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A Technology Innovation Project Report
The research described in this report was funded by Bonneville Power Administration (BPA) to
A Assess the potential for eenging technologigsand
A Provide for development of those technologies to increase the efficiency of electricity use and
provide other benefitssuch as capacity reduction and demand response setvices

BPA is undertaking a muitear effort to identify,assessand develop emerging technologies with
significant potential for contributing to the goals of efficiency, capacity reduction, demesmbnse
and climate change remediation.

NeitherWashington State UniversityM{SU nor BPA endorse specific prodsior manufacturers. Any

mention of a particular product or manufacturer should not be construed as an implied endorsement.

The information, statements, representations, graphs, and data presented in these reports are provided

as a public service. FormoeB LI2 NJia |y R oF O]l 3NRBdzyR 2y .t! Qa STTF2NJ
emerging,energf FFAOASY (G (SOKy2f23ASaY OAarAl 9ySNHe 9FFAC
http://www.bpa.govienergy/n/emerging_technology/

Ken Eklund is the Building Science and Standards Team LeadWsth&nergy Progrardis background
includes research organization and management spardingars in the energefficiency field. His work
at WSU includefacilitating and coordinatingtaff involved in building science research, and devielpp
and implemening research projects like the current onehichleverages the experience and capabilities
of WSU stdfand of skilled subcontractorsall blended intca collaborative team.
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Abstract
The CQrefrigerant, splitsystem heat pump water heater wasaluatedboth in lab tests andn 10 new,

high-efficiency homesepresenting thehree heating zones in the Pacific Northweshis technology
servedas the heat source in a combined space and water heating systaoept designThis report
includes both the lab anthe field testresults as well aghe data and experience collecteafter the
homes were built This is a promising technolqgdfyoptimized it can be part of a comprehensive, low
climate impact, space and water heating solution for the Pacific Northwest.


http://www.bpa.gov/energy/n/emerging_technology/

Executive Summary

This reportwas preparedor Technology Innovation Project (TIP) 326 conducted by Washington State
University (WSU) and funded by Bonneville Power Administration (BPA). The research created a
prototype combined space and water heating system using a&@erant split system heat pump

water heater(HPWH)manufactured by Sanden International (Sanden) and other commercially available
components The systenwastested inboth lab and field studies. This report describes the research and
analysis, deliversesults and offers conclusions and recommendations.

The field study included 10 sites located in all three regioeatihg climate zones. Thesewlow-load
K2YSa 6SNB LINAYINAtf& NBONHZAGSR GKNRdAzZAK (S b2NIKSg
Home(NSH)program andmostwere built during the project.

The field test were a voyage of discovery. The cold weather sitegealeddefrost and capacity issues
In responsethe manufactureredesignedhe split system heat pump araffereda unit with over twice
the capacity for cold climates afmigherloadhomes. After the first sitehackup auxiliary tanks were
abandonedn favor ofon-demand electric heatersthis decision is how being revisited due to issues
with the demand heatersSystem conbl issues plagued system operation uthié standard
programmingdesigned for condensing gas boilers was customized for hydronic heat pNiegrshe
end of the projectcross flowof hot waterto the tank inletfrom the tempering valves wadiscovered
and suspected ofontributing to poorsystem efficiency anostsites.

The lab test protocol was developed in the context of the first site system design, and included
guestions arisinfrom that design process. The most important questions were the way in which water
should be returned from the heating system to the storagek and the impact of highand low
temperature return water on system performance.

Thepreliminarylab test resuts (provided in Appendix Ashowed that lowtemperature water should be
returned to the bottom of the tank. Three systems werepleambed to implement this change and two
systems irprogress were plumbed that wa¥he other five systems retained the origirplumbing.

In addition the lab test recommended that the best heat distributiors®ms are low temperatureand
that storage tanks for combined split systems should be increased to 120 gallons with multiple ports for
return waterof different temperatues.

The research found major issues in installatiosit must be solved for basic system functionality
Including:

A Heat pump capacity not including auxiliary heatmust matchdesign load,

A XBlock programming must be modified to optimizgdronic heat pummperformance,

A Tank statification must be maintainedand

A Cross flowat the tempering valve must be eliminated to allow proper heat pump function.

The system created and tested in thi®jectworksfor homes with design loads within the heat pump
capacity. It iswot a soluton for cold climates or highdoad homes in other climas. A highecapacity
CQ heat pump is needed for these situations.



Introduction

This is thdinal report on the Washingtm State University (WSB8nergy Programesearch into the
performance of Céxefrigerant heat pumps used for combined space and water heating iR high
efficiency new homes. The research wasded by the Bonneville Power Administration (BEQugh
its Technology Innovation ProgrgifilP) The equipmentested in this study wasanufactured by
Sanden International in Australia.

This research isased on previous research into gefrigerant heat pump technology conducted by
WSUas TIP 292wvhichdemonstrated the ability of the system to provide hot water to a large family
during extremely cold weather while operating only 25% of the tifrfés caacity was corroborated
during the demand respong®R)testingunder TIP 302t Pacific Northwest National Latatory (PNNL)
Lab Homes Test Centéfthe tests used an unusually highily drawof 130 gallons, and the split system
was able to meet the demahwhile turned off for up tdl2 hours.

Thisresearch consisted of a field study and lab test focused specifically on combined space and water
heating in homes with design load temperatures within the capacity of the heat pump where possible.
At the coldessites, the load was within theombinedcapacity of the heat pump aralxiliary heat. The

lab test took place at Cascade Engineering Services and was conducted by Ecotope, Inc.

Because of the long timeline needed to bulté homes, site recruitment begaas soon as the project
startedon October 1, 2014 and continued until June 20Wkiltiple leads were pursuedtobtain the six

sites proposed for the field stugdyesulting in a total of ten sites. Of these, seven weretktin the

coastal climate zoneayne in the cold inland zonand two in the very cold, mountainous zaofée #es

were selected primarily from builders participatingNEE®R & b SEG { ( $rogramaved ob{ | 0
coordinated the development of engineering and monitoring plans byptgect team which included

WSU, CLEAResult, NE&# Ecotope.

The lab test was delayed until the project design choices were. Heeas then used to address the
research questions defined in tpgoject proposal and toobtain data on alternative dégn choices and
their performance implications. The test results impacted ¢lgstem installation at thévo last homes
constructed andat the three homesthat were retrofitted to implement the findings ohneating loop
return water configurationFive hones retained theoriginal configuratiorfor heating loop return.

The project succeeded:in
Developing avorkabledesign for combined systems,

Identifyingsystem operationdistribution and heat pumgquipment issues,
Gollecting sufficient data to obtaindsicoperatingcharacteristics of the projects
Identifyingkey variables, and

Definingdevelopment opportunities and design recommendations.

To To o Do To

The region desperately needs a natural refrigerant solution for space and water heating. Every heat
pump orheat pump water heater iIPWH installed with climatedestroying refrigerants is a step in the
wrong direction (described further in Appendix B). A solid set of natural refrigerant solutions must be
developed and implemented.



Basis for Combined Space and Wakéeating Experiment
This research is based on the performance of theréftigerant heat pump documenteas notedin:

1 Lab and field tests done under TIP 292aboratory Assessment of Sanden G#&dt Pump
Water Heater(Larson September2013).

1 Performanceof HPWHsAdvanced Heat Pump Water Heater Final Refiektund and Banks
December 2015)

1 ontrolled field tests performed by PNMId lab tests conducted by Ecotofue TIP 3020
study thedemand responseldR performance of these systems while they @tioned as
HPWHsDemandResponse Performance of Sanden HR®iflivan, July 2015)

Inthesestudies, specific findings indicated the technology had the capacity to provide heat to end uses
while alsomeetinga substantial hot water load.

In the originakesearchunder TIP 292he specific finding was a very cold niday periodat the

Montana sitewhen theoutside air temperaturd OATyemainedalmost entirelybelow freezing and
went as low as16.5°F.The hot water loadtonsistedof a family of fourincluding two teenagersvho
take an average of 22 showers per wekkjurel shows this period The top graph is the energy use by
the system and when it was operatintpe bottomgraphshows theOAT(including total daif tempered
water use along the-axis)duringthis period showing that compressor use was fairly regular.

Figurel. Hot Water LoadDuring 9DayBelow-freezing OATg Montana Site
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It would seem that a system drawing all of the heat for this end use from thisagadurce would be
operating frequentlyFigure 2answers this questioby showinghe percentage of time the system was

on versus the time it was off.he tll bar representshe 75% of the ninaday periodwhenthe heat

pump was not operatingsuggestinghat the heat pump could be providing heat for another LiBkis

wasthe first solid evidence that the system could serve as a combined space and water heating system
because it has this heating capgaogiven during very cold weather.



Figure2. Percentage of Time HPWH On/Off During Cold Weather Pe
HPWH Activity during a cold weather period
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The second specific findingasfrom the DRresearch at PNNL for TIP 302is set of experiments was
based on a daily draw of 130 gallons of hot water in orddesb the system under very higise
conditions Given that the average hot water use in the Pacific Northwest is 42 gallons pEEBEBY
the test condition could beonsidered extreme.

The Oversupply Mitigation testasdesigned to test the capacity of systems to store energy when there
is a surplus of generation
Tocreate a storage bank
for nighttime generation
the split system water 120
heater was turned off for

up to 12 hours while still " \ \\\\\\\\\\\\\\\\

supplying 136GGPDFigure TR
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Field Sudy

Tensplit systemCQ refrigerantHPWHswvere installedin nine highlyinsulatednew homesand one
highly-insulateddeepretrofit home across the regiobeginning irfall 2014. These homes are located
CSEEAYAKEYT 21T [/ 2S8Sdz2NJ RQ!IESYyST L5T aO/ ITacbnm, L5T aAi
WA.The field study wadesigned to test the performance of the technology in all three of the Pacific
b2NIKgSahdQa KSIThehostbrgddiatonsieaiedvista2Bér§ydrust of Oregon Puget

Sound Energyand TacomaPublic Utilities.

Description
Site Selection

Tensh S48 6SNB NBONHzA 1 SR NSHRograyi,wHick is BaRaget KyNR HaR&sultb 9 91 Q&
For each homeCLEAResult staff determined the heat loss rate and annuablad v 3 ,4 9 9 a u
simulationtool developed by Ecotope, Inthey als@alculated the design heat loagingSpecPr8, by

Bruce ManclarkThe final determination of whether the home would be pafthe combined space and

water heating experiment was made by Ken Eklahd@/SU.

Five of the homes are in the NSH program and built according to its specificatienf®ur other new
homeswered dzA f G G2 t I & a A a8 oheZetizhithame ahie lprggralm datd in
Olympia, isa prototype for retrofit application of the combined space and water heating condéjet.
goal of the project was to sample three primary heating climate zepegsponding tdnternational
Energy Conservatioiode (IEC) Zones 4C, 5, and 6.

Code Issues and Solutions

The CQHPWH used in these experiments wast yet UL listedElectrical and building permits were
obtained for each of the ten installations. The situation was complicated by the fact that the HPWH was
providing spaceheatas wellashot water. The addition of the second use made obtaining permits in

most jurisdictions more difficult than installing tisgstemssimply as water heatersis was done in TIP

292 andTIP302.As in those earlier pjects, the buding official wasequired to exerciséliscretion

under Section 104 of the International ResidenGalde which allows use of alternate materials and
systems.

Ken Eklunavorked with building officialsThe initial permit in Bellingham took eight montiesobtain. It

required engineered drawings of the system, which proved instrumental in obtaining that permit and all

the ones that followedThe engineering was done by Jonathan HeR&rat Ecotope At the Idaho sites,

the building official was local drthe electrical official was a state inspect@btaining these permits

required working with bothurisdictiong o6 dzi 2y OS GKS / 2Sdz2NJ RQ! £t SyS &aadas
permits proved easy because the state officials wadready educated and on board.

Sanden International, the manufacturer of the HPW bk sinceobtainedUL listing for the split system
installed in these projectdt wasa long and expensive process, and much of the knowledge and
experiencefrom theseTIP projectsvasincorporated intothe productthat is UL listed and sold iNorth
America.



System Design and Installation

The main source of space and water heataga Sanden GAUEL5EQTDCQ refrigerant, split system
HPWH equipped with an 8fallon storage tank. An invertelriven, \ariablespeed compressor, gas
cooler (heat exchange fro@Q transcritical gasefrigerant to water), evaporator, andater pump are
located in the outdoor unit. Plumbing lines transport water between the tank and the outdabr un

The combined space andater heating system adds a heating loop to tHEWH This heating loop
consists of two parts:

A The supply sidenovesheated water from the tank to a heat exchangand

A The distribution loopdelivers heat to thdiving space

Adevice called thedcoX-Block contains the pumps, controind heat exchangdor the space heating
loopin one integrated packag&@hesystemdesignalsoincludes a instant electricheaterto provide
auxiliary heatlt is locatecbetween the tank and the heat exchang€igure 4 shows a basic schematic
of the combined system.

Figured. Schematic of the Combined Space and Water Heating System
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A significahamount of system desiggmore aptly termed evolutior took place in the context of the

Bellngham installationThe technical design committee consisted of Ken Eklund, WSU; Jonathan Heller
Colin Grisaind Ben Larson, Ecotope; Mark Jerome, CLEAREhaltje Stephens, NEEA; and John Miles,

SandenWeekly calls to exchange ideas and make ded@gisions took place with frequent email traffic
in betweenfor several months ithe fall of 2014

The originabystemdesign proposed for thBellingham sitealled for replacinghe Sanden tank with a

tank that had an integral heat exchangeiowever, theSanden tank is equipped with a precisely located

sensor that alerts the system controller when to operate the outdaait andthe systemis carefully
engineered to maintain stratification necessary for system operafiorensure proper opeit#on and
maintain theheat pumpsystem warranty, the original design was tabled.



A great deal of discussion took place concerning the best way to return water from the spairgyheat
distribution system to the Sanden tank.l Y R &gtc€@was that returniggwarm water to the bottom
of the tank would
A Interfere with defrost function in cold weather, because warmer water causes the system to
misread the temperature and turn off the defraghis issuevassolved in the UL listed systenand
A Reduce efficieng inoperation which depends omaintaining aemperaturegradientin the tank
to deliver cool water tahe outside heat exchanger

It was decided to return heatinigop waterto the top of the tankThis caused Figures. Diversion Fitting
warm water to mix with hatand resulted irsomecool showerst the
Bellingham siteA device called a diversion fitting was developed and built by
WSU to direct the incoming warm water down toward the center of the tank
so it could find itgroper stratification leve(Figure5). A copy of this device is
installed atfive sites

The backupankwas equipped with heating elements to providdditional
capacityif the HPWH could not provide sufficient hot wafer space heating
After the Bdlinghaminstallation, the design team decided it would be simpler
and betterto use an electric resistancéER)Ydemandheater for backupThis
wasdone in all subsequent installations except the Olyngpid Portlandsites,
which haveno backup heatingue toowner preferenceFurther auxiliary heat
issues surfaced later in the project and are discussed in a special section.

The Bellingham siteasretrofitted in early Octobe2015 to move the heating

loop return from the top of theSandertank to the ottom, andto replace the auxiliary tank with
demand heaterRelocation ofhe heating loop returrwasbased on the combined space and water
heating lab test conducted by Ecotope in August 20d%5ch showed clearly that returning 7P to80°F
water to the bottom of the storage tank is more efficient than returning it to the top of the tank or
introducing it through a diversion fittindrive of theoriginal tensites have this configuratiofhslab
test is describedater in this report Diversion fitthgs were left at three sites with high temperature
distribution systems and dwo siteswhere the owners were not enthusiastic about the changes.

Auxiliary heat was originally designed only to serve the space heating loop. After reports of cool showers
the hot water was also plumbed to take advantage of the backup heat.

Challenges in Monitoring

NEEA provided all of the monitoring equipment and supported the installation, calibratidn
monitoringof that equipment by WS he monitoring usedbr allten sitesisthe same as thatisedfor

the detailed monitoringdloneby NEEA in its firgfeneration of NSH, including four of the NSH homes in
this study.The equipment was designed primarity fise by homewners to monitor energy use, and
has been exparetl through its use in the NSH program to provide a vaigtay of monitoring services.
The monitoring equipmentequires Internet access in order to operasethe home must be occupied
and have Iternet installed and accessibleefore monitoringcan be istalled and commissioned. The
equipment does not record data if it is not connected to the web, resulting in substantial loss of data.
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The biggest monitoring challenges wdi@v meter accuracy and data gaps caused by the monitoring

system. Calibration dfow meterson siteusing a micreweir or an ultrasonic flow meter is

recommended to test flow measurement and provide correction factors if needed. Loss of data by the

monitoring systenand by failure ofriternet connections on which they depeadwas notexpected

andthis lossaffected some sites more than others. Temperature sensors incorporated into the flow

meters were also subject to failure; in some caghsmbing and electricaystem reconfiguration was

not accompanied by monitoring adjustmentgotwithstanding these issues, usable data was available

for over half the sitesThe data analyzed in this report is carefully selected and filtered to provide
accurate information representing all types of heat distribution systems in the study.

Data colkction at the cold climate sitag

Field Study Details

Site Summaries

aOl I tf

Iy Rvad lighitedinythe BeQdatiorSof” S
proper functionof the outdoor unit defrost cycle after beleireezing weather set irUJltimately the
sites were decommissioned. This is discussed in more dethi iresults section of this report.

Thetest sites are typical of the regional heating zones they represent, as sholablel. Most Heating

Zone 1sitesare warmer than the median valder that zonebut represent the most populated areas in
the region Bellingham and Olympia are colder than M& RA | Y @

| @iSaedlif iBpesehtStiye

of HeatingZone 2 and McCai$ colder than théHeatingZone 3 medianCharacteristicf the test sites
are summarized iffable 2

Tablel. Heating Zones ofenTest Sites

Heating Zone Number of Sites Median HDI351 Site Location Site HDIgs

Heating Zone 1 1 5,182 Milwaukie, OR 4,461

Heating Zone 1 3 5,182 Seattle, W/ 4,867

Heating Zone 1 1 5,182 Tacoma, W/ 4,696

Heating Zone 1 1 5,182 Bellingham, W4 5,622

Heating Zone 1 1 5,182 Olympia, W/ 5,655

Heating Zone 2 1 6,824 / 2 SdzNJ R( 6,239

Heating Zone 3 2 8,363 McCall, 10 8,851

Table2. Test Site Characteristics

Site #* 1 2 3 4 5 6 7 8 9 10
HDD 5,622 | 6,239 | 8,851 | 8,851 | 5,655 | 4,461 | 4,867 4,867| 4,867 | 4,696
Design T 19 -1 -16 -16 23 24 27 27 27 24
Conditional floor eea 2,057 | 1,062 | 2,812 | 1,533 | 1,152 | 2,000 | 2,218( 1,936 3,764 | 1,538
Heating load Btu/bur 13,098 | 11,760 |28,864| 21,061(12,430| 6,226 |10,285 8,516|10,853 11,007
Dist. system** RF RF RF RF RP RP RF RF RF [RFF+F
Tstat Featingset point 67 73 67 63 70 60 71 73 68 73
DHW T°F 120 120 122 120 120 130 | 120 | 130 | 120 | 120
# Occupants 4 2 2 0 2 0 3 2 4 7

F MI'. SEEAYIKIYI WP/ 28d2NJ RQ! £ SyS3s ol a0/ %ESeatlen and O/ | £ £ =

10=Tacoma

** RF = radiant floor, RP = radiant panel, and RFF+FC = radiant first floor and fan coils on second floor

! Source: Northwest Power and Conservation CouniP@wer Plan Assumptions
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Monitoring Setup
The main monitoring collection devieeasa SiteSage Energy Monitor wititernet connection so data

can be downloaded and settings on the logger can be controlled remdtetyperature and flow
informationandelectrical use data were celtted. All data was taken atrfiinute intervals. A schematic
of this monitoring system igrovided inFigure 6 The following monitoring equipmentasused:

To To To o Do Do

Emonitor + Gateway

INDAC sensor controller

(2) Temperature + %elative humidity RH 1-wire sensors (indoor and outdoor)
(3) Temperature wells with-lvire temperature sensors

(2) Grundfodlow sensors + temp model VF3Q

(1) Grundfos flow sensoreinp model VFS-20

In some instances, esite HOBO |in® monitoringvasalso required to capture all data streams. These
data are downloaded manually at sevemabnth increments.

The measuremes recorded by the monitoring systeare listed below. Please note the code names
that match the identification of each channel on the schematic

Water flow, time, and volume(FM= flow rnreter)

A
A
A

Through hot water tankneasured at the cold water inl¢FM-2)
Through space heating supply loop measured on return to (&ivkl)
Through space heat distribution loop measured on return to heat exchgf$éB)

Temperatures

To To o Po T Do To Do Do Do To Do Do Do I Do Do

Cold water supplyCWT)

Hot water toauxiliary heate(HWT)

Tempered water to hous@MWT)

Outside air temperaturd OAT)

Inside air temperature near the hot water tagWHT)

Inside air temperature in conditioned space (IAT)

Hot water to heat exchangemd tempering valve{SWT)

Return water from heat exchanger to hot water tafpdRWT)

Hot water toheating distribution systelDSWT)

Return water from heating distribution to heat exchangbRWT)
Temperature of water supplieddm the tank to the heat pump (F8T)
Temperature of water returned from the heat pump to the tank (HPRT)

owermeasurements

Time and amperage afutdoor compressor unitdgompressor, fapand pump)HP)

Time and amperage of outdoor pipe freeze protectibrat tape)electricityuse(HT)
Time and amperage of backheating loopelectricity use (at all but tweites) (HA)
Time and amperage dfeat exchange supply and distribution pumps and contro(les)



Figure6. Field Monitoring Setup

Tempering

- @ Valve

Field Study Dat@nalyses
The period covered by this analysis is from the time monitoring bagtre Bellindham site on
December 30, 201through June 30, 204.

The analysis examined the performance of the system for both space and water heating, and a number
of its operating parameters, including: the temperature of the system cold water supply, heated water,
and tempered water; and the calculated volume of water used to temper the hot water before use. The
total volume of water used and daily use averages were also calculated for domestic ho{d)

In addition, the characteristics of the space heatingplavere examined for temperatures, operating
parameters, and energy used under representative conditions.

DomesticHot Water
CalculatingdHWuse requires the following elements:
A Average temperatures by flow event or by day for cold water supply, hot waterfempered
water for the DHWsupply.
A Thermal energy required to heat cadpplywater for each flow event
A Volume of water added to temper hot water for each flow event
A Volume of total water for each flow event

To calculateccuratetemperatures forcold supply water, hot water, and tempered water @HW at
least3 minutes ofconsecutive flowwvasrequired. Temperatures were then calculated by dropping the
initial reading and averaging over themainingreadings for a given flow event (or draw). Paiverages
were used as the representative temperatures for skhdutationdraws that were less than 3
consecutive minutes. When only shatawsoccurred during a given day, the daily average water
temperatures fromadjacent days wereased.

Only water véume flowing into and out of the HPWH tank was metered via data loggers, so additional
water added to temper the hot water was calculated for each flow event by using the known water flow
(gallons) and the difference between the average daily tempered mibte and the average daily cold
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or hot water temperatures, respectively. Total tempered water flow for each flow event was the sum of
the cold water flow and the added water.

Average water temperatures were used to calculate the thermal energy needeebtathe cold water
for each draw. The energy is calculated via the familiar calorimetric equation shown below where p is
the density and Qs the heat capacity of water.

Equation 1 Energy = Volume x p xXC(Temperature  Temperature 2)
In the specit case oDHWuse, the energyn Btuis defined as Qdhw, Temperature 1 is the tank outlet
(HWT)and Temperature 2 is the tank inlet (CWT) temperature.

SpaceHeat
The relevant energy values for the space heating system were calculated using Equatiavitth but
values substituted as shown Trable3.

Table3. Measured Flow and Average Temperature Values Used to Calculate Systads L

Calculated ¥driable Flow \blume Temperature 1 Temperature 2
Supply return after heat .

Qaux exchanggFM-1) Auxiliary heat outlet (XSWT)Hot water from tank (HWT)
Supply return after heat Supply return after heat

Qsystem exchange (FM) Hot water from tank (HWT) exchange (XRWT)
Distribution return before heat| Distributionafter heat Distribution return before

Qdistribution exchange (FAB) exchange (DSWT) heat exchange (DRWT)

Overall System Efficiencies

Water heating is rated with Energy Factors; space heating is rated by Coefficient of Performance (COP)
or Heating Season Performance Factor (HSPF). The combined system performance has been designated
as a Field Energy Factor (FEF). This accounts fastathsipefficiencies such as tank loss, pipe loss,

pump energy, controls, defrost, and freeze protection. FEF efficiencies are calculated as:

Equation 2 FEF = (Qdhw + Qsystem) / Qinput
where Qinput is the sum of energy inputs to the HPWH (HP), auxigaity(HA), heat exchanger block
(HX), and heat tape (HT).

When data was unavailable for the supply side of the heat exchanger, an FEF was calculated using data
from the distribution side of the system:

Equation 3 FEFdis = (Qdhw + Qdistribution) / Qinput.

Space and Water Heating Efficiencies

Given that heat is simultaneously provided by one heat source through a single tank for both space and
water heating, it is impossible to calculate a definitive efficiency for each end use. This is particularly true
for a heat pump because its efficiency varies VT supply water temperature, and load. Thus, a period
of water heating only during the summer cannot be used to determine its portion of the logidter.

The lab test was designed to quantify the indiatefficiencies for space and water heating as well as
combined function efficiencies.
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Field StudyResults

The project began October 1, 2014, with the goal to conduct a field study on six new homes.
Recruitment was successful and a total of nine m®mes plus a major thermal remodel comprised the
final cohort. These homes were completed over a period of a year and monitored as they were finished.
A great deal was learned about system design and performance, which resulted in changes to the
system plunbing at some sites during the monitoring period.

Auxiliary heat strategyThe first site had an ER tank for auxiliary heat. Monitoring showed that most of
the minimal auxiliary energat this sitewas used to keep the tank warm. A demand electric watatdre
then became the standard design. Eight siselptedthis system and two sites have no auxiliaeah

Heating supply water return locationPotable water is taken from the bottom of the gallon tank to

the outdoor unit, where it is heated and theteliveredto the top of the tank. Hot water is taken from

the top of the tank for bottDHWand space heat. At the first site, the return water from the radiant
floor, averaging 83°Rvasinitially returned to the top of the tank. On cold days the home occupants had
cool showers due to mixing of thi®olreturn with the hot water

An additional concern in determining return water location was the warning by the heat pump
manufacturer that both efiiency and defrost function depended on cold water supply to the heat
pump, making it vital to maintain tank stratification. The heating system return water was cooler than
the 149°F water at the top of the tank, but hotter than the normal cold water supiie ideal location
for the return waghought to bein the central portion of the tank, but no port was available. A fitting to
divert heating supply return water to the center of the tank was installed at Site 1, where it cured the
cold showers. Thigrattegy was adopted at the next six sites.

Subsequently, a lab test was conducted to compare the impact on tank temperature stratification of
three different return strategies: top of the tank, top of the tank with diversion fitting, and bottom of
the tank The best locatioamong these choicder maintaining tank stratificatiowith lower

temperature distribution systems (radiant floorss found to be at the bottom of the tank; second

best was the diversion fitting; and third was the top of the tafdr. high temperature systems

(radiatorg the bottomentry and the diversion fitting perform almost the saniheultimate
recommendation was that a tank designed for combined systems should have multiple ports to allow
installers to match the return to therpper temperature level in the tank. The two sites constructed
after this finding had return water from the heating system plumbed to the bottom of the tank, and the
plumbing was revised at three existing siteall with radiant floors; to implement thisdesign change.

It should be noted that the need for cold water supply to optimize performance of the heat pump is
incompatible with strategies to preheat the supply water. Site 1 had such effectiviegating
strategiesthat its supply water was oftendtter than the return water from the heating system. This is
part of the reason for its reduced system performance.

Auxiliary heat forDHW The original system design provided auxiliary heat only to the space heating
system. As sites in colder locationsnmonline, home occupants experienced cool showers when space
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heat was operating. Five of the sites wereptambed to connect the DHW to the electric demand
auxiliary heat sourceSite 9 had auxiliary heat only for DHW while Sites 5 and 6 had no backup he

Monitoring combined systemsSeveral challenges in monitoring the systems limiteddae set
available for analysis:

A This is the first time scientific monitoring has been done with the monitoring system used, and
many days of data were lost dte data collection issued.he system was used, because it was
part of an effort by NEEA, which provided the equipment and its installation, to develop low cost
monitoring options.

A The system plumbing revisions resulted in loss of data and changed operation. Moving the
heating return to the bottom of the tank caused the temperature sensor, which was integrated
into the flow meter, to end up on the upstream side of the return entrynparesulting in loss of
the incoming watetemperature at three sites.

A Some temperature sensors and flow meters malfunctioned, preventing catmlat key
variables, and it was difficult to obtain replacement parts.

A The monitoring required Internet seiceto collect and store datagnd the providercut service at
Site 1 inNovember,2015.1t took four months to fully restore service.

The resulting analysis was conducted on sites that had complete data sets for the periods analyzed, and
data werescreened to ensure that periods with missing data were not used. Sites were excluded from
the analysis because of failures in the systems. The sites used in the analysis are 1, 4, 5, 6, 7, and 10
which represent all distribution system types and two climktcations.

DailyDHWUse by Site

Average daily hot waterse in the Pacific Northwest is approximatéby gallons per person per day
(totaling 46 GPD for a family of threeas illustrated irfFigure 7 Several of the sites have water use
lower than averge. Site 10 used substantially more hot water than other sites. Sites 4 and 6 were
unoccupied during monitoring, so adpmestichot water use waselated toconstruction cleanup.

Daily Average Outside Air Temperature by Site
Sites 1, 5, 6, 7, and 10 arethe Maritime Northwest; Site 4 is in McCall, ID, a cold locasind one of

the lastsystemdo come onlinewhere it operated only a short timé& he longesterm location isSite 1
in Bellinghamlts data flow was interrupted when the Internet provider cut service. These findings are
shown inFigure 8

Daily Heat Pump Energy Use (kWh) by Site
Figure 9shows the energy @by site. Site 4 in McCall, Iihe coldest location, shows the highest daily

energy use in the 40 kWh per day range. Site 6 in Portland, OR, shows much lower energy use during the
same period, with a higof 20 kWh per dayThese sites were both unoccupied during the monitoring

period and therefore, all heat pump energy use is fspace heating. Regardless of the OAT, the systems
were able to operate and produce heat. At all the sites in the coastal climates, the sygitechsding

auxiliary heat; were able to provide space and water heating. At the very cold location for Sited 3,

a largercapacity heat pump would be an asset.
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Figure7. Daily Tempered Waterl&w

751
50 o ® ’;.. o2 % o0 . -
i o oo, XY 2% & . 3 . ".,
22- : .? \"’. -’ “ 0'0 5> e
751
50+ FS
25+ .
04 AEERED @D
@ 751
(:2 501 Py °® o’ o
@ 25 %‘ ° ‘o
3 o i ZiS EAXYARE S
[=] [ ]
L 75
©
D 507 L)
3 251
g 0+ @
= o
i) o
vy > =
251 3’ ’3:.".0\ :o’
o
*
250 o.o ’ °
00 *
200 os' o =
150 Q"w ?ot =
100 . 00° ‘ 'o
*
Jan 2015 Apr 2015 Jul 2015 Oct 2015 Jan 2016
Date
Figure8. Daly Average OAT
60- ° e ‘ ‘”ﬂ
S, '.w..'. * L 4
40- }*a 4 4 -
o
20+
60-
40- &
2o
™y
. SV VIS
;60-
R
© 40- k o
2
E20-
o
[t
= 60-
< 3 h -
§40-
8 20-
-
o
60-
40- ~
20-
60 *
1 UM Q
40- \’ s
20+
Jan 2015 Apr 2015 Jul 2015 0Oct 2015 Jan 2016
Date

14




Figure9. Daily Heat Pump Energy Use hiyeS
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Daily Field Energy Factor by Outside Air Temperature
Figure 11shows the daily FEF for the analyzed sites arranged by OAT. Daily data for the heating season

(October 1 to March 15) and ndreating season were averaged to examine seasonal differences for
RAAUGAYOU aeaidsSy GeLlSa 6asSnonheating. Seledt sited, mostO2 NJ KS | { A
which have more than 30 days of sampled data from a given season, are presented. The combined space
and water heating efficiencies vary according to temperature and other variables, such as DHW use. The
most interestirg comparison is between Site 5 and Sites 1 and 7. Site 5 has hydronic radiators for

distribution, and Sites 1 and 7 have radiant floors.

Figurell. Daily Field Energya€tor (including freeze protection)

N
i

Site

L Bellingham, WA
4 MccCall|D

@5 Olympia, WA
6 Milwaukee, OR

®7 Seattle (Ballard), WA
10 Tacoma, WA

Field Energy Factor (FEF)
[h*]

0 20 40 80 80
Daily Average Outside Air Temperature (F)

Table4 shows seasonal averages for key factors that impact performancgtes with both space heat
and hot water useThe systems with the high return loop temperatures (XRWT) tadrators (Site 5)
or fan coils (Site 10).

Table 4. Average Daily Values for Heating (H) and Nweating (NH) Seasons for SeledteS

Site OAT (F) CWT (F) | XRWT (F)) DHW (GPD) FEF Days @mpled

H NH H NH H H NH H NH H NH
1 | 431 | 56.3 | 76.34| 7751 | 8293 | 34.28 | 23.46 | 1.04 | 0.88 | 31 65
5 | 47.47 | 64.11| 60.21| 69.93| 111.4 | 17.87 | 21.02 | 058 | 1.18 | 83 75
7 | 48.94 | 57.25| 60.37 | 67.06| 89.7 2857 | 183 | 1.24 | 0.76 | 80 2
10 | 49.12 | 59.64 | 58.12| 58.99 | 101.43 | 151.91]| 167.31| 2.28 | 3.35 | 60 33
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The system with the lowest average heafiseason performance rable 4is Site Swhich has the
highest return water temperature. Its FEF doubtiuring the norheating seasomjue in large part to
the reduction in supply water temperature going to the outdoor unit.

The nonheating season average BHbT Sites 1 ad 7 are lower than those for the heating season. This
appears to be related to the drop in daily water use at these sites. (Although there are only two non
heating season days in this sample for Site 7, it is considered instructive on this Aaiobirbuting
reason is that tank and pipe losses continue while thetesisusefulenergydeliveredto allocate it to.

At sites 5 and 10, daily hot water use and FEF increased during tHeeating season.

The large daily water use at Site 10 coinsiéh the only outstanding performance in this sample; this
performance waslespitethe fact that its system operated at a higher return loop temperature than
sites with only radiant floors. Hot water use brings cold water into the storage tank, which results in
colder water going to the heat exchange with the refrigerant in the outdoor unit resulting in higher heat
transfer. The cold water also reduces tank loss.

Energy Use

The amount of energy used at the sitesanother way to look at the datdable 5contains information

on energy inputs into the systenfier which data in both heating and ndmeating seasons is available. In
addition, two systems have been added that have data in eitherheating or norheating season.

Table5. Energy Inputs by Function

. Site Ful | Total | S9-HP&
Site . Season | HPKWh | SyskWh | AuxkWh | # Days HPWH
Location Season | Annual KWh
1 Bellingham Heat 305 24 1 31 1,769
1 Bellingham Nonheat 160 8 1 65 516 2,285 3,110
5 Olympia Heat 977 224 0 83 2,403
5 Olympia Nonheat 184 35 0 75 481 2,884 1,905
6 Milwaukie Heat 133 13 0 16 1,519 1,442
7 Seattle. Ballard Heat 756 23 154 80 1,334
7 Seattle.Ballard | Nonheat 6 0.1 0 2 647 2,581 2,749
9 | Seattle.Madrona | Nonheat 156 0 10 65 512 669
10 Tacoma Heat 930 62 526 60 4,200
10 Tacoma Nonheat 277 22 40 33 2,042 6,242 8,192

Table5 shows seasonahergy usat six sitesthe electricity used by the heat pump, the distribution
system and the auxiliary heater, the number of days of clean data, the energy use extrapolated to a
whole season, and the sum of the heating and non heating seasons to a total annual estimate. The
column on the faright is the modeled annual energy useao$tandard air source heat pump aHé®WH
for comparison purposes.

The energy usagecontairsinteresting facts that are not apparent in the FEF numbers. The energy used
by the system (SydWVh) is theelectricity used by thedcoX-Block which contains the heat distribution
pumps, heat exchanggeand controlsplus any other system controls and operating devices such as zone
control valves. On most of the systems, the system energy use is a small ffeattotal energy used.
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Site 5, where the heating seaseystemenergy use is 19% of the totas the exception. \Were only
water heating ioccurring,no system energis used because it pertains to space hdasystem energy
is seen irthe non-heat season, iindicates thatheating took place during that time.

Auxiliary energy use for space heating is not possible at three sites. Sitesd,%do not have backup
space heat, although Site 9 has an auxiliary heater on the DHW liedagest auxiliary heat use is at
Site 1Qwhich has a radiant floor downstairs and four fan coils upstaitisafbedrooms. Ithasseven

water users and hot water ugbat isalmost four times the average regional voluniNate that Site 10
uses auxiliary he¢an both the heating and noheating seasons. The system, auxiliaryd heat pump
energy useare all included in the FEF calculatiand Site 10 still has the highest performance of all the
sites with 228 heating FEF and 3.35 nbeating season perfanance.

The heat pump energy use is highessées 5and 10. Heating is the main causeSite Swhich has the
highest systenenergyuse and return loop temperature due to radiant heat distribution. Hot water use
is probably the main factor at Site ,Mith sevenusers all usinghore thanthe average use per person.

The energy use totals for each season were reduced to daily values that were extrapolated to seasonal
resultsa K2 gy Ay (GKS 02t dzvayid simmedtéd édivial tot@lsizihére datd both2 y €
seasons were availabley R a K2 gy Ay (K8 (02t dhesedee EodsBriavB G
estimates because both data sets generally represent the coldest part of the season

This energy data invites comparison to the annual use of more coiwvehtheat pumpsndthe column
froSt SR G{GR® |t =showsttis) a3 ¢ K¢ { 29 aSEnpl® En&gypandS Q &
Enthalpy ModelVersion 97to simulate the Site housein Bellinghanusing aa HSPF 9 air source heat
pumpand a unitary HPWHhe modeledspace heatnputis 1,869kWhwith TMY3 data adjustedfor the
mild winter of 201516. Thisprovides a direct@mparison for Site 1 and wasljusted using degree days
and conditioned space arda estimate standard heat pump comparistwads at theother sites.The

hot water comparison was adjusted for eaclesising the average energy per gallimn the unitary
HPWHand the actual hot water consumptidibid). At Site 1Qwhich used an average of 160 gakoof
hot water a dayfour times theregionally monitored averaggthe unitary HPWHkvould use
approximately 7,000 kWh per year to heat this water at its measured efficiency. This is impressive
considering that arlectric resistance water heatevould use 12,800 kW

The advantage of combined systems can be $ed¢ne data provided ifTable5. Even with performance
that is lower than expected, most oféfcombined systems compafavorably with systems irgg
discrete heating and hot water systems. This may be diseveralfactors:the generally lower energy
use by hydronic distribution systerthe low auxiliary heat use by a heat pump with no integrated
backup system; and the fact that the end ugesn thermal advantage from usilag.ommon tank,
piping and heat sarce.

The main implication is that the technology is promising, but these systems require significant
development to increase average overall performaridas report now moves to issisghat impacted
the performance and a lab test conducted by Ecotope #mws the level of performance that can be
expected with this type ofdéchnology in different climates if they are optimized.
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Issues ImpactingystemPerformance

A number of issues impacted performance of the combined systems in the Slisgpveringssuess
expected when researchirgbrand new system made up of components repurposed fromottiginal
uses The @al is to learn enough to determinghat needs ¢ be done to enhance the system that it
runs efficiently and can be easily installed.

The issues began to appear as soon as the first system was ingtiailbstiscussions presentecbn
pages 5 and)6 More issues surfaced asore systems were installed.his section brings together all
the performance issueandthe action or resolutin taken.The main issuethat were examined are:

A Defrost failure caused systems in cold climatesridergorepeated manual defrostot continue
system operation. \&tensin McCaland/ 2 S dzNJ RQwerfe &yidved atlthe homeown&
request

A Powerout freezing caused one system in McCall to be disabled and shut down durirgoair.0
power outage at 20°F.

A Systems worked best where desigad was within heat pump limits

A Standard programming for combined heat exchange, coparad pump TacoX-Block) did not
operatethe system properly

A Tank destratification occurre@specially in cold climates and witigh-temperature heating
systemswhich reduced efficiency.

A Cross flowthrough tempering valvesesulted in reduced operating efficiency

A The aixiliary demand heaters developed water leaks at several sites.

A Cold Water preheating is incompatible with optimum hydronic heat pump performance.

Defrost
Sanden warned that the defrost system on the outdoor unit would be disabledhlsr above 100°F

supied to the outdoor unit. Efforts were made to keep the return water as cool as possggecially

at the cold temperature sites. Radiant concrete floors generally returned water’&o®@@wer. For

reasons that are not altogether cledhe defrost Iagic on theheat pump was tricked into not defrosting

the unit as it would if only water heating was takingplacdé G KS aA0iSa Ay aThé I £t I yF
causes may have been cross flow or tank destratification deliveringtémgperature water to theheat

exchanger in the outdoor unit.

Sanden has squarely faced this defrost issue and redesigndekatg@oumpoperation logic to allow
defrost operation regardless of the temperature of the water entering the outdoor unit. The UL listed
unit will soon comain this changeand other design improvements.

PowerOut Freeze Protection
Asystem to protect the outdoor water lines between the tank and outdoor unit, the inner piping, water

pump, and heat exchanger in the outdoor unit from freezing during a poweagein cold weather was
recommended in the final report for TIP 292. It was to be installed at the cold weather sites in this
project, but before it could be done, one of the sites in McCall was subjected to 10 hourd~of 20
temperature without electricity. The water pump in the outdoor unit cracked due to ice expansion,
requiring system shutdown. The other system in Mc®a# not impacted
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A solenoid automatic draisystem has been developed by Sanden for installationlothaonates. Ihas
beentested as part o marketability studyunded byBPAfor WSU to conduct on the UL listed system.

The solenoid drains the system, does not cause air locks, and uses negligible electricity. A full report on
this and other tests wilbe issued irearly 2017y Ecotopeand WSU

Capacit
SysFt)em c};pacitq the output in Btu per houg is relatively constantwith the main determinant being
OAT That output is 13,000 Btu per hour below freezing and 15B0Qer hourat higher
temperatures.An example is provided by two unoccupied homes with the combined systems that were
heated during thesame period in winter 2015
A Ste 4is located in McCall, Ihichhas a design temperature ef6°F anda design load of
21,061 Btu per hour.
A Site 6is located in Milwaukie, QRith a design temperature of 2&°and a design load of 6,226
Btu per hour.

Figure 12hows the daily heat pump electricity usage during the period from Novemhthar@ilgh
December 21, 2015 he data is not normalized to weather, but provides a comparison of the capacity
demandsduring the same window of time wheroth sites were in spadeeatingonly mode.

Figurel2. Daily Heat Pump Electricity Usage

40- . ®eooe e ? *
[ ]
[ ] ° [ ] L] [ ]
. LN ]
30- .
-

20-
=
= 10-
=
[=3
£o-
o
-
Q
Q
I
5,40~
‘®
o

30-

o
20~ )
[ ]
[ ]
10 . . b
] ° hd '] (]
[ ] ° [ ]
0 e o

Nov 23 Nov 30 Dec 07 Dec 14 Dec 21

20



Figure 13shows the auxiliary electricity use per day at each of the two sites. Note that the heat pump
handled the load at Site 4 until mldecember, when backup energy use soared to almost 50 kWh per
day. The heat pump and backup heat operated simultaneouslyeatetperature plunged from a mean
temperature of 28°F and a low of 24°F on December 14, to a mean of 8°F with a8 oh

December 17. The heat pump began having defrost issues as the tank destratified and higher
temperature water was sent to the odbor unit. It had to be turned off and manually defrosted which
took it out of commission and put the entire load on the auxiliary heat.

Figurel3. Auxiliary Electricity Use per Day
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The performance of each system is comparedable6. Note that the average OAT at Site 4 whse

to 25°F during th period, while at Site 6 it was almost 48°F. The supply water temperature was also
much colder at Site 4. Interestingthe heating systenat Site 4returned much colder water to the tank
than the Site 6 system, showing therformancedifference betweerthe radiant floor and radiant

panels. Lower temperatures indicate better performance, but when the overall performance is
compared, the Site 6 system shows an FEF over 2 while the Site 4 syesdeiril3, clearly indicating the
system was not capable of germing adequately under the circumstances to which it was subjected at
Site 4. Note that the FHicludes the auxiliary heat.

Table6. Performance of Each System

Site OAT(°F) CWT {F) XRWT F) FEF Days sampled
4 24.89 50.3 79.85 0.13 24
6 47.83 62.71 105.99 2.05 16
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At Site 6, the 15,000 Btu capacity heat pump was more than twice the design load, while the Site 4 load
exceeded its 13,000 Btu capacity by about 8,000 Bfith backup heatthe Site 4 system capacity was
36,884 Btu per houfaimost twice the design loadput thisdid not solve the capacity issue because the
heat pump operated at all times if not turned off manuatlygardless of its ability to operate

effectively. The bestolution for very cold climatesppears to bea heat pump that better matchesée

design load and is not at the mercy of tank destratification.

The heat pump at Site 4 was destroyed by freezing during a power outage in late December 2015. It was
replacedby a 28 kW Seisco instant electric heater, which is providing all space and water heat until a
larger C@hydronic heat pump is available.

Taco XBlock Programming
The XBlock by Taco is an integrated heat exchanger, pump system, and controller that exchanges heat

from the sourcdluid to the working fluid that serves the heat lodtlperforms that function at all of the
research sitedvlany plumbers and heating contractautomatically program the-Block to operate as
it would with a gas boiler. This destsipe efficiency of a hydronic heat punfy increasing flow rates
and inducing tank destratificatioburingfall 2015 five system&ameonline,andthe XBlocks atll of
these sites required reprogramming.

The recommended setup is to use Outdoor Reset, which requires an outdoor air temperature sensor.
This allows the system to vary the heating delivery temperature to match outdoor conditions. The
system should atsbe set ugo enablerather thancontrol the heat source. Heat source protection is
designed for condensing boilers, and should be turned off.

Programming the 3Block requires moving through a series of screens in sequé&alske 7 shows the
recommendedX-Block programming for a hydronic heat pump at three locations representing the coldest
(McCall), cold (®kane) and moderate (Olympiajlimates according tasource at Taco.

Table7. Recommended »Block Programming for Hydronideat Pump at Three Locations

ForMcCall ForSpokane | For Olympia
VIEW MIX Targ
VIEW MIX SUPP DEM 77 77 77
VIEW MIX Targ DEM 83 83 83
VIEW BOIL MIN DEM OFF OFF OFF
VIEW ouT DEM 37 37 37
ADJUST ouT DSGN DEM 0 10 20
ADJUST MIX DSGN DEM 100 100 100
ADJUST MIX MAX DEM 115 115 115
ADJUST MIX MIN DEM OFF OFF OFF
ADJUST BOIL MIN DEM OFF OFF OFF
ADJUST WWSD 70 70 70
DEM
ADJUST DEM

If programming fails to provide improved function, the sensor should be checkeddaracy. A sensor
reading high can shut down the supply pump when heat is needed by falsely showing the mix design
temperature is met.
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Destratification
Proper function of the split system dependstank stratification where cold water resides at the

bottom of the tank and hot water is placed at the top. This allows the transcriticate®@eration cycle
to perform as designedvith colder water going to thaeat exchangein the outdoor unit.

The CQrefrigerant in the transcritical zone does not condense at constant temperature as in typical
refrigerant cycleshat are below the critical pointinstead, theCQ cools as itransfers heat to water in
the heat exchangetalled thegas cooler. After iieaves thegas cooleat about the temperature of the
incoming waterit drops down into the evaporator and goes through thetaivapor exchange at a
lower constantpressure and temperature. The compressor then lifts the 6@k to the high
temperatureand pressure transcritical zon@here it transfersthe absorbecheat to the colder water.

In normal operation, the split system heats water in a single pass to 149°F. There is, however, a catch.
Figure 14taken from the lab assessment of the combinedteyn by Ecotope (Larson, et,dluly 2015)
shows the truncation that occurs when the water coming into the system is too wmenefficiency of

the transcritical cyclés reducedbecause the invested compression energy remains the same but the
heat thatcan betransferredto the water in the gas cooler or absorbed from the air in the evaporator is
reduced.

Figureld. Impact of Water Temperature okleat Transfer
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Tank destratification mens that temperature differencbetween the top and bottom of the tank
decreass. This can happeifiheating demand is high and sustaindathis case¢he XBlock will
circulate enough water to exceed the tank capaditys causing the tank to completely misq if
heating demand xceeds the rate at which water is heated in the heat pump the auxiliaryviadigtirn
on and increase the temperature of the heating return water to the tank.
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The temperature ranges that optimize performance depend on system operation. In general, low
temperature distribution systems, such as radiant floors that return water below 90°F, have higher
performance than highetemperature systems such as radiant panels that return water above 100°F.
Optimum performance depends on return temperatures no highent80°F, which implies a radiant
slab for heat delivery and a moderate (680 70°F) thermostat setting.

Figure 15s a graph taken from the Demand Response Lab Test Report by Ecotope (Larson, September
2015). It shows the impact of water temperature on the COP. The colored dots are the OAT (as
simulated in the lab). The X axis shows the incoming water temperatuhetgas cooler heat

exchanger and the Y axis shows the COP.

Figurel5. Impact of Water Temperature on COP

COP decreases as water temperature increases. Whildeitreasecaused by higher temperatuie most
dramatic at higher OAT, the most critical decreases are at colder temperatures, where destratification is
most likely to occur. Faxample, at 35°F OAT, the COP B8QRF water going to the gas cooler is 3.1, but

if the temperature of the water bieag heated increases to 110°F, the Glodpsto 2.4.

Destratification can be reduced. Site 10 has the second highest average return temperature listed in
Table 5, but has the best performance in both heating andimeating seasons. The factor that
distinguishes this site fronother sites with high return temperaturéds very high hot water use
averaging 15ZPDduringthe heating season and 183PDduringthe non-heatingseason The result is

a flood of cold water into the tankvhichincrease stratificaion and causes optimum performance at
the heat exchanger
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