Combined Space and Water ¢gBeat Pump System
Performance Research

FirstMidterm Field Study Report

Bonneville Power Administration
Technology Innovation Proje@®&26

Organization

Washington State Universitg
WSUEnergy Program i©lympia, WA

Co-Sponsors

Avista Corp.

The Energy Trust of Oregon
Northwest Energy Efficiency Alliance
Puget Sound Energy
Tacoma Public Utilities

Prepared by
Ken Eklunénd Adria Bank$VSU EnerglProgram
Ben Larsomand Michael LogsdgrEcotope, Analysis Consultant and Reviewer
360-956-2019,eklundk@energy.wsu.edu

WASHINGTON STATE UNIVERSITY
@ ENERGY PROGRAM
A 4

PublicationDate: September 302015
WSUEEP1623


mailto:eklundk@energy.wsu.edu




Contents

1] 1o o 11 ox 1o o 0P PRP 1
Basis for Combined Space and Water Heating EXpPeriment..........ccccoovveeviiiieie e 2
1] [0 IS (1o YT TPTTRTPPR 4
DTS 0] 1] o PO TP PO PP PPEPP PP PPRPRRPT 4
Y[ (S IR Y= [T ox (o] o PP PPPPPP ORI 4
Code I1SSUES aNd SOIULIONS. .....ceiiieeee et e e e e e e e e e e eaeeeaaaaaaaaaeeesd 4
System Design and INSTAlIAtION. ...........ooiiiiiii e 5
Challenges IN MONITOMNG ....vvveeiiieieeee e e e e e rrrreeeeeeeeaeaaeees ] 6
1T o IS 10 o 1Y = = 11 7
Y1 SIS U0 =TT R 7
Y To] gy (o1 T alo TR =1 (1] o J R 8
DeSCriptioN Of ANAIYSES......ccoiiieeeiee e e er e e e e e e e et ne e e e e e ar 10
Howto Rate a Combination System for EffiCienCY ... 10
Space Heating EffiCIENCY. ... ...t 10
Water Heating EffiCIENCY..........cooi i 11
ANBIYSIS PIOTOCOLS......ceeiiiiiiiitee ettt e e e e e e e s e et b e e e e e s et reeeeeeas 11
DOMESHIC HOt WALEK ... . ettt e e e e e e st e e e e e e st e e e e e e e e ssbreeeeeeeeannnes 11
RS 0= o < o [T | PN 12
SYSIEM EFfICIENCIES.....ei i ittt e e e e e e e e et e e e e e e e e ana 13
S PR 14
Data summaries and calculations for six months of data collected at the Bellingham site are presented
LT = SR P 14
SIEE SUMIMATIES ... eeeieiie ettt ettt e e e e ettt e e e e e e e b te e e e e e e sa s beeeeeeaeaaansbeeeeeeeeeannseneeeneeeaans 14
OULSIAE Al TEMPEIATUIE. ... .eeeeeeie e ettt e et e e e e e e e e s e e e e e e s asbb e e e e e e e e e aannnbeeeeee s 14
Mechanical Room Summaries (from Metered ReadingS)........ueveeeeeriiiiiieiiiiiiiiaiaeeeeeeeee e, 14
Cold Water Supply Temperatures (from Flow Event AVerages).........cccccceeeeieeeieeiiiieseeeeeeee 15
Hot Water Supply and Tempered TeMPEeratULES........cceeeeeeeieiiiieieee e veenaeeeeeeees 15
Household Water and Water Heater ENergy USe...........ooooiiiiiiiiiiiiiiiiiieeeee e 16
A (] g T =T 0] =g o =t 17
SPACE HEAL ...t a e e e e e e e e e 18
AUXINTANY SPACE HEAL.......ciiiiiiiiiiiiii e e e s e e e e s nee s 21
System HicienCieSq FEFS and HSPES........ooii e 21
Conclusion and ReCOMMENAALIONS .........ooiiiiiiiiie e 22
(=T (=T =] o L T 23



Tables

Table 1. Heatingdones Of TEN TESE SILES.........uuiiiiieiiiiiiie e e s 7
Table 2. Test Site CharaCteriStCS.........cuvuuiieiie it e e s rr e e e e e e aannes 7
Table 3. Total Measured Cold Water Supply and Calculated Tempering. Water.......................... 17
Figures

Figure 1. Hot Water Load Duringo@y Belowfreezing OATg Montana Site..............cccvvveeeeiiiininennnn. 2
Figure 2. Percentage of Time HPWH On/Off During Cold Weather Periad.............ccoooceecninnnnnns 3
Figure 3. Ability of HPWH to Deliver Hot Water at Setpoint Temperature...........cccccooveevvveveeeennnnns 3
Figure 4. Schematic of the Combir@pace and Water Heating SysSteM..........ccvvevveviiiiiiniiiieineeeell 5
Figure 5. DIVErSION FIttiNG.........ooooiiiii it e e e e e e e e e e e e e e e e e e e e e e e e e e e e s s s e e s sesaeeananned 6
Figure 6. Field MONItOING SETUD......ccciiiiiiiiiiie et e e e e e e e e s s s snrr e e e e e e e aannes 9
Figure 7. Daily Average Temperature at the Bellingham, WA Site through June 30Q,.2015......... 14
Figure 8. Temperature of Space Surrounding the Tank in Bellingham, WA...........cccccvvvvvvvvennen. 14
Figure 9. Average Cold Water Supply Temperature in Bellingham, WA (mean =.77.8°F)...........15
Figure 10. Average Daily Hot Water Supply Temperature in Bellingham, WA............................ 16
Figure 11. Average Daily Tempered Water Temperature in Bellingham, WA...............ccccvvvvneeee. 16
Figure 12. Tempered Water Use at the Bellingham.Site............cccooiiiiiiiiiiiiiiiiiceeeeee e 17
Figure 13. Water Flow through the Hot Water System and the Energy Used to Heat.lt.............. 18
Figure 14. Space Heat Load in the Bellingham HOUSE................ccoeeee i 18
Figure 15. Energy Load Modeled with Temperature in the Bellingham Hause................c..c..... 19
Figure 16. Influence of Solari@@n Energy Load at the Bellingham Hause...............cccccciccnnnnnns 20
Figure 17. Passive Solar Home Used for this Analysis in Bellingham..............cccccveiiiiniiiinnninnee. 20
Figure 18. Energy Use by the Auxiliary Space Heat System at the Bellingham.Hause............... 21


file://///fs/homedirs$/melspe/Documents/Building%20Sciences/Ken%20Eklund/TIP%20report_Sept%202015/TIP%20326_Sept%202015/F%20irst%20Midterm%20Report%20TIP%20326%20-%20Second%20Draft%20-%20asb%20edits-KE%20review%20-%203_rev%209-29-15%20MTS.docx%23_Toc431378640
file://///fs/homedirs$/melspe/Documents/Building%20Sciences/Ken%20Eklund/TIP%20report_Sept%202015/TIP%20326_Sept%202015/F%20irst%20Midterm%20Report%20TIP%20326%20-%20Second%20Draft%20-%20asb%20edits-KE%20review%20-%203_rev%209-29-15%20MTS.docx%23_Toc431378641
file://///fs/homedirs$/melspe/Documents/Building%20Sciences/Ken%20Eklund/TIP%20report_Sept%202015/TIP%20326_Sept%202015/F%20irst%20Midterm%20Report%20TIP%20326%20-%20Second%20Draft%20-%20asb%20edits-KE%20review%20-%203_rev%209-29-15%20MTS.docx%23_Toc431378643

Abbreviations

AC
BPA
Btu
CQ
COP
DOE
DR
EF
ER
FEF
GPD
GWP
HFC
HPWH
HSPF
kWh
NEEA
NSH
OAT
PNNL
PSI
TIP
UL
WSU
XPB

alternating current

Bonneville Power Administration
British thermal unit

carbon dioxide

coefficient of performance

U.S. Department of Energy

demand response

energy factor

electric resistance

Field Energy Factor

gallon per day

Global Warming Potential
hydrofluorocarbons

heatpump water heater

Heating Seasonal Performance Factor
kilowatt hour

Northwest Energy Efficiency Alliance
NEEA's Next Step Home Program
outside air temperatures

Pacific Northwest National Laboratory
pound per square ith

Technology Innovation Program
Underwriters Laboratory

Waslington State University

Heat Exchange Pump Block






Introduction

This is the first field report ithe Washington State University (WSEHergy Programesearch into the
performance of Céxefrigerant heat pumps used for combined space and water heating iR high
efficiency new homes. The research is funded by the Bonneville Power Administratignhi@Bgh its
Technology Innovation PrograffilP) The equipment being tested in this study is manufactured by
Sanden International in Australia.

This research is based on previous research intor€figerantheat pump technology conducted by
WSUas TIP 29that demonstrated the ability of the system to provide hot water to a large family during
extremely cold weather while operating only 25% of the tiffieis capacity was corroborated during the
demand respose testingunder TIP 302t Pacific Northwest National Labs (PNNL) Lab Homes Test
Center when the daily draw was 130 gallons, and the split system was able to meet the demand while
turned off for up tol2 hours.

Theten sites were selected primarily fromuiiders participating in the Northwest Energy Efficiency
LEfALFYOSQ4& b S EpiogrdgmiR8drditnhest 108k place i 2004 and 2015, primarily by
CLEAResult, which operates N8FSU coordinated the development of engineering and monitoring
plans by he project teamwhich included WSU, CLEAResult, NBE@Ecotope.

As of September 30, 201&ight CQ refrigerant heat pump systems have been installed as combined
space and water heaters in energificient homes located in three states amdtwo of the Pacific
Northwest heating climate zone$he two final sites are in McCall, Idaho, a healioige 3 climate.
Monitoring has been installed aightof these sitesthe earliest in Bellingham, Washingtohas
produced data sinckate December 2014.

The field study is designed to gather a full heating season of data from the systems. The data is analyzed
at two interim points anavill be brought together for a final analysis and report due in fall 20%6s

report focuses on the Bellingham sltecatseit has a data set spanning three seasorise other

monitoring systems were commissiongdsummer 2015 and have insufficient datagiohance

understanding of system performandering the time period covered by this report.

The project also includeslab testat Cascade Engineering Services to examine the end uses and overall
system functions in a controlled and highly documented environmEnis test will be complete and a
draft report issuedn October, 2016



Basis for Combined Space and Water Heating Experiment
This research is based on the performance of theréftigerant heat pump documented:in

1 The lab and field tests done under TIP 2@Rich looked at performance as heat pump water
heaters(HPWHs)and

1 The controlled field tests performeby PNNL for TIP 3@@ study thedemand respons€éDR)
performance of these systems while they functioned#8VHs

In both studies, specific findings indicated the technology had the capacity to provide heat to end uses
while also providing a substantiabt water load.

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

Montana sitewhen theoutside air temperaturd OATyemainedalmost entirelybelow freezing and
went as low asl6.5°F.The hot water loaadtonsistf a family of fourincluding two teenagersvho

take an average of 22 showers per weklkurel shows this period The top graph is the energy use by
the system and when it was operatirithe bottom shows th©AT(including total daily temperedater
use along the jaxis)duringthis period showing that compressor use was fairly regular.

Figurel. Hot Water LoacdDuring 9DayBelow-freezing OATg Montana Site
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It would seem that a system drawing all of the heat fostlind use from this cold air source would be
operating frequentlyFigure 2answers this questioby showing thepercentage of time the system was
on versus the time it was off.he @ll bar represents 75% of the niglay periodwhenthe heat pump
was notoperating The short bar shows that ian for only 25% of this perio@he tall baisuggestshat
the heat pump could be providing heat for another uEhis is the first solid evidence that the system
could serve as a combined space and water heaystem because it has this heating capacity even
during very cold weather.



The second specific finding is from the demand Figure2. Percentage of Time HPWH On/Off During Cold

response research at PNNL for TIP.30@s set of '/eather Period

HPWH Activity during a cold weather pericd

experiments was based on a daily draw of 130
gallons of hot water in order to test the system
under very high use condition§iven that the
average hot water use in the Pacific Northwest i<
42 gallons per dagGPD)the test condition could
be considered extreme.

0%

The Oversupply Mitigation test is designed to tes
the capacity of systems to store energy when
there is a surplus of generatiomo geate a
storage banKor night time generationthe split
system water heater was turned off for up to 12
hours while still supplying 13BPDFigure3

20%

Percent of time HPWWH is on or off (within 9-day cold weather period)

0%

shows its ability to deliver water at the set

oFF on

HPWH (kWh)

temperaturewithout missing a drawThis ability verifieghe field results at the Montana site.

Figure3. Ability of HPWH to Deliver Hot Water at Setpoint Temperature
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Field Study

Tensplit systemCQ refrigerantHPWHsare or will beinstalledin nine highly efficient nevimomesand

one highefficiency retrofit homeacross the regiobeginning irfall 2014. These homes are locatea
CSEEAYAKEYT 21T [/ 2S8Sdz2NJ RQ!IESYyST L5T aO/ ITaconm, L5T aAi
WA.The field study is designed to test the performance of the technology in all three of the Pacific

b2 NI KgSaidQa iresThehostdrgahizationdreiASista, BergyTrust of Oregon Puget

Sound Energyand TacomaPublic Utilities.

Description

Site Selection

Tensh S48 6SNB NBONHzA 1 SR NSHRoglayi,wHick is BaRaget KyNR HaR&sultb 9 91 Q&
For each homeCLEAResult staff determined the heat loss rate and annuabiad v 3 ,4 9 9 a u

simulation tool developed by Ecotope, Inc., and calculated the design heatistagSpecPro©, by

Bruce ManclarkThe final determination of whether the home would be part of ttombined 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
K2YSa | NB odzAt i G2 .The énéreudi homeinzbeSogranildcated R OMEDE,
isa prototype for retrofit application of the combined space and water heating concept.

Code Issues and Solutions

The CQHPWH used in these experiments is not UL lidiektrical 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 theombined systemsimply as water heateras was done in

TIP 292 and1P302.As in those earlier projects, the building official is required to exedifsaetion

under Section 104 of the International Residen@iatle, which allows use of alternate materials and
systems.

Ken Eklund at WSlorked with building officialsThe initial permit in Bellingham took eight months to

obtain. It required obtaining engineered drawings of the system, which proved instrumertataining

that permit and all the ones that followed@'he engineering was done by Jonathan HeR&rat Ecotope

At the Idaho sites, the building official was local and the electrical official was a state inspector

Obtaining these permits required worlg with bothjurisdictiong o6 dzi 2y O0S (G KS / 2SdzNJ RQ
permitted, the McCall permits proved easy because the state officials alerady educated and on

board.

Sanden International, the manufacturer of the HPWH, is working on obtaining UL flistthg split
system installed in these projecisis a long and expensive process, and much of the knowledge and
experience obtained in thesEIP projectss being incorporated into the equipment that will ultimately
be UL listed and sold in this country.



| -System Design and Installation
The combined space amdater heating system adds a heating loop to tHEWH This heating loop
consists of two parts:

1 Thesupply sidenovesheated water from the tank to a heat exchangand
1 The distribution loopdelivers heat to the heat distribution system.

The design includes a backup heater between the tank and the heat exchkitgere4 shows a basic
schematic ofthe combined system.

Figure4. Schematic of the Combined Space and Water Heating System
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A significahamount of system desigonmore aptly termed evolutior took place in the context of the
Bellingham installationThe technicatlesign committee consisted of Ken Eklund, WSU; Jonathan Heller
and Ben Larson, Ecotope; Mark Jerome, CLEAREbhaltje Stephens, NEEA; and John Miles, Sanden
Weekly calls to exchange ideas and make design decisions took place with frequent emaiih traffic
betweenfor several months in fall 2014

The original design proposed for the Bellingham systatied for replacinghe Sanden tank with a tank
that had an integral heat exchangdihe Sanden tank is equipped with a precisely located sensor that
alerts the system controller when to operate the outdaarit and the tank is carefully engineered to
maintain stratification necessary for system operati®a ensure proper operation and maintain the
system warranty, the original design was tabled.

A great deal of discussion took place concerning the best way to return water froradfant floor
space hednhg system to the Sanden tark.lI Y R @yt was that returning warm water to the
bottom of the tank would
91 Interfere with defrost function ircold weather, because warmer water causes the system to
misread the temperature and turn off the defrost; and



1 Reduce efficiency imperation which depends on providingigh
temperature gradiento the outside heat exchanggwhich is designed to
heat wate in a single pass.

Figure5. Diversion Fittin

It was decided to return heatingop waterto the top of the tank This caused warm
water to mix with hot and resulted irsomecool showersat the Bellingham siteA
device cdkd a diversion fitting was finally developed and built by WSU to direct the!
incoming warm water down toward the center of the tank so it could find its proper
stratification levelFigure5). A copy of this device @irrentlyinstalled atseven sites

The backupankwas equipped with heating elements to provide backup heat if the
HPWH could not provide sufficient hot wafler space heatingAfter the Bellingham
installation, the design team decided it would be simpler and betierse an electric
resistancg ER-demandheater for backupThis has been done in all subsequent
installations except for the Olympia ajtvhich has no backup heating.

The Bellingham sit&ill beretrofitted in early Octobe2015 to move the heating
loop returnfrom the top of the tank to the bottom, and replace the auxiliary tank
with abackup demand heater. Reloaagithe heating loop returris based on the combined space and
water heating lab test conducted by Ecotope in August 2048ch showed clearly thatturning 70F

80°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 fitting.

The common denominator of all ten installations is the guidance of Mark Jerome ohisiteakes sure
that all the connections are properly made, the temperature wells and flowmeters for the monitoring
are placed correctly, and the TAC@I&ck is wired and programmed propetir. Jerome has
participated in all of the installations of thisghnologyin the Pacific Northwedb date.

Challenges in Monitoring

NEEA provided all of the monitoring equipment and supported the installation, calibratdn
monitoringof that equipment by WSIrhe monitoring usedbr allten sitesisthe same as tht usedfor

the detailed monitoringdoneby NEEA in its firgteneration of NSH, including four of the NSH homes in
this study.

The equipment was originally designed primarily for use by home owners to monitor energy use, and
has been expanded through itse in the NSH program to provide a watteay of monitoring services.
The monitoring equipmentequires Internet access in order to operate, which means tiathome

must be occupied and havetémnet installed and accessible which can delay monitomsggilation.

At the time of this reporteight of theHPWH systems are installadd all of them have monitoring
systems installedalthough five of them were installed in September 2015

The lead monitoring installer is David Hadé$8V/SU. He is assisted by Luke Howard and Andy Gordon.
Mr. Hales also installed monitoring for TIP 292.



Field Study Details

Site Summaries

The specific sites are typical of the regional heating zones they represent, as shbatheih. Most of

the sites inHeatingZone 1 are warmer than the median valtgr that zonebut represent the most

populated areas in the regioBellingham and Olympia are coldian theY SRA I y & [/ 2 SdzNJ RQ! f ¢
solid representative dfleatingZone 2 and McCall, Idaho is colder than theatingZone 3 median.

Characteristicof the Bellingham test sitare summarized iffable 2

Tablel. Heating Zones ofenTest Sites

Heating Zone Number of Sites Median HD®* Site Location Site HDIY’
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, IL 8,851

Table2. Test Site Characteristics

Bellingham
Adults 2
| KAft RNBY M 2
Teen 0
Months of Occupancy 9
Age of House 2015
Conditiored Floor Aread 2,057
Number of Stories 2
Numberof Bedrooms 3
Numberof Full Baths 1
Numberof Half Baths 1
Heating System Radiant Floo

Data provided only for occupied sites with operating monitoring apaf 2015.

! Source: Northwest Power and Conservation CouniP@wer Plan Assumptions
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Monitoring Setup
The field study igesigned to monitor the systems for at leaste full heating seasofT hisfirst midterm
report coverdnitial monitoringat one sitefrom December 2014 through June 30, 20Data points
include:
1 Water flow, time and volume
o Through hot water tankmeasured at the cold water inlet
o0 Through space heating supply loop measured on return to tank
0 Through space heat distribution loop measured on return to heat exchanger
1 Temperatures
o Cold water supply
Hot water totempering valve
Tempered water to house
Outside air temperature
Inside air temperature near the hot water tank
Hot water to heat exchanger
Return water from heat exchanger to hot water tank
Hot water to heating distribution system
o0 Return water from heatig distribution to heat exchanger
1 Powermeasurements
o Time and amperage of compressor, fand pumpelectricityusemeasured together
o Time and amperage of outdoor pipe freeze protect{brat tape)electricityuse
o Time and amperage of backbhgating loop etctricity use (at all but one site
o Time and amperage tieat exchange supply and distribution pumps and controllers

O O O 0O 0O O o

The field monitoring setup is illustrated ligure 6 Themainmonitoring collection device isSiteSage
Energy Monitowith Internet connectiorso data can be downloaded daily and settings on the logger
can be controlled remotelyThis quality assurance ensgithat issues are identified and corrected as
soon as possibldhe following monitoring equipment is used:

1 Emonitor + Gteway

INDAC sensor controller

(2) Temperature + %RHwire sensors (indoor and outdoor)
(3) Temperature wells with-lvire temperature sensors

(2) Grundfos flow sensors + temp model VHE® 2

(1) Grundfos flow sensor +Temp model V2 1

=A =4 =4 4 =4

The Emonitordgs:
1 Energy used by HPWH
9 Energy used for frost protection
1 Energy used by distribution pumps
91 Energy used for back ugRwater heating(if any)



In some instances, esite HOBOIiNR monitoring is also required to capture all data streamseskh
dataare downloadedmanually at severaionth increments.

Figure6. Field Monitoring Setup

Ke
y CWT - Cold Water Temperature
~ ~ — SensorWiring XRWT — Heat Exchanger Return
‘~-» —Domestic Hot Water path Water Temperature
-> —Heating system loop XSWT — Heat Exchanger Supply
HP - Electricityto Heat Pump Water Temperature
HT - Electricityto Heat Tape DRWT - Distribution System Return
OAT — Outdoor Air Temperature Temperature
MRT — Mechanical Room DSWT — Distribution System Supply
Temperature Temperature
HWT — Hot WaterTemperature ~ F_ — FlowMeter
TWT —Tempered WaterTemp. W~ MixingValve




Description of Analyses

The midterm analyseare designed to focus on the field monitorimghile ittakes placen order to
provide quality assurancegvelop analysis procedures, and organize reporting for the projéet
period covered by this analysis is from the time monitoring bemtdahe Bellingham site on December
30, 2014throughJune 30, 2015

The analysis in this report examines therformanceof the systenfor both space and water heating
and a number of its operating parameters, including the temperature osyis¢emsupply water,
heated water and tempered waterand thecalculated volume of water used temperthe
temperature of the howater beforeuse Tempering was required due tine high (approaching 15B)
temperature of the heated wateiThe total volume of water used and daily use averages are also
calculatedfor domestic hot waterln addition, the characteristics of the spawoeating loop are
examined for temperatures, operating parameteasd energy used under representative conditions.

How to Rate a Combination System for Efficiency?

Using one system for two purposesems inherently efficierin terms of resource allocation
installation,and cost effectivenessut this is not the main point of this research. Te¢tgef concerris

how well the system performs each functiqgspace and water heating. Each of these operations has its
own efficiency measuse

1 For space heatindheat pumps are measured in terms of Coefficient of Performance (Tla&P)
heating efficiency of air source heat pumps is also rated WWéehting Seasonal Performance
Factor (HSPF).

1 Water heaters are officially rated according to Energy Factor KiERYH are alscevaluated by
the amount ofelectricity used to heat a gallqor 100gallong of water to use temperature. In
previous reports, WSU has measured site performance in terms of Field Energy feEkss

Because one system is providing both spaicé water heatingit is impossible to allocatthe input
energy precisely to one use or the oth&stimates are done for the following measures together with a
combined efficiency assessment.

Space Heating Efficiency

Coefficient of Performance

COPRa standard measure of heat pump efficienisythe ratio of heat energy produced to electricity

used for operation. The limitation of this measurement is that it does not, without further detail,

provide information about the conditions under which theE®as measuredbince many factors

impact heat pump performance, COP generally is not the best comparison standard for heat pumps that
will operate under varying conditionB this reporf COP is defined within the context in which it was
calculated

Heating Seasonal Performance Factor

HSProvides a seasonal view of air source heat pump heating performance. All of the heat energy
delivered during the season British thermal unitsBtu) is divided by the total number of kilowatt
hours (kWh) used by thgystem.

10



Water Heating Efficiency

Energy Use per Unit of Hot Water

The Pacific Northwest is the national center ifPWHesting, deploymentand problem solvingThe
Northern Climate Specification is a case in pNEEAundated. Anotherexampleis thefield research
funded by BPA and NEEAuid Market Strategies and NEEA, 208&veral field studies on HPWH
performance report performance in a number of wags doeghis study Oneperformance measureis
energy use normalized by flowreated by Edope (Ibid.,pp. vii, 41, and 74 The advantage of this unit
is that itallowsatrue comparison of performance by energy per unit of water heated.

This report examines energy use per gallon, and this brings it into conversation with other HPWH
researchjncluding that done under TIP 302, where electricity input per gallon was meaanddther
regional studies. Thesesources, data, and findingéll be brought together in aomprehensive
discussion thaexamineghe question of relative efficiency different water heaters.

Energy Factor vs. efficient of Performance
The lab test reporfrom the study focusing on GBIPWH performancé_arson 2013 refers toboth
COP andtFin a laboratory context

1 COP is the ratio dhe energy produced by the water heater to the energy usedperate the
heat pump In the lab, temperature sensors in the taalkow researchers ttook directly at the
water temperatureso they can calculate the energy in the water

1 The ERsspecifiedby aU.S. Department of Energ QB 24-hour lab testwith a certain hot water
draw pattern and monitoring period to observe tank heat losses.

1 Inthis report the efficiency is labeled Rield Efficiency FactoFEFbecause itconsists of
observations at a range @ATsand draw schedules-urther, itincludes tank and plumbing losses
as they occurred in field conditiorishe erm FE® dzA t Ra 2y (G KS 5h9 G SNY
performance indicator in actual us€heFBE-more closely approximates home usigan a COP
because it incorporates loss from cooling pipes between draws, cold supply water in,aider
other factors that impact energy use in the field analyzing this dat@ne challenge is dividing
the tank and piping losses between the end uses.

Analysis Protocols

In this report, the data from the Bellingham site is used, but the next Interim Field Study and the final
report will includedata fromall sites. @ta fromthe first day or more was dropped to eliminate readings
affected by sewup and testing of instrumentatiorMeasured flow and temperature values are used to
calculate the following variables

Domestic Hot Water
1 Average temperatures by flow event or by daydotd water supply, hot water, and tempered
water for the domestic hot water supply
1 Thermal energy required to heat caddpplywater for each flow event
Volume of water added to temper hot water for each flow event
T Volume of total water for each flow ewnt.

=
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To calculate representative temperatures for cold supply water, hot water, and tempered fvater

water heating at least three consecutive flow measurements were requikéelan temperatures were

then calculated by dropping the initial temperature d#ag and averaging over the remaining readings
for a given flow evenfor draw). These remaining readings were also used to approximate daily average
temperatures for cold water, hot water, and tempered water. Daily averages were used as the
representativemean water temperatures for shoduration draws that were less than three

consecutive minutesiVhenonly intermittent short (less than threeninutes) draws occurred during a
given day, the mean of daily average water temperatures from surrounding days was used.

Because onlyater volume flowing intand out ofthe HPWHankwas metered via data loggers,
additional water added to temper the hot water flowing to the home was calculated for each flow event
by using the known water flow (gallons) and the difference betweerddily average tempered water

flow to the house and tadailyaverage cold or hot water temperatures, respectively. Total water flow
for each flow event was then the sum of the cold water flow and the added water.

Average water temperatures were used to calculate the thermal energy needed to heat the ¢eld wa
for each drawTheenergy loacheeded to heat the cold water supply for each flow evgptdhw)was
calculated as:

Load= Flow Volume x 8.34 x (Temperature Temperature 2) x 1 Btu/lb/°F, where

8.34 Ib/gal is the density of watgand flow volumeand averagewater temperaturevariablesare:

Load(BTU) Flow Volume Temperature 1 Temperature 2
Qdhw Tank nlet Tankoutlet Tankinlet
SpaceHeat

Measured variables in relation to space heat ase

1 Volume of watereturning fromthe heat exchangeto the tank

Volume of water flowing from the heat distribution loop to the heat exchanger
Temperaturesn both the supply and return sides of the supply and distribution loops
Space temperature@nechanical room, livingrea, etc.)

Outside air émperatures

TACO Block(XPBEglectricity use (kwWh)

Heat tape electricity use (kWh)

Auxiliary heating element electricity use (kWh)

=A =4 =4 4 -8 4 A

For this report, supplemental daily solar radiation (W)rdata were collected from a local Weather
Underground weather station.

Measured flow and temperature values are used to calcudatrage temperatures by flow event or by
day for tank hot water tpand return water fromthe heat exchanger and falistributionloop hot water
from, and return water tgthe heat exchanger

12



Seveal load variables were derived from average water temperatures feord returning tq the tank
Energy loads for the auxiliary tank, distribution lpapd supply loop we calculatedusing the generic
calculation showrabove, and the followinfow volume andaveragewater temperature variables

Load(BTU) |Flow Volume Temperature 1 Temperature 2

Qaux_tank |Supply #ter heat exchange Tankoutlet Supplybefore heat &change

Qdistribution| Distributionbefore heat Distributionafter heat Distributionbefore heat
exchange exchange exchange

Qsupply Supplyafter heat xchange Tankoutlet Supply after heatxchange

Measuredandderivedvalues were summarized both daily and weekly.

System Efficiencies
FEFefficiencies were calculated as:
FERpwh= Qdhw + Qsupply / Qinput, where Qinput is the sum of HPWH and heat tape (kWh)
FEkystene Qdhw + Qdistribution / Qinput, vene Qinput is the sum of HPWHypdiarytank,heat
exchanger and heat tape (kwh)

13




Results

Data summaries and calculati® for six months of data collected at the Bellingham site are presented
here. Site Summaries

Outside Air Temperature
Figure 7showsthe daily average temperatufeom the Bellinghansite through June 30, 2015ach day

has a bar the dot is the averageemperature for that day, and the bar extends to the daily extreme
temperatures

Figure?. Daily Average Temperature dhe Bellingham WASite throughJune 302015
Outside Air Temperature by Site
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Mechanical Room Summaries (from Metered Readings)

The spacesurrounding the tank impasthe heat loss rate from the tank and jiyg. Figure 8shows the
indoor air temperature of the space where thenk resides. Tempatures were generally above @5°
during the heating season and increased in the spring and summer

Figure8. Temperature of Space Surrounding thankin Bellingham, WA
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Cold Water Supply Temperatures (from Flow Event A verages)

The plot inFigure 9shows the averageold water supplyemperatures athe site. According to the
manufacturer of the HPWH, the temperature of the incoming water impacts the system efficiency due
to the thermodynamic properties d€Q at the pressures used in the systeihe water supplyat the
Bellingham site is rainwateéhat isstored in aboveground cisternandthen heldin a pressurization

tank in conditioned space. The resultimgher temperatures are barely within the recommended range
of coolness

Figure9. AverageCold Water Supplyremperaturein Belingham, WA(mean = 77.8F)
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The reading of inlet water temperatun beimpacted by the sensor heating up due to its location in a
pipe connected to a tank of very hot watfihat pipe is heated by conduction from the water heater,
and this masks the tie temperature of the incoming waterthis effect is reduced bequiring a
minimum of three consecutive readings for calculating average temperatd@sever,outlierscaused
by tank heatingnaystill be apparentin the temperatures used in the calculatis, althoughthe errors
are lower thanthose thatresult from instantaneous temperatures

Hot Water Supply and Tempered Temperatures

Figure 10showsthe daily average hot water supply temperature. Note that it ranges substantially more
than in the hotwater-only sites in TIP 292. This may be due to the introduction of the heating loop
return at approximately 70 during the heating seasofhe drop in temperature during May and June

is not explainedalthough those values are within tlsystemdead band
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Figurel0. AverageDaily Hot Water SupplyTemperaturein Bellingham, WA

145-

bt L] L -- -
— 140~ .. . & . . . * .
L . ' : . '.' . ot '. ’ - * e .
g . . . . * '. . . o * . -" o
+= 135- . . . o . ., ‘et . . . | * %o « * e .
© . * . . -
o . . . . . . . * . ‘e * o
E . % . . . .. L . . .« * * . . . =
(1] 130+ . . . . * * (=]
= . . » . g’
e . .
[] .
-
$ 125- y . .t
.

5 . .
I

120~ ° .

.
b L
.
115+ \ T T T T \ T
Jan Feb Mar Apr May Jun Jul

Date

Each household in the studyequipped with a tempering valve to reduce thet water supply
temperature, whictgenerally averagesimost150°F,to a saf@ use temperaturéoy mixing it with cold
water. Themixedtemperatureis set by thehomeowner As shown irFigure 11 the averagelelivered
temperatureranged betweerl05°F and 12%; with excursions as low as ¥&and as high as 13B.

Figurell. Average Daily Tempered Wateemperaturein Bellingham, WA
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Household Water and Water Heater Energy Use

Without a tempering valvghe volume ofhot water supplied to theccupantss exacththe same as the
volume ofcoldsupplywater provided to the water heateil he tempering valve adds cold water to the
hot water supply to bring the temperature down to the temperature desired by the.user possible to
calculate the amount chddedcold water when theamount of hot vater plus thetemperature of the

hot water supply, the cold water temperaturand the temperature of the water flowing out of the
tempering valve are knowin this caseall three temperaturesare directly monitoredand daily

average temperatures are ed to calculate cold water added to the tempering valve and the resultant
total household tempered water us€igure 12shows the household tempered water use at the
Bellingham site.
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Figurel2. Tempered Water Use at the BellinghaS8ite
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Table 3shows the total measuikcold water supply to the water heatawhich is also the hot water
supply volume from the tank to the tempering valve, the calculated volume of the cold water mixed
with the hot water from the tankandthe total howseholdtemperedwater usedin GPDfor the non
heating seasonnly (March 15 onwards Thisdaily temperedwater use is about half the average 15
GPDper person. It raises concerns about the accuracy of the monitowhgh will be addressed in the
site visit scheduled for October 2015

Table3. Total Measured Cold Water Supply and Calculated Tempering Water

Site Total Cold Water Supply | Calculated Total Water added to| Total Householdrempered
Water, GPD Tempering ValveGPD Water, GPD
Bellingham 18.1 9.47 27.57

System Performance

System performance integratekily water flow with theheatingenergy Figure 13demonstratesa
measure of efficiencin the dailyamount of energy used per galloifferent amounts ofenergyare
used on some daysven thoughflow ratesand theOAT are the sam®ailyenergy andvater use in
large tanks is often not regularhot water is carried over from a previous dawhichredueesthe
energyneededto heatit back up to the desired outpuemperature

The data used here does not include theeegy useddy heat tapeit is simply thewater flow through

the hot water systenand the energy used to heat ihcluding standby losses in tanks and pig&sergy
used for freeze protection by thenit itself, including defrost and recirculation of hot water through the
outdoor unit when the system drops in temperatuig already in the performance calculations

Figure 13hows the amount ofemperedwater used per day on the X axis and the k\Wiadusn that
day on the Y axi®ata shown is for the spring and summer months (afterdids, 2015)A linear fit
showsthe relationship between kWh and gallons of hot water ustde slope of the line iRigurel3is
actually kwh per gallon of water heaténcluding tanl and piping losse€ghe higher energy values (>6
kWh) coincide with days when the heating system was active in late March andTApslopeindicates
the efficiercy ofthe systemmainlyas a water heateand strictly during the warmer nmths. This slope
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is considerably lower than similar néreating season metrics for the sites included in TIP 292, as is the
Bellingham daily average HPWH energy use of 4.95 kWh (for installation through June 30, 2015). WSU is
currently investigating thesgesults.

Figurel3. Water Flow through the Hot Water System and the Energy Used to Heat |

Daily Flow and Energy
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Space Heat

Monitoring was installed in late December 2014 and was able to capture cold wetgtedrom that
time through March 2015Analysis focused on developing procedures and understanding the data.
Every building is unique, and the Bellingham site created unique challéragasake it very difficult to
asses heating system performance.

Figure 14shows the space heat load in Bejjham from January through JuB815 As expectedthis
loadis high in the winter months and declines precipitously in spring to zero load in summer.

Figurel4. Space Heat Load in the Bellingham House
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