
MaxDisc Maximum allowable compressor discharge temperature. 220°F
HysUpper (HU) The dead band for the upper tank temperature (+0/—HU) 27°F
HysLower (HL) The hysteresis for the lower tank temperature (+0/—HL) 5°F
HysMode (HM) The hysteresis for other parameters. Includes TempLow (+HM/=0), 10°F
TempFanl (+0/-HM), and TempFan2 (+0/-HM)
TempDiff Lower tank set-point temperature offset from the HPWH set-point 10°F
temperature.
MaxHWT Maximum lower tank water temperature for heat pump operation 140°F

Heat Pump Water Heater M ode

The control system is designed to maximize the use of the heat pump to promote maximum water
heating efficiency. Any time the lower tank temperature falls below a point defined by the relation
[HPWHSet — TempDiff — HL], the heat pump is activated (compressor and fans) and the yellow
indicator light (LED) isilluminated. Once the lower tank temperature has reached the lower tank set-
point temperature [HPWHSet — TempDiff], the compressor and fans will turn off (normal stop).
Seven conditions will cause the control system to shut off the heat pump (compressor and fans)
prematurely (before the lower tank set-point temperature is reached).



1. The evaporating temperature falls below 25°F [TempLow], at which point frost may begin
developing on evaporator coils. The lower electric element is energized to continue heating water.
The heat pump will restart once the evaporating temperature reaches 35°F [TempLow + HM] if
the lower element has not satisfied the thermostat.

2. The upper tank temperature falls below the point defined by [HWPHSet — HU]. The upper
element is energized to heat the upper portion of the tank. The heat pump restarts once the upper
tank temperature (T2) reaches the HPWH set point.

3. Thelower tank temperature has reached 140°F [MaxHWT], but the HPWH set point has not been
reached. In order to limit the discharge pressure and temperature, the heat pump is shut off. The
lower element is energized until the HPWH set-point temperature is satisfied.

4. If the CMS option is active and the CM Sfloat switch 2 is at an overflow condition, the heat pump
is shut off. The lower element is energized to heat the tank water. The heat pump will not be
reactivated until the condensate in the evaporator drain pan isremoved (see CM S description later
in this section).

5. The HPWH mode select switch isin the EWH position. The unit will operate as a conventional
EWH until the switch position is changed.

6. Anytime the compressor discharge temperature is not between 100°F [MinDisc] and 220°F
[MaxDisc] following a 3—6 min period after start-up, the heat pump will be switched to operatein
the EWH mode. Very cold water entering the tank is the most likely cause of this situation
(compressor failure is another). The lower element will energize to begin heating the bottom of
the tank. After a short time delay (about 3 min in the first-generation control design), the control
system will attempt to restart the heat pump. This cycle will repeat until the tank water
temperature is high enough to sustain heat pump operation (or until the lower set point is reached
in the event of compressor failure).

7. If the compressor discharge temperature exceeds 220°F [MaxDisc], the compressor will be shut
off to avoid operation with excessive refrigerant temperatures. The lower element will be
energized to continue heating the tank water. After a delay of 36 min, the compressor will be
restarted if the lower set point has not yet been reached.

If the evaporating temperature becomes too high, the compressor is at risk of becoming
overloaded (because the density of the suction gasincreases). In order to prevent high evaporating
temperatures, the control system employs the following sequence.

1. If the evaporating temperature exceeds 60°F [ TempFanl], one of the two evaporator fansis
turned off. Normally, this will cause the evaporating temperature to drop. The fan will be turned
on again once the evaporating temperature drops below 50°F [ TempFanl — HM].

2. If, after one fan isturned off, the evaporating temperature continues to rise and exceeds 65°F
[TempFan2], the second fan is also turned off. Natural convection then becomes the only mode of
heat transfer (on the airside) of the evaporator. The second fan will be turned on again once the
evaporating temperature drops below 55°F [TempFan2 — HM].

An agorithm in the control system delays compressor restart for 3-6 min after any heat pump
shutdown. This may create a situation in which the lower element energizes (and remains on for the
remaining delay period) if awater draw occurs immediately following the shutdown.

Electric Water Heater Mode

Any time the lower tank temperature falls below the temperature [HPWHSet — TempDiff — HL],
the lower element is energized and remains on until set-point temperature is reached. If the upper tank
temperature falls below the HPWH set-point temperature [HPWHSet — HU], the lower element is



turned off and the upper element is energized. The upper element remains on until the upper tank
temperature equal s the HPWH set-point temperature [HPWHSet]. The lower element is then
reenergized and continues heating the lower portion of the tank until the lower set-point temperature
isreached.

Condensate M anagement System Option

The control system includes an optional provision to control the level of condensate in the heat
pump evaporator drain pan. This option would alow the HPWH to be installed without requiring
plumbing to an external drain to remove evaporator condensate.

There are two condensate levels that the CM S responds to—a condensate-present level and a
condensate-overflow level. When the CM S indicates there is condensate present (float switch 1is
closed), the control system will energize the CMS heater (unless either of the electric elementsis on).
The heater will remain energized until condensate float switch 1 opens, indicating no more
appreciable condensate. The CM S heater can operate while the heat pump is operating. However, if
the heat pump is off and CMSis still required to evaporate condensate, one fan will be turned on
while the heater ison.

If the condensate reaches the overflow level (float switch 2 is closed), the HPWH will switch to
EWH mode and continue heating the tank until the lower tank set-point temperature is reached. Then
the control system will energize the CM S heater and one fan. The heater and fan will remain
energized until float switch 1 opens, indicating that there is no longer any appreciable condensate.

The CM S option was not included in the controls for the units examined in this durability test run.



2. TEST PLAN DEVELOPMENT

A key measure of reliability isthe ability of the system to survive accelerated life tests that
compress a number of real-world cycles into a manageable set of laboratory tests. Prior testing of an
early prototype of the subject drop-in HPWH according to the DOE 24-h Smulated Use Test (a
reasonabl e representation of real-world hot water consumption patterns) indicated that the heat pump
would cycle on twice during a 24-hour test period. The lower thermostat would turn the heat pump on
after the first hot water draw of thetest, and it would remain on for an extended period to meet the
remaining five hot water draws prescribed by the DOE protocol. During the subsequent recovery
period, testing showed that the heat pump turned on once more asinternal tank temperatures
equilibrated and to replace tank heat |osses over this period. Therefore, assuming the HPWH will
undergo an average of two cycles per day in arepresentative residential application, over a 10-year
lifetime, the total number of compressor cycleswill be (10 years)(365 day/year)(2 cycles/day) =
7300 cycles. We therefore prepared a plan to conduct accelerated testing so that in about 200 days of
testing, the HPWH compressor could be subjected to 7300 cycles.

This estimate of 7300 cyclesfor a 10-year life was prepared in the absence of any significant data
from actual residential applications of the HPWH. In the interim, however, some information has
become available from the DOE national field test program that ran more or less concurrently with
the durability testing effort (Murphy 2002). An examination of the cycling history for three of these
units indicates that they experienced anywhere from 14 to 26 compressor cycles per week, with a
slight dependence upon hot water usage (i.e., the greater the usage the greater the number of cycles)
(see Table 2.1). For units with high water use, there can be a number of large hot water demand
instances each week when the upper element is used for quick recovery of the top portion of the tank.
When this happens, the compressor will shut off until upper tank recovery is complete; then it turns
back on to finish heating the remainder of the tank, leading to a greater number of compressor cycles.
Over a 10-year servicelife, this range of weekly cycling rates would equate to atotal of about 7,300
to 13,500 compressor cycles. For sites with low to moderate hot water demand, the 7300-cycle
estimate used for the durability testing seems to reasonably represent about 8-10 years of compressor
duty cycles. For sites with heavy usage, 7300 cycles may represent more like 5-9 years of compressor
cycles.

Table 2.1. Average weekly compressor duty cyclesfor threefield-test HPWHSs
compar ed with weekly hot water demand

Approximate weekly Weekly compressor Total compressor cyclesfor 10 years of
water use (gallons) cycles operation at average weekly rate
260 14-18 7,280-9,360
490 1519 7,800-9,880
630 1526 7,800-13,520

Source: Murphy 2002.

A number of components of conventional EWHs are retained in the “drop-in” HPWH design.
These include the tank itself, upper and lower elements, anode rod, high-temperature cutout switch,
pressure/temperature (P/T) relief valve, and tank fittings. Based on the fact that the HPWH design
does not affect these components, we anticipate that the failure rates of these components will be the
same as for conventional resistance water heaters. In some cases, the lifetime of a component may
actually be longer when it is used in the HPWH design. The lower element, for example, may last
longer for the HPWH since it is not expected to operate very often barring compressor failure. The
upper element may operate more or less frequently in the HPWH design than it would in the



conventional water heater design, but this depends on the hot water draw usage pattern (total water
use and time of use) for any given installation.

As astarting point for the performance and durability test protocols, we characterized the
reliability of each of the major components of the HPWH as being either (1) an issue (needing to be
addressed in the durability testing protocol) (2) a possible issue, or (3) or a non-issue (component’s
performance would not be changed if used in the HPWH design). These characterizations are shown
inTable2.2.

Table 2.2. Heat pump water heater performanceissues

Significance Component Comments
Nonissue PIT valve Same function as for electric water heater (EWH)
High-temperature cutout switch | Same function as for EWH
Evaporator coil No moving parts
Electric heating elements Operating hours not expected to be significantly greater
than for EWH for typical applications
Possible issue Tank corrosion Possible breaching of tank lining during brazing
process to attach ends of condenser wrap to tank wall
Tank scaling Potential for scale formation on heated tank wall
Refrigerant degradation Elevated compressor discharge temperatures; possible

R-134a breakdown into fluorine-containing compounds
(hydrofluoric acid); coking

Tank insulation degradation Tank insulation sees hotter temperatures than for EWH
Issue Condenser bonding Possible separation from tank; higher condensing

temperatures are produced

Compressor reliability Reduced voltage starting; 10-year equivalent cycling

T-stat reliability Reliability indicated through cycling tests

Evaporator fan lifetime 10-years of continuous operation = 87,600 h;
advertised fan lifetime is 65,000 h

Controls Tests for consistent operation

Expected Ambient Operating Condition Envelope

The drop-in HPWH is designed to perform over a specified range of ambient temperature and
humidity, incoming cold water temperature, and hot water delivery temperature. Although exact
operating conditions may differ somewhat from the following, we anticipate that these conditions will
be close to those experienced in most HPWH locations.

Ambient dry bulb temperature: 40 to 120°F

Ambient RH: 50 to 90%

Incoming cold water: 4510 70°F

Hot water delivery temperatures: up to 140°F (although unit should be able to function

with thermostat at highest setting of 158°F)

The extremes of the ambient temperature range cover temperatures that could be found in garage
installations during the summer and winter in various locations in the United States. The 1% design
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dry bulb temperature (DBT) for Las Vegas, for example, is 108°F; temperatures in a south- or west-
facing closed garage may be 10-12°F, or more, higher during solar noon. Design DBTs are lower for
other U.S. locations. A water heater should not be located where the ambient temperature could fall
much below 40°F. Therefore, the 40-120°F DBT operating range appears reasonable and clearly
covers HPWH installations in basements and in conditioned spaces within a house.

The amount of moisture contained in the ambient air will affect the average evaporating pressure
in the HPWH evaporator. If the inlet air moisture level is high enough to form condensate on the cail,
the evaporator pressure will be higher than in dry air conditions. The highest evaporating pressures
would occur at high inlet wet bulb temperatures (WBTSs) and DBTs. Since the enthalpy of theinlet air
isafunction of DBT and WBT, we selected total enthalpy of the ambient air as one parameter for
determining the evaporation load of the HPWH. We arbitrarily selected several locationsin the
United States and calculated the total enthalpy of the outside air for design days (1% design dry bulb
and wet bulb) during the summer. These results are presented in Table 2.3. We a so estimated the
minimum air temperature and relative humidity (RH) that a HPWH would experienceif located in a
relatively confined space inside the home or in an unconditioned basement. These results are also
shownin Table 2.3.

Table 2.3. Design ambient air conditionsfor the heat pump water heater

Garage Installations Design DBT/WBT (°F)/RH (%) Total enthalpy (Btu/lb)
Jacksonville 96/79/47 42.3
Las Vegas 108/71/15 34.4
Austin, Texas 100/78/37 41.2
Birmingham 96/78/45 41.3
Boston 91/75/48 38.3
Fresno, CA 101/70/21 33.8
San Jose, CA 89/66/29 30.6
Los Angeles, CA 81/64/39 29.1
Cooal locations (winter) 40

Closet locations 50/48.5/90 19.5

Basement locations 80/75/80 38.7

The highest ambient temperature is 108°F and, as mentioned earlier, an HPWH in an enclosed
garage could experience 120°F. Significant production of evaporator condensate would not be
expected at such a high ambient temperature condition (barring blockage of air flow). A somewhat
lower ambient DBT and higher RH (e.g., similar to conditions in Jacksonville) would encourage rapid
condensate formation since the capacity of the HPWH is high and the WBT reasonably close to the
DBT.

Durability Test Protocol

From DOE 24-h Simulated Use Tests conducted on a conventional 50-gal EWH, we confirmed
that the lower heating element provided all of the recovery energy for the six hot water draws. For
prototypes of the HPWH, it was observed that the heat pump unit would similarly provide al of the
required recovery energy. For either type of water heater, the controls would be designed so that if the
water at the top of the tank drops below the upper temperature set point, the lower element (or
compressor, in the case of the drop-in HPWH) turns off and the upper element provides the recovery.
If the tank of any water heater were filled with cold water and the system turned on, initial heating
would be provided by the upper element; when the upper thermostat became satisfied, the upper
element would turn off and the compressor or lower element would turn on to complete full heating
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of thetank. It isunlikely that in normal operation an HPWH or EWH would repeatedly operate
starting from a completely cold tank. Accordingly, our durability test protocol was designed to test
the system with the compressor coming on after awater draw from afully heated tank. Since electric
element reliability was not considered an issue relative to HPWH reliability, both top and bottom
elementsin the ten test HPWHSs were disabled
for the durability test sequence. cou
The durability testing consisted of "
operating the ten HPWH unitsin an
environmental chamber under a set of ambient
conditions, representative of the envelope
described earlier, that grew progressively Ao —>
harsher with time and number of cycles. Unit o : : ;
components that failed during these tests were ; I e e ROl
to be repaired or replaced so that, asfar as ot : S
possible, all ten unitswould complete the entire § ' :
set of tests. Each unit was instrumented as oL e
described in Fig. 2.1 and Table 2.4 so that b H—F
changes in the performance of components, as iond o+
well as of the unit as awhole, as the number of § g
cyclesincreased could be determined. The PRy ;
instruments for collecting temperature data
included three thermocouples on the Fig. 2.1. Schematic of heat pump water heater
refrigeration system (compressor discharge, test setup showing data instrumentation locations
compressor suction, and top of and control thermistor (T1-T4) locations.

{5 i €O = 1/4 hp compressor
\ €D = condenser coil
r | EV = fan coil evaporator
D ! TG = thermocouple
i ! M = control temperature
«TC2 ;' sensor (thermistor)
| PT = pressure transducer
L \ P = power transducer

Table 2.4. Heat pump water heater test unit data inputs

HPWH test units Water flow Pressure Power Temperature®
Per unit 1 2 1 12
(flow meter, (compressor watts,
pulse input discharge and compressor
type) suction pressure) plusfans
Total for ten units 10 20 10 120

& Eleven thermocouples plus indicated temperature of lower tank control thermistor (T1).

compressor shell) and eight water thermocouples (water in and out, plus six temperatures at different
levelsinside the tank). In addition, the lower tank thermistor (control sensor T1) was monitored. Data
were collected continuously beginning in mid-December of 2000 and continuing until October 7,
2001.

The goal was to identify design and component weaknesses that could impact the reliability and
performance of the HPWH over 10 years of simulated residential use. Doing so required a laboratory
“cyclerate” of lessthan one cycle each hour. Cycling was designed to be continual, thereby
minimizing compressor off time and maximizing compressor starts.

To accomplish this acceleration and to retain real-world tank conditions over each cycle, hot
water was introduced into the tank at arate of 0.2-0.4 gpm to speed tank temperature recovery (see
the test loop discussion in Sect. 3). This arrangement provided the accel eration needed to complete
the 7300 cyclesin under ayear while allowing the condenser and tank to operate through the same
temperature changes as in areal-world application. The test facility used for accomplishing this task
and for conducting the durability tests is described in Sect. 3 of this report. In addition to
accumulating the 7300 duty cycles, the test protocol was designed to cycle the HPWHSs under
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increasingly severe conditions. The protocol was divided into four periods or stages characterized by
different ambient conditions and supply voltages. There was aso a brief fifth stage at the end during
which post-durability simulated use tests, or EF tests, were performed. The operating conditions for
these protocol stages are summarized in Table 2.5.

Table 2.5. Operating conditionsfor each stage of durability test protocol
Stage Ambient air conditions HPWH power supply voltage

1 75-80°F dry bulb temperature 240 voltsAC
50% relative humidity

2 75-80°F dry bulb temperature 240 voltsAC
80% relative humidity

3 100°F dry bulb temperature 240 voltsAC
50% relative humidity

4 100°F dry bulb temperature 192-204 volts AC?
50% relative humidity

5 67.5°F dry bulb temperature 240 volts AC
50% relative humidity

®Five units ran with 192 V supply, one with 196 V, and four with 204 V. HPWH =
heat pump water heater

The following sequence of steps was used to accumulate the 7300 compressor duty cycles

necessary to simulate 10 years of HPWH operation.

1

2.
3.

Set ambient conditions for stage 1—75-80°F DBT and 50% RH. Set the voltage to the HPWHSs at
240 VAC.

Set the thermostat of each HPWH to 140°F.

Initiate a hot water draw (10.7 gal at 1.0-3.0 gpm). Return approximately 58°F water to the tank
during this and all draws. After the draw and with the heat pump operating, introduce hot water at
about 150°F into the top of the tank to supplement condenser heat from the compressor
(supplemental hot water feedback). The flow rate for the hot water re-introduced into the top of
the tank is controllable so that the thermostat (compressor control) is satisfied in about

40 minutes. This required a flow rate of 0.2-0.4 gpm for the HPWHs tested in this study.

As soon as the compressor turns off, immediately initiate another draw, repeating Step 3.

After every 13 cycles, initiate a“heavy draw” cycle. The heavy draw is designed to deplete the
tank to a point just before the upper element would normally turn on. For our tests (since the
electric element was disabled), we estimated this point to be when the tank thermocoupl e second
from the top of the tank (see Fig. 2.1) reached 95°F. The heavy draw simulates the impact of
coincident operation of a clothes washer, showers, and dishwashers that would reduce the tank
temperature so that the upper element would be needed to assist recovery. When the tank water
temperature cools to the point of incipient operation of the upper element, the compressor stays
on and heats the tank from a cooler temperature than from the preceding 13 cycles. Supplemental
hot water feedback is used during “heavy draw” cycle recovery aswell to limit its duration.

We chose the 13-cycle interval for the following reason: Earlier 24-h HPWH tests indicated that
the compressor cycled about twice each day. We assumed that in the real world, a heavy water
draw from an HPWH would occur about once each week. This suggests that the HPWH would
need to recover from alow tank temperature produced by a heavy water draw after every 13
cycles.
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6. Continue the stage 1 cycling tests (normal draws and the less frequent heavy draws) around the
clock for approximately 2000 cycles.

7. Shift to stage 2 (increase the chamber RH to 80%) and continue the testing regimen described in
steps 3-5 for 2000 more cycles. This stage cycles the compressor under higher latent load
conditions.

8. At approximately 4000 cycles, shift to stage 3 (increase ambient temperature to 100°F with RH =
50%). The conditions at this stage, somewhat representative of garage locations, further increase
the load on the compressor. Continue the cycle schedule (steps 3-5) as before for an additional
2000 cycles.

9. At approximately 6000 cycles, shift to stage 4 (decrease the power supply voltage by 15-20%
while maintaining the chamber temperature at 100°F and 50% RH). Continue cycles as described
in Steps 3-5 for 1300 more cycles. The reduced voltage conditionsin this stage increase the
compressor stator winding currents and temperatures.

At the conclusion of the durability tests, ambient and power supply conditions were shifted to
stage 5 levels and the EF of each unit was measured according to the DOE Simulated Use Test.
Supplemental hot water feedback flow was disabled for these EF tests. Subsequently the compressors
were removed and checked for wear in cooperation with the compressor manufacturer. The tanks
were returned to the HPWH manufacturer for examination of the condenser/tank adhesion quality and
insulation condition and avisual check of other components. A flowchart of the durability testing
protocol isshownin Fig. 2.2.
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Set HPWH thermostat to 140°F; Set chamber
conditions to 75-80°F Dry Bulb and 50% Relative
Humidity; Set supply voltage to 240 VAC.

I

> Conduct 10.7-gallon draw <

r1 I

Component Yes
i ?
Failure’ P Log, Repair, Replace
A
No 13-Cycl
Complete?
Yes
¢ ves Component
Conduct Heavy Draw Tet ——————P| Failure? No

No

2000 Cycles
Complete?

No

No
-

7300 Cycles
Complete?

4000 Cycles
Complete?

6000 Cycles
Complete?

Yes

Yes v Yes L 4 Yes

Set Chamber
Conditionsto 75-
80°F Dry Bulb
and 80% Relative
Humidity

Set Chamber
Conditionsto
100°F Dry Bulb
and 50% Rélative
Humidity

Keep Chamber
Conditions of 100°F
Dry Bulb and 50%
Relative Humidity;
Decrease Voltage to
unit by 15-20%.

Fig. 2.2. HPWH durability test protocol.






3. THE TEST FACILITY

To conduct the durability test, atest facility was required with the capability to provide a
continuous supply of hot and cold water for the ten test HPWHSs and control the cycling schedule as
outlined in the test protocol. A search for available facilities revealed that none were known to exist
that would be capable of executing the protocol described in Sect. 2; therefore, we had to construct a
new test stand at ORNL. An overall view of the facility is pictured in Fig. 3.1. The environmental
chamber pictured in Fig. 3.1 was used to establish ambient conditions needed for the durahility tests.
This chamber already existed and has been used in testing avariety of gas-fired and electrically
driven commercial and residential heat pump systems and refrigeration systems. The ten units were
installed in the rack shown in Fig. 3.2, five on the rack shelf and five on the chamber floor underneath
the shelf. One of the unitsis pictured on the chamber floor to illustrate the hose arrangements used to
connect them to the main water loops. To complete the test facility, a system of hot and cold piping
loops, together with water-temperature—conditioning systems (described in more detail later in this
section), was constructed and connected to hot and cold water supply and return headersin the
chamber. Each durability test HPWH unit was connected to these headers through a flow-control
modul e described later in this section.

As noted in the Introduction, each of the test HPWHs is about 5 ft high and 2 ft in diameter. The
small heat pump unit located on top of the tank provides water heating. The testing protocol discussed
in Sect. 2 was developed to accelerate the cycling rate of the HPWH so that 7300 cycles could be

e

aY (1N

J| Test unit with flow
control module

&

Main loop hot
water storage
tank

Fig. 3.1. Overall view of heat pump water heater durability test facility.
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Fig. 3.2. Sampleinstallation of test heat pump water heater inside environmental test
chamber. Five heat pump water heaters were placed on the chamber floor like the unit shown. Five
more were placed on the shelf above the floor units.
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completed in a reasonable time frame. To help the compressor reheat the tank, a small supplemental
hot water feedback flow from the main loop system was injected back into the tank outlet (i.e.,
reversed flow through the water tank). Controlling the flow of this injected hot water can make the
time needed to restore the tank to itsinitial heated condition much shorter than for a normal recovery
provided by the compressor alone.

Figure 3.3 shows a schematic of the test stand used for the durability tests. A primary/secondary
loop approach was used for providing cold and hot water to each test unit according to its individual
demand. For clarity, Fig. 3.3 shows only two HPWH units each with secondary piping. However, the
two primary loops (hot and cold) were connected to each of the ten secondary loops.
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Fig. 3.3. Schematic of HPWH test facility plumbing connections.

Primary Loop System

Figures 3.4 and 3.5 are a photograph and schematic, respectively, of the primary loop system.
This system consists of two water circulation loops (one hot and one cold), four storage tanks, and
associated conditioning equipment. These loops provide water at approximately 58°F to the HPWH
tanks during the ‘draw’ modes and at approximately 150°F to the tanks for supplemental hot water
feedback (‘ supplemental heat’” mode). There are two 120-gal cold water storage tanks, one 120-gal
hot water storage tank, one 120-gal buffer tank, two primary circulation pumps (one for each loop), a
chiller for primary water temperature conditioning, an outdoor fan coil for chiller heat rejection
(pictured in Fig. 3.6), and an expansion tank to maintain water system pressure.

The hot tank with electrical connections to the two heating element access covers can be seen at
the left-hand side of the photo in Fig. 3.4. Just to itsright is the buffer tank, and the chiller unit is
pictured in the foreground. The two cold water tanks are located between the chiller and the buffer
tank but are obscured in the photo by the chiller. All of the system components, except the outdoor
fan coail, are located within the Buildings Technology Center’s laboratory facilitiesin Building 3144A
at ORNL. Standard, residential 120-gal electric water heater tanks were used for primary system hot,
cold, and buffer water storage. Two 5500-W electric heating elementsin the hot tank were used to
keep the hot loop at operating temperature conditions (150°F). The controls supplied with this water
heater were modified so that both heating elements could be operated simultaneously. The buffer tank
was used to provide for flow and pressure balancing between the two primary loops when water
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Fig. 3.4. Photo of heat pump water heater test facility chiller and
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Fig. 3.5. Schematic of heat pump water heater test facility chiller and
primary water storage tank section.




Fig. 3.6. Photo of outdoor fan coil used for chiller heat
rejection.

removals from the cold loop were greater or less than those from the hot loop. One 4500-W electric
element was used in the buffer tank to keep the top half at approximately 130°F.

The hot and cold piping loops served to provide cold and hot water for the test HPWH draw and
supplemental heat modes, respectively. Each consists of large-diameter pipe and a circulating pump,
and each maintained a constant flow rate of about 30 gpm during the durability testing. The fittings
normally used for electric elements were used for loop piping connections for the two cold tanks and
the buffer tank. The cold loop was plumbed, asillustrated in Fig. 3.5, so that water was circulated
from the bottom of tank 1 to the test units and then returned to the top of tank 2 after picking up
supplemental heating water flows.

The system chiller was actually an E-Tech commercial water-to-water heat pump (WWHP)
model WW-120 NTD (82,000 BTU/h rated cooling capacity and 105,000 BTU/h heat rejection rate
with 70°F water entering the evaporator and 120°F water/glycol entering the condenser). The chiller
capacity requirement was estimated as follows.

A control volume was assumed around the primary water system encompassing the hot and cold
primary loops and the four storage tanks. It was assumed that over a 40-min period, nine of the
HPWH test units will each undergo a 10.7-gal “typica” hot water draw at 3 gpm (for 3.57 min.). It
was further assumed that the remaining test unit will undergo a“heavy draw” of 40.7 gal (at 3 gpm
for 13.57 min). Thus atotal of 137 gal of water (at 58°F) is removed from the cold primary loop and
tanks and an equal amount of water (at about 150°F) isinjected into the hot primary loop and tank.
Thisresultsin atotal amount of heat energy added to the primary system of about 105,500 Btu.

{137 gal x 8.33 Ib/gal x (150-58) °F x 1 Btu/Ib-°F = 105,500 Btu}

All of the test units were assumed to be in “supplementa” flow mode (control valvesin
position B, Fig. 8) for the balance of the period at the expected minimum flow rate of 0.2 gpm—nine
of the units for 36.43 min and the other for 26.43 min. Thus atotal of 70.87 gal of water at
approximately 150°F will be injected into the HPWH tanks from the hot loop during the period and
an equal amount of cooler water (assumed to be at 58°F) injected into cold primary loop. Thus about
54,300 Btu is removed from the primary system over the 40-min period.

{70.87 x 8.33 x (150-58) x 1 ~ 54,300 Btu}
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To balance the energy flows into and out of the primary system, the chiller has to remove about
51,200 Btu from the primary system cold tanks during the 40-min period. Thisis equivalent to arate
of about 77,000 Btu/h, or about 6.5 tons cooling capacity.

The selected WWHP had the required capacity capability. A user-adjustable condenser pressure-
regulating valve was provided with the WWHP to modulate condenser water/glycol flow to maintain
aminimum condenser pressure level.

In operation, the cold loop return water temperature to Cold Tank 2 and the chiller evaporator
ranged from 65 to 75°F most of the time, and the average Cold Tank 1 storage temperature ranged
from 48 to 58°F. A three-way mixing valve was included in the cold loop to mix the cold loop return
and cold tank storage water streams to maintain the 58°F supply temperature to the cold primary loop
and the test HPWHSs.

An existing outdoor fan coil located outside Building 3144A (Fig. 3.6) was determined to be of
adeqguate size to handle the heat rejection load from the system chiller. The coil has arated capacity of
120,000 Btu/h at 95°F outdoor ambient temperature and 125°F entering water/glycol fluid
temperature.

Expansion tanks were included in both the primary water system and the heat rejection loop to
maintain a static fluid pressure of at least 20 psig. Pressure switches were included in both loops as
well to provide an alarm signal to the control system in the event of loss of fluid pressure (system
leak).

Secondary L oop Systems

Each test HPWH operated independently of all othersin its own separate secondary flow loop.
The secondary piping circuits were used to control the draw and supplementa water flows for the test
HPWH units. Each had aflow control module, as shown schematically in Fig. 3.7, containing a small
circulating pump, awater flow meter, four solenoid valves, a check valve, and metering valves for
fine control of the water flow. One of these flow modules can be seen in Fig. 3.2 as attached to its test
HPWH. Module controls were configured so that in flow position A (‘draw mode’) all solenoid valve
coils are energized, and in position B (‘ supplemental heat mode’) the coils are deenergized. Metering
valve A was used to adjust the draw flow rate to the desired 1-3 gpm level. Metering valve B was
used to adjust the supplemental hot water flow to approximately 0.2—-0.4 gpm to achieve “typica”
HPWH cycle times of about 40 min (see the following discussion). The controller for the HPWH test
loop was set up to operate each secondary circuit flow control module as follows.

1. Fortypical cycles:

A. Withthe solenoid valvesin position A (Fig. 3.7), 1-3 gpm was introduced from the cold
primary loop to the bottom of the HPWH tank (the draw mode). In this process, hot water
from the top of the tank was discharged into the hot primary loop.

B. After 10.7 gal of cold water were delivered to the HPWH tank (approximately 3 minand 34 s
at 3 gpm), the control system switched the solenoid valvesto position B and supplemental
heating flow began. Flow rate for this mode (0.2-0.4 gpm) was set using metering valve B to
achieve atotal typical cycle length (from start of one water draw to the start of the next water
draw) of about 40 min.

C. Supplemental mode flow continued until the HPWH compressor shut off (lower tank
thermostat satisfied). Immediately, the solenoid valves were switched by the loop controller
to position A and the typical cycle was repeated 12 more times until 13 typical cycles were
completed.

22



Cold Primary me\ ' To/From
oy Hot Primary
Return Side 2 A\ {} Leop

-+
+

Supply Sido \
: {
S
] ?C heck Valve

Cold Primary
Pump

Metering
Valve
B

Solenold
Valve A U

Solenoid
Valve B

P Flow Metar v NaleA
Circulating Metering

Pump

Solenold
Valve B

Valve
A

Shut-Off
Valves

Hose
Connectors

E> Flow Position A - Draw mode (1-3 gpm)

solenoid valves A open; solenoid valves B closed
‘ Flow Position B - Supplemental heat mede (0.2-0.4 gpm)

solonoid valves A closed; solenoid valves B open | <—— HPWH
Test Unit

Comprassor
Section

Fig. 3.7. Schematic of secondary loop flow control module.

2. For “heavy draw” cycles (every 14th cycle):

A. After 13 typical cycles, the draw mode was controlled to discharge a much larger volume of
hot water from the HPWH tank. Water was removed from the HPWH tank until the tank
water temperature at position 5 (second thermocoupl e from top of tank, Fig. 2.1) reached
95°F.

B. When the indicated temperature reached 95°F, the solenoid valves were switched to position
B and supplemental heat water flow commenced and continued until the HPWH compressor
shut off (lower tank thermostat set point satisfied).

C. Immediately, the solenoid valves were switched to position A and a new series of 13 typical
and 1 heavy draw cycles began.

This cycle of 13 typical and 1 heavy draws continued until each test HPWH completed about
7300 water heat cycles representing about 10 years of normal operation.

Data Acquisition and Control System

An Intellution® Version 7.0 software system was chosen to provide automatic control of the
secondary flow modules and the primary water loop. Analog and digital input hardware from MTL®
was used to gather temperature, pressure, water flow, and power draw data from the primary
instruments, and the Intellution software logged and stored the data. Type T, copper-constantan
thermocouples were used for all temperature sensors. Omega® model PX120 transducers were used
to measure compressor suction and discharge pressure on each test HPWH. The suction sensors were
of 0—100 psig range, and the discharge sensors had a 0-500 psig range. Ohio Semitronics model PC5-
002X5 power transducers were used to measure the power draw of the compressors and fans of the
HPWHs. One transducer was used for each HPWH; the transducers had a range of 0—1000 W. Each
power circuit included a power stat to control the power supply voltage to the HPWH test unit. An
Omega model FTB-4605 water flow meter was used to measure the draw and supplemental water
flows on each flow control module. This meter provided a pulse output of 151.4 pulses/gal. The
Intellution software program was configured to count each typical and heavy draw cycle and
maintained a running total of cycles throughout the test period.
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4. TEST RESULTS AND DISCUSSION

The durability test program commenced in mid-December 2000 and continued until October 7,
2001. Except for two major outages due to failures of the primary loop system during Stage 1 of the
protocol (totaling about 3 weeks), the test loop and the HPWHS operated more or |ess continuously
throughout this period. Figure 4.1 shows power, average tank water temperature, and secondary loop
water flow for arepresentative 6-hour period for test unit 1. The cycling pattern shown in Fig. 4.1 s
fairly representative of that undergone by all ten test units during the durability run. Table 4.1
summarizes total cycles accumulated and the approximate operating hours for each unit. Cycle count
ranged from a high of 7950 to alow of 6677. Operating hours ranged from about 6000 to about 5200.
Unit 6 was off-line for about 2 weeksin late January with afailed evaporator thermistor (T3). Unit 10
was off-line for about 2 weeks in June and July until problems with its lower tank thermistor (T1)
were diagnosed. Unit 3 was off-line for atotal of 33 daysin June, July, and August with avariety of
thermistor and control board problems (discussed more fully in Sect. 4.1).
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Fig. 4.1. Representative cycling behavior of test heat pump
water heater 1 over a 6-h period. Power consumption, average tank
water temperature, and secondary loop total flow vs. time shown.
Cycling rate was approximately 32 cycles/day at this point in time.

Table4.1. Total cyclesand approximate operating hour s accumulated

by each unit during durability test
Unit Total cycles accumulated Estimated total operating hours
1 7950 5930
2 7696 5940
3 6677 5200
4 7748 5940
5 7213 5970
6 7736 5640
7 7804 5940
8 7349 5930
9 7534 5950
10 7398 5660
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The following sections discuss various component problems and failures for the test units; results
of post-test examinations of the compressors, condenser wrap, and tanks; and operating
characteristics of the units (e.g., efficiency, refrigerant operating conditions).

4.1 System Reliability Discussion
Component Failures

Table 4.2 provides a summary of the various component failures experienced by the ten test units
over the course of the durability run. The most immediate thing to note iswhat is hot in thistable.
There were no compressor failures, fan failures, or compressor or fan relay failures on any of the units
during the durahility test sequence. (Compressor 3 later failed to start during calorimeter testing at the
compressor manufacturer’s laboratory after the durability run. The most likely reason for thisfailure,
according to the manufacturer’ s engineer, is that an open circuit failure occurred within the connector
between the motor and the internal power terminal.) The only problem arising from any component of
the vapor compression heat pump systems was one thermal expansion valve (TXV) failure on unit 2.
The TXV used was equipped with a bleed port that enabled rapid equalization of high- to low-side
system pressure. This particular TXV had a blocked bleed port and would not equalize quickly. The
problem was found and the TXV replaced during pre-test checkout of the HPWHSs. No TXV failures
occurred during the durability test run.

There were instances of refrigerant leakage on two of the units (7 and 9) during the testing. In
both cases, these were determined to have occurred in the solder joints of discharge pressure
transducer fittings. These fittings were added to the test units to facilitate our data acquisition needs.
Such fittings would not normally be a part of the system; therefore, this would not be reliability
concern for production units.

By far the greatest source of problems was the control system temperature input sensors
(thermistors T1-T4). Figure 4.2 is a photo of one of the thermistors as used in the first-generation
controls. The design featured very fine 28-gauge lead wires and included a spliced connection (the
black banded areain Fig. 4.2) to provide connecting leads from the thermistor |ocation to the control
board terminal points. All of the thermistor failures noted in Table 4.1 were due to failures of these
splices as either shorts or open circuits. The control system software embedded in the central
microprocessor interpreted a shorted connection as a temperature reading of 100°F and an open
circuit as atemperature of 179°F. Either of these values can be real inputs from any of the sensors
during heat pump operation (although not likely for the evaporator sensor, T3). A short in the lower
tank (T1) thermistor circuit would be interpreted by the controller as cold water in the bottom of the
tank. Thiswould cause either the heat pump or the lower element to operate continuously until the
high-temperature-limit switch shut off the unit power or afailure occurred. An open T1 circuit would
be interpreted as an excessively hot tank, and the controller would not permit the heat pump (or lower
element) to operate at all. Either type of failure in the evaporator thermistor circuit (T3) would
indicate a high evaporator temperature and the controller would not permit the fans to operate. The
result would be very low suction pressure with concomitant evaporator frosting (if the local humidity
is high enough) and significantly reduced heat pump water heating capacity.

A short in the upper tank thermistor circuit (T2) would be interpreted as cold water in the top of
the tank, locking out the heat pump or lower element and causing the upper element to run
continuously until the high-temperature switch cuts off unit power. An open T2 circuit will not allow
the upper element to operate for quick hot water recovery in the event of high water usage. A short in
the discharge thermistor (T4) circuit (indicating a discharge temperature of 100°F to the controller)
would cause the water heater to operate in EWH maode until the thermistor was replaced. An open
circuit failure of T4 (indicating atemperature of 179°F) would nullify the high-discharge-temperature
cutoff safety feature built into the control system. Ultimately, any failurein circuits T1-T3 would be
manifested by no or low hot water supply to the residence. A short-circuit failure of T4 would result
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Splice causing thermistor
failures

—

Fig. 4.2. Close-up photo of thermistor used astemperature
sensor in first-generation control design.

in EWH operation (and no energy savings) until the problem was corrected. An open circuit failure of
T4 would not immediately affect hot water production and might go unnoticed for some time.
However, it could result in a premature compressor failure, particularly if the user had the unit
thermostat set at a very high level (>140°F) for long periods.

Unit 3 was plagued by the most control system component failures and problems among the test
HPWHSs. Besides losing five thermistors at various times, it also experienced failures of two control
boards. Most of these problems occurred during the June—August period (Stage 3 and 4 operation).
The combined effect of these various problems caused the unit to be out of service for aimost 5 weeks
during that period. The unit first began experiencing erratic cycling behavior (rapid compressor
cycling) in mid-June, but this behavior tended either to self-correct or to stop when power was turned
off and then back on. In late June, however, the problem became permanent; and the unit was shut off
until mid-July, when we were able to attempt to diagnose the problems. Both thermistors T1 and T4
were found to be sending erratic signals to the controller—bouncing rapidly from high to low values.
Thermistor T1 was replaced, and thermistor T4 was disconnected so that the unit would run.
Replacing T4 would have required removing the unit from the test chamber, so it was decided to run
without T4 so that cycles could continue to accumulate.

Two weeks later, thermistor T2 began exhibiting the same erratic behavior, so it was replaced.
The original control board failed shortly afterward. The first replacement board also proved to be
inoperable, so we had to install a second replacement. During replacement of the heat pump cover
shroud, it became evident that there was an intermittent short between the shroud and the new
board—the unit shut off and thermistor T1 showed an open circuit. The shrouds have athin foam
insulation lining on the inside, but this one apparently had enough wear in the vicinity of the control
board that a short was possible. Adding a layer of fiberglass insulation eliminated this short. About a
month later, the new T2 thermistor began giving fluctuating readings, so we disconnected it from the
board terminal and completed the durability test run without this sensor in place.

Unit 5 experienced afailure of its control board early in the pre-test checkout period. The failure
was caused by asmall leak in a hose connection on the cold water inlet. The water dripped onto the
shroud and penetrated the joint between the shroud halves. Water subsequently dripped onto the
power connection terminal located on the HPWH frame, causing an arc that destroyed the control
board.

Test unit 9 experienced afailure of its high-temperature cutoff switch, but thisfailure is not
considered to be due to any problem inherent in the HPWH design. Unit 9, along with about six of the
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others, had condensate overflow problems during the high-ambient-humidity test stages (2 and 3).
The overflow was determined to be due to a poorly designed drainage scheme employed in the test
chamber, and not to the HPWH drain pan design itself. The original design directed condensate from
the units to the main chamber drain port (up to 20 ft from some of the test units) using ¥zin.-inner-
diameter (ID) plastic tubing. This design did not work reliably at all, so it was replaced with a system
of short drain hoses with large IDs and float-controlled condensate pumps, which effectively
eliminated the condensate drainage problems. In some of the units, including #9, the overflow from
the drain pans leaked into the electrical connection and down to the upper element access area. This
leakage caused the failure of the high-temperature switch in unit 9. While this particular failure
instance was not due to any flaw inherent in the HPWH design, it does point out a potential problem
that could occur in field installations should the HPWH drain pan become blocked. Some care should
be taken in future production designs to ensure that any condensate overflow incident will not lead to
water leakage into the electrical power connection box on the water heater.

Electrical Noise Problems

During the pre-test checkout of the test units for proper operation, we observed that the control
system was subject to unsteady fluctuation of the input signals (thermistors and thermostat). Using an
oscilloscope, we discovered that all the signals exhibited a 60-Hz (60-cycle) wave pattern. Grounding
each unit’s control board to its frame eliminated this problem. Random episodes of noise spikes were
observed on the control inputs of several of the units throughout the checkout period and during the
durability testing itself. The root causes of these spikes could not be determined with absolute
certainty; however, it was thought that they probably were due to the close proximity of the control
lead wires (low-voltage) to the power wiring (high-voltage) in the first-generation system design.
Figures 1.5 and 1.6 show that the thermistor wires (small white wires) were bundled with the 240-V
power wires. Physical separation of the low-voltage and high-voltage wiring and shielding of the low-
voltage wires could help eliminate many of the random noise spikes seen in our testing program.

Another factor that may have played arole in some of the “noise” problems was the way the
control logic was set up. In the first-generation version of the control program, the microprocessor
would sample each control input (thermistors and thermostat) only one time before making control
decisions. With this setup, a single anomalous signal input could cause the controller to sense a
problem when, in fact, none actually existed. Averaging several control input readings (or
oversampling) could help ameliorate the effect of isolated aberrant thermistor readings. A change was
made to the control program so that it averaged 32 values of each control reading before taking
control actions for the units used in the field test program (Murphy 2002).

Unit Noise Problems

No increase in fan or compressor noise level was observed for any of the test units during the
durability run. There were afew instances of relay chatter (abuzzing type of noise) related to some of
the thermistor failures where the thermistor signal fluctuated rapidly, causing the controller to rapidly
cycletherelay.

Miscellaneous Unit Quality | ssues

When the test units were received from the manufacturer, a number of assembly problems were
noted and had to be corrected before checkout and durability testing. The major issues were that
several of the unit thermostats were not firmly attached to the upper access covers—they turned freely
in the mounting sockets. When tightened, they worked as designed. In addition, on several of the
units, the control boards were not secured well to the HPWH frame—mounting screws or studs were
missing. A careful manufacturing quality assurance program will eliminate instances such as these.
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4.2 Unit Performance
Performance Characteristics Over Time

Figures 4.3 and 4.4 show end-of-cycle discharge pressure and temperature trends for HPWHSs 2
and 3 compared with their average tank water temperature and lower tank thermistor (T1) reading.
The thermostats for each test unit were all set at about 140°F, asis reflected by the T1 curvesin
Figs. 4.3 and 4.4. However, because of differences between units (e.g., in compressor performance,
refrigerant pressure drop, air flow, thermistor precision and variability), there was some variation in
heat pump operating conditions from unit to unit. The differences in end-of-cycle discharge pressure
and temperature between units 2 and 3 illustrate the approximate ranges of these operating parameters
among the ten units (Figs. 4.3 and 4.4, respectively). There was arange of approximately 50-60 psi in
discharge pressure and a range of 15-20°F in discharge temperature. The impact of thermostat
variation on unit operating conditionsis clearly seenin Figs. 4.3 and 4.4. The drop in pressure and
temperature for unit 3 during days 100-110 was caused by a gradual (and unintended) decreasein the
thermostat setting to its minimum position. Also, an inadvertent increasein unit 3's thermostat setting
between days 30 to 55 is reflected in a discharge pressure increase, as shown in Fig. 4.3. The
discharge temperature also shows an increase in this period; however, the temperature
instrumentation on all the test units was malfunctioning between days 35 to 80, so temperature data
during this period are somewhat suspect.

Individual end-of-cycletrend plots for all ten units are provided in Appendix A.

L ow-Voltage | mpacts

When stage 4 of the test protocol started, the voltage to all ten test HPWHs was reduced to 192 V,
a 20% reduction from 240 V. However, it soon became apparent that some of the units (2, 3, 5, 8, and
9) had difficulty in restarting their compressors after normal cycle shutoff. Two would not restart for

Units 2 & 3 discharge pressure vs. tank water temperature and lower tank thermistor
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Units 2 & 3 discharge temparature vs. tank water temperature and lower tank thermistor
temperature
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more than 40 min, and three others were experiencing 20—30 min delaysin restarting. We increased
the voltage on units 2, 5, 8, and 9 to 204 VAC (15% below nominal 240 VAC) and on unit 3 to 196
VAC (18% below nominal). All ten of the units would then cycle reliably, though compressor restart
generally took afew minutes longer than it did at 240 VAC supply. The reasons for this behavior are
not fully identifiable, but it is suspected to be largely due to reduced starting torque available at the
lower voltage. The reduced torque would require that suction and discharge pressures must equalize
to agreater extent before the compressor could start.

The principal impact of reduced supply voltage was expected to be increased compressor
operating temperature. Thisimpact was manifested as measurable increases in compressor discharge
temperature in some of the test units, including 2 and 3 (Fig. 4.4). Unit 2 experienced a dight (5-10°)
rise in discharge temperature in Stage 4 of the protocol compared with Stage 3. Unit 3 experienced a
rise of 15-20° in discharge temperature and a slight increase in average tank temperature as well. The
greater rise in temperature for unit 3 can be attributed to the fact that its discharge thermistor (T4) was
inoperative, and thus its control system was unable to limit the discharge temperature.

Other units experienced little change in discharge conditions, and some showed a decrease in
pressure. Figure 4.5, for instance, shows that the end-of-cycle discharge pressure of unit 1 dropped
significantly at the beginning of Stage 3 (high temperature) and underwent an even greater drop in
Stage 4 (high temperature and low voltage). The pressure recovered to approximately Stage 1 levels
in Stage 5. Discharge temperature increased by about 10° near the beginning of Stage 3 and remained
nearly constant until Stage 5. The end-of-cycle T1 thermistor level for unit 1 dropped from 125—
130°F in Stages 1 and 2 to 110-115°F in Stage 3 and to about 95°F in Stage 4. End-of-cycle
discharge pressure and temperature for unit 7 showed similar behavior in Stage 4, as shown in
Figs. 4.6 and 4.7. The T1 thermistor values for unit 7 dropped from 125-130°F to 100-110°F at the
beginning of Stage 2 (humidity increases) and to about 95°F in Stage 4. The thermostat settings did
not change in either case, so that was not likely to have been the reason for the lower T1 end-of-cycle
readings. By observation of the units, it was surmised that the discharge thermistor (T4) began
shutting off the compressor before the lower tank set point temperature was reached, thus causing
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Unit 1 discharge pressure vs. tank water temperature and lower tank thermistor temperature

—+— 1 discharge pressure
—=—#1 avg. tank temperature
—a&— #1 thermistor T1

.0 50 100 150 . 2l.:|lJ 250 :!l:Jll
Day
Fig. 4.5. Representative end-of-cycle dischar ge temper atur e, aver age tank
water temperature, and lower tank (T1) thermistor readingsfor unit 1 throughout
the durability run.

Units 7 & 9 discharge pressure vs. tank water temperature and lower tank thermistor
temperature

——e—#7 discharge pressure
#7 avg. tank temperature
#7 thermistor T1

#9 discharge pressure
#9 avg. tank temperature
#9 thermistor T1

L N )
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Fig. 4.6. Representative end-of-cycle dischar ge pressure, average tank water
temperature, and lower tank (T1) thermistor readingsfor units7 and 9 throughout
the durability run.
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Unit 7 discharge pressure & temperature, tank water temperature, and lower tank thermistor
temperature
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Fig. 4.7. Representative end-of-cycle dischar ge pressure and temperature,
aver age tank water temperature, and lower tank (T1) thermistor readingsfor unit 7
throughout the durability run.

end-of-cycle T1 values to be lower than in prior stages. Recall that the controls include a yellow, red,
and green LED to indicate compressor, lower element, and upper element operation, respectively. At
normal cycle shutoff, when the thermostat is satisfied, none of the LEDsis on. Beginning in Stage 2,
at cycle shutoff of unit 7, it was observed that the red LED would illuminate, indicating a call for
lower element operation. Since we had disconnected both electric elements for the durability tests, the
test loop controls simply initiated another hot water draw from unit 7 when the call for lower element
operation occurred.

Several conditions could cause the HPWH control to shut off the compressor and call for lower
element operation (see the discussion of control logic in the Introduction section). The two most
likely are (1) the lower tank temperature exceeded 140°F, which the data clearly indicate was not the
case; or (2) the discharge thermistor (T4) indicated a discharge temperature in excess of 220°F.
Apparently, HPWH 7's T4 thermistor began indicating higher discharge temperature readings after
the ambient humidity was raised to 80%, causing compressor duty cyclesto end earlier (beforethe T1
thermistor reached 125-130°F). When the voltage was reduced in Stage 4, higher compressor
operating temperature likely caused the discharge temperature to reach the level even earlier in the
duty cycle at which T4 triggered the control to turn off the compressor (at even lower T1 values and
lower discharge pressure and tank temperature). This scenario also explains the reduced discharge
pressure, T1 readings, and tank temperature in Stages 3 and 4 for unit 1. Observation of end-of-cycle
LED condition for unit 1 confirmed that unit 1 operated similarly to unit 7 during Stage 3 and 4 and
intermittently at the beginning of Stage 2 aswell.

L oss-of-Char ge | mpacts
Asnoted in Sect. 4.1, units 7 and 9 both experienced refrigerant leaks during the durability run.
Figure 4.6 illustrates end-of -cycle discharge pressure, average water temperature, and T1 thermistor

values for these two units. Loss of charge (from about 16 oz as filled to about 3 0z) in unit 7 is
evident in the continuously decreasing discharge pressure over the first 67 weeks of the test period.
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When the leak was repaired and the unit recharged with 16 oz of R-134a, discharge pressure levels
recovered to the 380420 psig range (except for Stage 4, as discussed above). End-of-cycle discharge
temperature for unit 7 ranged from 200-210°F after recharging and remained at thislevel until the
end of the durability run. The refrigerant lossin unit 9 occurred much more gradually and did not
become apparent until near the end of the testing, when we noticed the efficiency of unit 9 was
significantly lower than that of the others (see the next section, “Unit Efficiencies’). Unit 9 lost atotal
of about 60% of its charge (from 16 oz down to about 6 0z). The discharge pressure datain Fig. 4.5
suggest that most of the loss happened in two shorter time periods (between days 140-150 and days
275-285), judging from the relatively rapid drop in pressure levels at those times.

Unit Efficiencies

Approximate EF values were measured for each of the test HPWHSs at several points during the
durability test run. These tests were run according to the DOE Simulated Energy Use Test procedure
(Federal Register 1998); however, the ambient temperature and supply voltage conditions varied
from the standard values specified in the procedure. The supplemental hot water feedback flow was
inactive during these EF tests. Summary results are given in Table 4.3. Tests were run for each unitin
Stages 2-5 of the protocol. We intended to run atest during Stage 1 as well, but unfortunately we did
not get the EF test contral routine operable soon enough to do so.

Table 4.3. Energy factor test resultsat various pointsin the
durability test sequence

Stage 2 Stage 3 Stage 4 Stage 5
April 2001 June 2001 August 2001 | October 2001
Unit 75-80°F 100°F 100°F 67.5°F
80% RH 50% RH 50% RH 50% RH
240V 240V low voltage 240V
1 2.19 2.49 2.14 1.95
2 2.38 2.25 2.16 1.80
3 2.36 2.52 2.44 1.99
4 1.90 2.01 2.16 2.08
5 2.37 2.28 2.53 2.14
6 2.06 241 2.36 2.05
7 2.35 2.36 2.10 2.08
8 2.15 231 2.23 1.87
9 2.10 1.67 1.85 1.48
10 2.18 247 2.19 191

Apart from unit 9, whose EF performance in Stages 3-5 was degraded as a result of refrigerant
loss, the EF results vary little from unit to unit. Unit 5 seemed to perform alittle better than the rest,
on average, and unit 4 alittle lesswell, but not significantly so. The percentage difference between
high EF and low EF in each of the tests (excluding unit 9) ranged from 16% to 20%. Results of
calorimeter tests of several of the compressors are given in Table 4.4 along with the manufacturer’s
reference values (for new compressors). None of the compressors tested shows any capacity or EER
loss compared with the “as new” performance levels. In the case of compressor 9, this fact provides
further evidence that the degradation in performance seen in HPWH unit 9 was due to its refrigerant
loss and not to any system or component degradation.
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Table 4.4. Compressor calorimeter test results
(130°F saturated condensing temper ature, 45°F saturated
evapor ating temperature, 220 V, 60-Hz power supply)

Capacit Power EER
Compressor | Test date (gr'zu/h)y (Watts) | (BtuwW-h)
1 2/15/02 3560.5 443.8 8.02
2 12/4/01 3509.6 4455 7.88
4 2/15/02 3691.2 444.6 8.29
7 12/4/01 35734 461.2 7.75
8 2/15/02 3511.3 4515 7.78
9 2/15/02 3621.6 450.4 8.05
10 2/15/02 3587.4 450.0 7.99
Reference® - 3530.0 452.6 7.80

*Manufacturer’ s reference performance in “as new” condition.

The ambient conditions for the Stage 5 tests are closest to those prescribed for the standard DOE
test procedure. EFsfor that series ranged from 1.80 to 2.14 for the nine good units. These values are
low compared with the value reported for a prototype laboratory unit that achieved an EF of 2.47 in
early 2000. (Tomlinson 2000) However, they compare fairly well with the performance values being
achieved by severa units that are undergoing field testing in residencesin several locations
throughout the United States. Average overall efficiency values of the field units for periods with
little or no resistance element usage have ranged from about 1.8 to 2.4 (Murphy 2002). These field-
measured efficiencies are subject to many variables, including thermostat setting, water use patterns,
ambient temperature conditions, and entering water temperature, to name afew. The ambient
temperature for the field test units was fairly close to the conditions of Stage 5 in the durability
testing, while the field thermostat settings were generally somewhat |ower than those maintained for
the durability test units.

It is difficult to determine from Table 4.3 data alone whether any of the units suffered any
degradation in performance, other than unit 9, which lost part of its refrigerant charge. However, we
were also able to examine steady-state tank heat-up performance during each EF test. Table 4.5
provides 15-min snapshots of the steady-state performance of each unit during the Stage 2 and
Stage 5 EF tests with COP, power consumption, refrigerant operating conditions, and performance
change from Stage 2 to Stage 5. These data were taken for time periods during which the average tank
water temperature was approximately the same during each test. The loss of charge in unit 9 is quite
evident from its elevated suction temperature compared with the other unitsin the Stage 5 tests.

The “measured” COP valuesin Table 4.5 were computed from the data as follows:
COP = (mx ¢, x AT)/(Power x 0.25)/3.412 Q)

where:
m = mass of water in tank = 45.9 gal x 8.25 |b/gal,
C, = specific heat = 1 Btu/lb/°F,
AT = changein average tank water temperature over 15-min period, °F,
Power = average unit power draw in Watts during 15-min period,
0.25 = duration of test period in hours,
3.412 = conversion from Btu/h to Watts

The drop in these measured steady-state COP values from Stage 2 tests to Stage 5 tests (exclusive
of unit 9) ranges from alow of 9% to a high of 29%. Thermodynamic cycle calculations, using the
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refrigerant conditions measured and assuming 20°F of subcooling at the condenser exit, show
calculated COP drops from Stages 2 to 5 ranging from about 7% to 25% (excluding unit 9). The range
and the individual values for the thermodynamic cycle COP drops between stages are comparable
with the measured COP decreases. Considering this steady-state performance comparison, the
comparison with measured field test unit efficiencies, and the compressor test results, we conclude
the likelihood is small that there was any degradation in performance for units 1-8 and 10 during the
10-month durability test period.

The degradation in unit 9 performance is considered to be largely (most likely entirely) dueto its
refrigerant lo