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Summar y

Increasingpenetration of hegiump water heaters (HPVEHn the residential sectavill offer an
importantopportunity for energy savingwjth a theoretical energy savings of up 8%®@per water
heatet and up to 8% of residential energy ugEIA 2009) However,severabarriers must be overcome
before this technology will reach widespread adoption in the Pacific Northwest region and nationwide.
Onesignificantbarrier noted by the Northwest Energy Efficiency Alliance (NEEBAhe possible
i nteracti on padetohditibonmgsystesionenisdnstalled in conditioned spaces. Such
complex interactions may decrease the magnitude of wimlee savings available from HPWH
installed in the conditioned space in cold climates and could lead to comfort coneesw (&t al. 2011;
Kresta 2012) Modeling studies indicate that the installation location of HPWHSs can significantly impact
their performance anithe resultant wholéhouse energy savingkarson et al. 2012; Maguire et al. 2013).
As a r es ul thern Qlireate AIBVEH Sdexificatiowhich describes the characteristics a HPWH
must have to be incentivized in cold climates in the Pacific Northwest, requires exhaust ducting for their
Tier Il-specifiedproductandrequires full ducting for a Tier Hépecifed produc{NEEA 2013)
However field data are not currently availablesobstantiate these requiremems installing HPWHs
with exhaust or full ducting increases the cost and complexity of the HPWH installation, when it is
required suchfield dat are necessary to verify modeling assumptions regarding the magnitude of
interactions between the HPWH ath@ space conditioning systeamdto justify the need to install
exhauswonly or full (supply and exhaust) ducting for HPWHSs installed in conditi@pace in cold
climates.

This HPWH demonstratiomxamineghe overall performance of HPWHsstalled ina conditioned
spacewith a number osupply and/or exhaust ductiegnfigurationsas well as thanteractions between
t he HPWH and tglklingsysteenSecificadlyahis fietd evaluation of two HPWHs in
the Pacific Northwest National Laboratobyab Homess designed to measure the performance and
impact on the Lab Homleeating, ventilating and air conditioningW{AC) systemduringheating and
cooling season perioadg HPWHSs in two pairs of configurations:

1. a HPWH configured with exhaust ducting compared to an unducted HPWH
2. aHPWH with both supply and exhaust air ducting as compared to an unducted HPWH.

Importantmetricsevaluatedn these experiments include water heater energy use, HVAC energy use,
whole-house energy use, interior temperatures (as a proxy for thermal comfort), and cost impacts.

In general, the Lab Homes evaluation found that installing extealygducting on &dlPWH in
conditioned space increased whblsuse energy use, while full ducting decreased wholese energy
use as shown ifrigure S1. Specifically,the data fromiese experiments suggest teahaustonly
ducting increased space conditioning energy use 4.0 = 2.8% in the heating season as compared to the
unducted HPWH, due to increased infiltration of colder outdoor air resulting from depressurization of the
interior space.Full ducting was observed to substantially mitigate the impact of the HPWH on the

! Based on the DOE test proced(t® CFR 430.32(d)and comparison of aglectric resistance water heater

(Energy FactorEF = 0.90) versus 8#IPWH (EF = 2.4)

*NEEA incorporates three product Tiers into their Northern Climate HPWH Specification to recognize variations in
product performance and supported applications.



HVAC system. The fully ducted HPWH decreased HVAC energy use 7.8 + 2.3% as compared to the Lab
Home with an unducted HPWH.
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Figure S1. Daily HVAC Energy Use (kWh/day) and Difference in HVACdEgy Use (%) for the
ExhaustOnly Ducted Comparison and the Fully Ducted Comparison Periods in the Heating
Season

In addition, the experimental data indicate that the penalty of instalifRVdH in conditioned space
may not be as large as modeling studies sugdestto the buffering of interior walls resulting in
localized cooling in the water heater closet, with very little impact on surrounding interior temperatures.
Only approximately3.4+ 12.2%of the theoreticaspace conditioningpadwas made up by the HVAC
systemin the heatingeason, an@7.2 + 47%cooling seasanThe study also verified the benefit of
HPWHs installed in conditioned space in providing supplemental coolinggaticg HVAC energy use
by 9.3% compared to axhaustonly or fully ducted HPWH No significant impacts on interior
temperatures were observed, as the cooling effect of the HPWH was largely localized in the water heater
closet.

Although fully ducting he HPWH was observed to be an effective strategy to mitigate space
conditioning impacts of HPWHs installed in conditioned space, this ducting configuration may also
increase water heater energy use due to cooler supply air temperahisestudy showshat cooler
crawlspace temperatures increased water heater energy usk.8%8far the HPWH operating ifiHeat
Pumm mode however, this incremental difference is small compared to the difference in HVAC energy
use accomplished by the different ductingfagurations.

Therefore, from a wholbouse perspective, the net energy impacts of HPWHSs installed in
conditioned spacare driven by the HVAC system interacti@s shown iTable S1. Similarly, the
costeffectiveness of installing ducting on HPWHSs will be driven by the HVAC system interaction. In
this experiment, full ducting provided a lifetime energy savings of IcéBpared to an unducted



HPWH over an assumed Mear life of the water heatef his coresponds to an desase in wholdiouse

energy costs of approximately 4.2%onversely, the exhaushly ducting increased total energy costs

by $1,306 or 2.9% ,compared to the same unducted HPWH overg®ar | i f et i me 4 n Ri ch
dominated climateTable S1 also provides thestimated annual energy and cost impattsn the

maximum possible, or theoretical, HPWH space conditioning interaction is assumed, for comparison.

The magnitude of these energy cost impacts far outweigh the cost of full ducting assumed in this analysis.

Table S1. Annual Difference in HVAC, Water Heater, and Whbleuse Energy Use (kWh/and %
and Associated Energy Costs Calculated Based on the Experimental Data and the
ATheoretical 06 Difference in HVAC Energy Use

Annual Difference in
HVAC Energy Use  Water Heater Whole-House  Energy Cost Lifetime

Energy Use Energy Use Cost
kWh/yr kWh/yr kWh/yr $lyr $
(%)* (%)* (%)* (%)*
E’g&?uas:lgzy 858 + 440 1144 + 74 714 + 446 86 1,306
P (6.2 +3.3 (-6.8 +3.5 (2.9 +1.8) (2.9)
(F:‘;'z [;fi‘;tgg 71079 + 408 48 + 49 71031 + 411 7125 71,982
P (-7.8 £ 3.0) (2.3 +2.3) (4.2 +1.7) (-4.2)
Ezﬁgaestt"g:“ 1953 + 1056 7144+ 74 1809 + 1059 219 2,192
oYy (14.1 £ 7.6) (-6.8 + 3.5) (7.3+4.3) (7.3)
Comparison
Eﬁec?ég“ca' il 72210 + 928 48 + 49 72162 + 930 7262 72,620
: (-16.0 % 6.7) (2.3+2.3) (-8.8 +3.8) (-8.8)
Comparison

* Percentage difference in annual energy use estimates are presented as a percent of that equipmerthimad (e
annual difference in HVAC energy use is presented as a percentage of HVAC energy usage).

However, to validate these findings and further explore the depressurizations caused by the HPWH
with exhaustonly ducting, repeating similar experiments wigfaal measurement of differential
pressure couldlentify key sources of infiltrationIn addition, conducting an experiment to precisely
evaluate the effect of inside walls on buffering of thermal loads could help validate or refute the findings
relatedto the relative magnitude of the interaction between the HPWH and HVAC system, compared to
the maximum theoretical interactioSuch inputxould be used to develop necdetailednodeling using
a multizone energy model tmlidate space interactions ldPWH duct configurationsA calibrated
model could then be used to evaluate variabiity climateand the relative impacts with different
heating and cooling system assumptions. This additional modeling, and associated cost analysis, of
HPWH and spaceonditioning system interactions for a variety of climate zones, HVAC system types,
and HPWH operating modesriscessary to assess the aféctiveness of ducting and to make formal
recommendations regarding appropriate installation of HPWHs nmolerdiversescenarios.
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ACH50
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BA

Btu

Cp water

CFM
CoolingCapeus
Coolinglnput
COP
CORypwH

DR

EF
ERWH
gal/day
gpm
GE
HPWH
HVAC
kW
kWh
LBNL
NEEA
NREL

F)ON,HPWH

PAHPWH

PNNL
SEEM

QrpwH

QHVAC

QWater
RE

SEER

Acronyms and

air changes per hour natural

air changes per hour at 509@als of depressurization with respect to the outside
air source heat pump

Building America

British thermal unit

specific heat capacity of water (1 BtuAb or 0.2931 Wh/IEF)

cubic feet per minute

coolingcapacity of heat pump water heater

the amount of cooling added by theat pump water heater in Btu/h

coefficient of performance

system coefficient of performance of the HPWH; a ratio of the energy delivered
as hot water to thdextrical energy provided to the equipment

demand response

energyfactor

electric resistance water heater

gallons per day

gallons per minute

General Electric

heat pump water heater

heating, ventilating and atonditioning
kilowatt

kilowatt-hour

Lawrence Berkeley National Laboratory
Northwest Energy Efficiency Alliance
National Renewable Energy Laboratory
rated input power to the water heater in Btu/h

performance adjustmefactor that accounts for the impact of ambient
temperature on the efficiency of the HPWH

Pacific Northwest National Laboratory

a residential energy use modeling progdemelopedy Ecotope
heat pump water heater energy consumption

thermal energyprovidedfrom theconditionedspace

thermal energy provided as hot water

recovery efficiency as measured by the DOE test procedure for residential water
heaters (10 CFR 430.23) jrercent

seasonal energy efficiency ratio
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Abbreviati ons



Tout
Tin
Tin,air
Ttank
Vwater
W
Wh
WH

}

outlet water temperature in °F

inlet water temperature in °F

indoor air temperature in °F;

set point of tank thermostat in °F

the average daily hot water volume drawn in gallons
waltt

watt-hour

water heater

density ofwater in pounds per gallon (8.34 Ib/gal)






Content s

YU ] 1= VY 2SR iii
F ot g 0T [=To o [ 1= PP Vil
Acronyms and ADDIEVIAtIONS...........oiiiieii e viii
I 0 111 0T [ [ 1 1.1
I o (0] [=Tor 0 o7 o T P 1.2
2.0 Background on Space Conditioning Interaction of Heat Pump Water Heaters Installed in
(o] a0 11 0] aT=To IS o I- Lox OO T PRSP PPPPPPPPPRPPPRN 2.1
3.0 EXperimental ProtOCOL..........uuiiiiiiiiiiii et ee e mne s 3.1
3.1 GE Generation Il GeoSpring Hybrid Water Heater..............uuviiiiiiimeeeeieeeiieeeeeeeeeeee, 3.1
3.2 MONItOriNG APPIOACKL.......cciiiiiiiie et 3.2
3.2.1 EleCtrical MEaSUIEMENLS. .....uiieeiieeeeee e s e ettt et eeeeeeeesarenrer e s s e e s e e e s e e eaaaeaaeeas 3.4
3.2.2 Temperature and Environmental SENSAIS...........uuvviiiiiiimmmreeeeeeeeeeeeeeeeee e 3.4
3.2.3 Data ACQUISITION SYSTEIML.......uuuiiiiieeeiiiiiiierersibire e e e e e e s e e e e e e e e e e e e 3.5
3.3 HPWH INSTAIALION. ... ..uiiiiiiiiiie e eeee e ee e e e e e e s e n e e e 3.5
3.4 OCCUPANCY SIMUIALION. ... .uuuiiiiiiiiiiiiiiieeee e e e e e e e e e eee e s e e s e e e s e e s e eees 3.8
G g R 1= o o= I - T £ PPPPPUPR 3.8
3.42 Hot Water Draw Profile.............uueiiiiiiiiiiiee e srmeee e 3.9
3.4.3 HVAC OPEIALION. ... .uuuiieiiiieeeeeeeieees st e e e e e e e e s s mees bbb e e e e e e e e e s s sannbsannnnnes 3.11
4.0 RESUILS QN0 DiSCUSSIONL. .. .uureuueenneniinniiimmmreeteeeeeeeeeeeeeeeeeeeessmaesaaasaaasaaassaaassassssssmameeeeeseseesees 4.1
Nt = 7= 1S 1] = O PEERPR 4.1
411 AN LEAKAGE. ... . ceeeieieiieeee ettt e e e e 4.1
4.1.2 ENErgy COMPAIISOL......uueeiiiiieeiiiiiiieneiitteeeeeeeaeesssassssimensssseeeeeaaeeeessannnnssens 4.2
4.2 Impacts of Various Ducting Configurations on HVAC Energy Use.............cccccce..... 4.4
4.2.1 Cooling Season HVAC Energy Use IMPAaCLS...........cccvveviiiiiieemeeee e 4.4
4.2.2 Heating Season HVAC Energy Use Impacts..............ooooiiiieeciiiviiiiinns 4.5
4.3 Impacts on Thermal COMFQLL........cccoiiiiiiiii e 4.9
4.4 Water Heating ENergy USE.........oeiiiiiiiiieeen et mem e 4.13
4.5 Whole-House Energy Impacts and CESEeCtiVENESS..........covvvvvviviiiiiiin e, 4.16
L0 I @ o 1153 o PSPPSR 51
5.1 SUMMArY Of FINAINGS. ....ccciiiiiiiiiiiiii ittt eeme e 5.1
5.2 Recommendations and Future EXPeriments............oooviiiiiieeeeeeeieeeaaeee e 5.2
LTI = (=T (= o= 6.1

Xi



Figures

S.1 Daily HVAC Energy Use and Difference in HVAC Energy Usethe ExhausOnly

Ducted Comparison and the Fully Ducted Comparison Periods in the Heating.Season..  iv
3.1 Diagram of Key Componenta ia Unitary HPWH..................ooo oo e 3.1
3.2 Crawlspace ThermoCOUPIE LOCALIONS. ........uuuiiiiieiiiiiieeeiaiineee e e e e me e e e e 3.4
3.3 GE Genll GeoSpring HPWH Installed in Lab Home Water He&thrset..........ccccoeeeeeeeeeennnn. 3.6
3.4 Transfer Grille and Thermostat Locations. Left: transfer grilles installed between water
heater closet anaidjacent master bedroom ClOSEL.............cooo i ccc e 3.6
3.5 Left: Exhaust Ducting Approach on HPWH. Right: Supply Ducting Configuration on the
T OSSP 3.8
4.1 Comparison of Cumulative HVAC Energy Use of Lab Home A versus Lab Home B....... 4.3
4.2 Average Daily Water Heater Energy Use Profile for Lab Home A and Lab Home B in Heat
PUMP MOGE.......ceeeeeeee ettt e e e e e s s e e na bbb e e e e e e e e e e nnnneenas 4.4

4.3 Daily HVAC Energy Use and Difference in HVAC Energy Use for the ExhQuody
Ducted Comparison and the Fully Ducted Comparison Periods in the Cooling Season.. 4.5

4.4 Daily HVAC Energy Use and Difference in HVAC Energy Use for the Exh@unky
Ducted Comparison and the Fully Ducted Comparison Periods in the Heating.Seas...... 4.6

4.5 Comparisons in the Heating Season and Cooling Season of Average HPWH Energy Usage,
Average Daily Thermal Energy Proed as Hot Water, Average Theoretical Contribution to
Hot Water Thermal Energy Provided by the Space, and the Average Difference in Daily
HVAC Energy Use in Lab Home B with an Unducted HPWH Compared to Lab Home A

with a Fully Ducted HPWHL ... e aeeee s 4.8
4.6 Water Heater Closet and Master Bedroom Interior Temperatures for Lab Home A and Lab

HOME B fOF SIX DAYS....uuuuuuiiiiiiiiiiiiii i ittt ettt ee et eees s e e s e e e eaaaeaaeaaaeaaeeeanasresssrennrnnnnes 4.10
4.7 Average Temperature and Standard Deviation in Each Room During the EQmdyist

Ducted Comparison Period in the Cooling SEasON.......ccccoeiiiei i vveee 411
4.8 Average Temperature and Standard Deviation in Each Room During the Fully Ducted

Comparison Period in the CooliNg SEASQAMN........cciiiiiiiiiiiieer e eee e 4.12
4.9 Average Temperature and Standard Deviation in Each Room During the E&mdyist

Ducted Comparison Period in the HeatBBASOMN..............euviiiiiiiiiiie e 412
4.10 Average Temperature and Standard Deviation in Each Room During the Fully Ducted

Comparison Period in the HE@i SEASON..............uuviiiiiiiii i 4.13
4.11Average Daily HPWH Energy Use During Exha@stly Comparison and Fully Ducted

Comparison Periods in tB0OlING SEASOM...........ooiiiiiiiiiii e 4.14
4.12 Average Daily HPWH Energy Use During Exha@stly Comparison and Fully Ducted

Comparison Periods in theating SEaSOM...........oiiiiiiiiiiii e 4.15
4.13HPWH Outlet Temperature and Tank Temperature for the Fully Ducted and E&hdyst

LSS 4.16

Xii



S.1

2.1

2.2

2.3

3.1
3.2
4.1

4.2

4.3

4.4

Tabl es

Annual Difference in HVAC, Water Heater, and Whéleuse Energy Use and Associated
EnergyCost€al cul at ed Based on the Experimental
IN HVAC ENEIQY USE.....eiiiiiiiiiiiiii ettt eeer e e e e e e e e e e e e emereeeeeeeeaaanne %

Components of Net Annual Sae Energy Savings by BA Climate Zone When Replacing
an ERWH with a 50 gal HPWH Installed in Conditioned Space with Electric Resistance
Heat and Air Conditioning as the Heating and Cooling System...........cccccooviviemnnniiinnnnnn. 2.3

Components of Net Annual Source Energy Savings by BA Climate Zone When Replacing

an ERWH with a 50 gal HPWH Installed in Conditioned Space with an ASHP as the

Heating and COoOlNGYBIEM.......ccoiiiiiiiie et e e e ammee s 24
Comparison of Water Heating Energy Savings and HVAC System Interactions and
Percentage Change in Net Energy Sawibge to HVAC System Interactions...................... 2.4
Metering Strategy and EQUIPMENT...........ouiiiiiiiiiemr et eeee e 3.2
Domestic Hot Water Heater Daily Use by ENd USE............uvviuiiiiiiicneeiiieeeeeeeeeeeeeeeeee e 3.10
Building Envelope Leakage as Measured by Blower Door Tests in the Baseline and
EXperimental HOMES........ooooiiiiiieeeeeeeeee e mrnr e e e e e e e e e e 4.2
Average and Standard Deviation of the Water Heater Closet Temperature in the Heating and
Cooling Seasons for the Exha@ly Ducted and Fully Ducted Comparisans..................... 4.9
Average and Standard Deviation of Interior Temperatures Measured in the Main Body of the
House and the HPWH Closet Temperature in the Heating Season and Cooling Season for the
ExhaustOnly Ducted andrully Ducted COmpariSONS...........cooeeeeeieeecececcvvvieveeveeeeeneaees 411
Annual Difference in HVAC, Water Heater, and Whbleuse Energy Use and Associated

EnergyCot Cal cul ated Based on the Experiment al

IN HVAC ENEIGY US ... oottt erre e e e e e e e e e e e e e eaaeaaaeeeeanenrererrennerannes 4.18

Xiii

Dat a

Dat






1.0 I ntroducti on

Water heating represents apgroately 18% of residatial energy consumption, or 4g8adillion
Btus of source energy ussmnually(EIA 2009)and efficient water heater options are necessary to achieve
significant energy savings in the residential sector. Heat pump water heaters gHéfiai-an efficient
option for the 41% of homes with electricaligated water heaters, with a theoretical energy savings of
up to 8%.> Previous research has demonstrated the laboratory performance of HPWHs and has shown
savings of 47d 63% are possile, based on standardized testing protofladsson et al2011)

The HPWH is the largest savings measure in the residential sector in the Northwest Power and
Conser vat i Qixth NGtbwest Pawer ®lan at 492 average megawatts (Northwest Power and
Conservation Council 2010)here is also considerable energy savings potential nationwide for HPWH
technology The nationwide installed base of electric water heatet8.&milli on units(EIA 2009). If
only 10% of these water heaters were replaced with HPWHSs that meet ENERGY STAR criteria, the
annualsavings are estimated to && much as 22 billiokilowatt-hours kWh) and £.7 billion in
customer electricity bills

However, sjnificant barriers must be overcome before this technatagyeach widespread
adoption in the Pacific Northwest region and nationwide. g@ficantbarrier noted by the Northwest
Energy Efficiency Alliance (NEEAIjs the possible interaction withthteo me s 6 space condi t i c
systens for units installed in conditioned space3uch complex interactions may decrease the magnitude
of whole-house savings available from HPWidstalled in the conditioned space in cold climated
could lead to comfort concerfisarson et al. 201XKresta 2012) Modeling studies indicate that the
installation location of HPWHSs can significantly impact their performancedtaer@gsultant wholehouse
energy savingéLarson et al2012 Maguire ¢ al. 2013. As a ‘resul t , NEEAGs Northe
Specificationwhich describes the characteristics a HPWH must have to be incentivized in cold climates
in the Pacific Northwest, requires exhaust ducting for their Tispécifiedproduct(NEEA 2013).*
There are currently ontyvo manufacturers offeringatotalite model s of equi pment mee
Tier Il specification (NEEA 2014).

In addition, if exhaust ducting on HPWHsrexjuired or otherwise installéd some or all climates, it
will also be important to understand the source of supply air and the implications for interior
depressurization, particularly for tight homes and homes inthighd on  ar eas . NEEAG6s No
HPWH Specification requires full ducting for a Tier-$pecified product(NEEA 2013)and new
Northwest Energy Efficient Manufactured tingspecifications mayecessitatsimilar requirements
(Larson and Hewe8012) There are currently no manufacturers that offer equipment certified to meet
NEEAGs Tier |11 specif iteoedirGemerate is holr Bvailal®e@vithdntake andHo we v
exhaust ducting (AirGenerate 2014) and intake/outlet duct adapter kitsadedkvirom State Water
Heates (State Water Heate012).

% Basedon the DOE test procedure (10 CFR 430.32(d)) and comparison of an ERWH (Energy Factor, EF = 0.90)
versus a HPWH (EF = 2.4)

* NEEA incorporates three product Tiers into their Northern Climate HPWH Specification to recognize variations in
product performareand supported applications.
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Installing HPWHSs with exhaust or full ducting increases the cost and complexity of the HPWH
installation, when it is required. Field da@enecessary to verify modeling assumptions regartliag
magnitude of interactions between the HPWH and space conditioning sggtestify the need to install
exhauswonly or full (supply and exhaustiucting forHPWHs installed in conditioned spacedold
climates.

Another barrieto widespread HPWH arketpenetrations the impact of HPWHs on demand
respons€DR) programs, since HPWBR characteristics are currently unknown. Many utilities
currently employ electric resistance water hegteRWHSs)to reduce peak load by turning off the water
heater dring times of peak demand. Some utilities are also demonstrating the potential of using HPWHs
to increase load for areas with high renewanlergypenetration and to provide additional balancing and
ancillary (voltage regulation) services. There igadto understaridR characteristics of HPWHSs as
compared t&ERWHs, including dispatchabldl@watts (KV), thermal capacityand response timé&o
effectively integrate HPWHSs with utilitiR programs

1.1 Project Scope

This HPWH demonstratiomxamineghe overall performance of HPWHsstalled ina conditioned
spacewith a number osupply and/oexhaustuctingconfigurationsas well as thinteractions between
the HPWH and t he home &maceltanditibning impactoocdbHPWHsgrddshg st e m
impact on théneating, ventilating and air conditioning{AC) systemandthermal comfort issues that
could affect occupant satisfaction and market acceptance of these technologies. The project compares the
performance of a HPWH with no ducting hexst ducting, and full ducting (supply and exhaust) under
identical occupancy schedules and hot water draw profiles ipatific Northwest National Laboratory
(PNNL) Lab Homes.The following sections describe the experimental protocol and test afgpasatl
to collect data, present the baselining procedure, discuss the results of each experiment, and provide key
conclusions based on the collected data for the space conditioning experiments.

In addition, this project characterizthe DR of this secod-generation HPWH to various price
signals. The results ofhe DR experiments are reportesparatelyfWidder et al. 2013).

1.2



20 Backgromwace Conditioning I nter

Pumpwat er Heaseanbled in Condit

The curent understanding regarding the interaction of HPWHs with space condit8ysitegnsand
current recommendations regarding the installation of ducting in cold climate systems are based on
theoreticaimodek that have not been verified by field data

TheNational Renewable Energy Laboratory (NREL) has developed modeling capabilities for
HPWHSs withinthe BEopE (Building Energy Optimization) softwanresing the EnergyPlus simulation
engine, which calculates results on an hourly basis and includes trafifgets (Wilson and Christensen
2012). Ecotope haslsoupdated the SEEM energy motiel include HPWH and space conditioning
interactions (Larson et al. 2011In addition, inthe 2010residential water heater energy conservation
standard final rul¢75FR 20112 (April 16, 2010) The U.S. Department of Energp ©E) accounted for
HVAC interactions when calculating the savings associated with HRIWYBIE 2010).

In generalthese models appear to assuremmplete energy balance around the water he@tet
is, 100% of thehermalenergyprovided as hot water () is provided byboth thewater heater
electrical energy consumption (&) andthermal energy from thgeurrounding conditionesipace
(Qnvac), as shown ifequation 1:

ater= Qupwr + Qhvac (1)

The calculations that occur in temergyPlus and SEEM energy models are typically dynamic hourly
simulations that also model standby losses from the tanketatéd impacts on interior temperatures.
However, from a simple energy balance perspethigestandby lossesn be ignored.

The thermbenergy provided as hot water candstermined usingquation2, as follows

Qwater= Vwater3 J s Cp,water3 (ToutT Tin)/looo (2)
where

Quaer = the energy provided to the water in kWh
Vuwaer = the average daily hot water volume drawn in gallons

Tot = the measured outlet water temperature in °F

} = the density of water in pounds per gallon (8i34al)
Cowaer = the specific heat capacity of water (1 Bteffpor 0.2931 Wh/IFF)
Tin = the measured inlet water temperature in °F.

The electrical energy provided as hot water is modeled diréetbed on the performance of the HPWH
as a fution of surrounding ambient temperature, the temperature of the hot water tank, and the

®>The SEEM program is designed to model sraadlle residential building energy use. The program consists of an
hourly thermal simulation and an hourly moisture (humidity) simulation that interacts with duct specifications,

equipment, and weather parameters to calculate the annual heating and cooling energy requirements of the building.

SEEM, written at Ecotope, was developed by and for the Council and NEEA. SEEM is used extensively in the
Northwest to estimate conservatioeasure savings for regional energy utility policy planners. For more
information, sedttp://rtf.nwcouncil.org//measures/support/seem/
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frequency and magnitude of hot water draws. The thermal energy contribution freanrthending
conditionedspace, which is made up by the HVAC system, can theetieenined as the difference
between these two quantitjess indicated by Equation 1

Note that the relative energy consumed as electricity, versus that transferred from the space, is a
function of the #Hiciency of the water heater. The coefficientpafiformance of the HPWH (CQRwy) is
a measure of the thermal energy provided to the watsusthe electrical energy consumed by the
HPWH, as shown iquation 3:

500 S 3)

Therefore, theotal thermal energy provideats hot water and the thermal load on the spage.é®
can also be calculated as a function of the efficiency of the water heater, as skgwatiars 4 and 5

Quater= Qnpwr X CORypwH (4)

Qrvac = Qupwh X (CORpwHT 1) ©)

In Chapter 7 ofhetechnicalsupport document fahe 2010residential water heater energy
conservation standafthal rule, DOE describes similar calculation to determine a rate afating
introduced to the spacer, heat removed from the spa@OE 201(. Specifically, DOEdefined the
i cool i nagdescrbpdulquation 6

6& & ATENDDE £ 8B AR 0 QO - i (6)
where
Coolinglnput = the amount of cootg added by the heat pump water heater in Btu/h
Twank = the set point of tank thermostat iR °
Tinar = theindoor air temperature i °
Ponwpwn = therated input poweto the water heater iBtu/h
RE = therecovery efficiencyas measured by the DOE test procedure for residential
water heaters (10 CFR 430.23%n
PArwh = the performance adjustment factor that accounts for the impact of ambient
temperature on the efficiency of the HPWH
CoolingCappwn = thecooling capacity of heat pump water heater

andj, Cp, and Vjaerare as previously definedvodeling based on these assumptibas
demonstrated that space heating penalties can significadtigepotential savings in cold climates
depending on thgype of heating system installed in the home

NREL estimates thdhe heating system impact can decrease savings from a HPV8[A%3f the
home is heated by an electric resistance fugritaguire et al. 2093 The colder climates will
experience the n#d significant impact, while the warmer climates will experience smaller impacts
because they are heating for less of the,yesashown iTable2.1. This is observe as the change in
space heating in energy use increases in colder climate zones. Conversely, the dpaugeadaling
energy use decreadsescolder climates. However, the change in space cooling energy is much smaller
than the change in space hegtamergy use, due to the relative efficiency of the heating and cooling
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systems.When the space cooling benefit is accounted for, the total change in net energy savings due to
HVAC system interactions ranges from a decrease of 14 too63% water heatg energy savings from
the HPWH alone

Table 2.1. Components of Net Annual Source Energy Sav{ilgdIMBtu) by BA® Climate Zone
WhenReplacing afERWH with a 50 gl HPWHInstalled in Conditioned Space witttectric
Resistance Heat and ABonditioningas the Heating and Cooling Systefource:Maguire

et al. 2013
Change Percent Percent
in Changein  Changein . Change in Total Pe.rcent
Change in . Change in Net
BA cop Water Space Water Space Changein Water Heatin
Climate Heating  Heating Heating Copolin Water Heating Savinas Due gt]o
Zone "PWH  Energy  Energy  Savings Due g Savings Due to 9
. Energy Use . HVAC System
Use Use to Heating Cooling Interactions®
HPWH Penalty® Benefit”
Eggid 2.0 116.59 5.44 132.79% 13.14 18.93% 113.86%
Mixed- - - o - 0 - o
Humid 1.9 119.38 10.08 152.01% 12.22 11.46% 1 40.56%
Hot-Dry 1.7 117.08 8.32 148.71% 11.90 11.12% 137.59%
'\D"xed' 15 118.79 9.97 153.06% 11.62 8.62% T44.44%
Marine 1.7 120.72 15.44 174.52% 10.52 2.51% 172.01%
Cold 1.6 121.01 12.66 160.26% 11.49 7.09% 153.17%
\C/:i%/ 15 12247 14.95 166.53% 10.91 4.05% 162.48%

(a) BA = Building America

(b) A positive change in water heating energy savings indicates increased savings (decreased energy use), while a neg
change inwvater heater energy savings indicates decreased savings (increased use) as compared to the modeled wat¢
energy savings from the HPWH without accounting for the space conditioning impact.

If the home is heated by a heat pump, the space conditiongagtis reduced as a function of the
efficiency of the heating system. Far air source heat pump (ASHP) witlseasonal energy efficiency
ratio (SEER of 13, NREL demonstrated the space conditioning impact was reduced by more than half to
between 1lnd 35%, depending on the climate zaeshown i able2.2.
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Table 2.2. Components of Net Annual Source Energy Sav{img$/MBtu) by BA Climate Zone When
Replacing areRWH with a 50 @l HPWHInstalled in Conditioned Space with an ASHP as
the Heating and Cooling SysterBourceMaguire et al. 2013

Change Percent percent
. : . Change in Total Percent
in Change  Changein Change in . .
: Changein Change in Net
BA Water in Space Water Space .
. ) . ) . Water Water Heating
Climate COPuwpwy  Heating Heating Heating Cooling ) :
Zone Energy Energy  Savings Due Energy Hgatlng Savings Due to
. Savings Due HVAC System
Use Use to Heating Use i 2@
HPWH Penalty® to Coollng Interactions
Benefit®
Hot- 2.0 116.98 1.90 111.19% 13.65 21.50% 10.31%
Humid
Mixed- 1.9 119.78 4.17 121.08% 12.54 12.84% 18.24%
Humid
Hot-Dry 1.7 1175 2.79 115.94% 12.15 12.29% 13.66%
Mixed- 15 119.19 4.28 122.30% 11.79 9.33% 112.98%
Dry
Marine 1.7 121.13 5.28 124.99% 10.59 2.79% 122.20%
Cold 1.6 121.41 6.16 128.77% 11.68 7.85% 120.92%
Very 15 122.84 8.09 135.42% 11.03 4.51% 130.91%
Cold

(a) A positive change in water heatiegergy savings indicates increased savings (decreased energy use), while a negativ
change in water heater energy savings indicates decreased savings (increased use) as compared to the modeled wa
energy savings from the HPWH without accountingtlfe space conditioning impact.

The cooling system interaction is typically smaller than the heating system interaction due to the
efficiency of the refrigeration cycle inraconditioningand ASHP equipmeriMaguire et al. 2013

Modeling by Larson edl. (2011) demonstratksimilarimpacts for the climate zones in the Pacific
Northwestwith betweerb2 and 526 of water heater savingéminishedby increased heating system
energy use for an electric resistance furnace installed in conditioned apat®wn iTable2.3.
Accounting for the cooling system benefit reduced #tdmpact slightly, to between 46 and’sf the
annual water heating energy savings

Table 2.3. Comparison of Water Heating Energy Savings (kWh/yr) and HVAC System Interactions
(kwWhlyr), and Percentage Change in Net Energy Savings Due to HVAC System Interactions
(%). SourcelLarson et al. @11.

Change

Change in

in Water Space Percent Change in Percentage Total Percent
PNW Heatin Hegtin Change in SpaceCooling Change in Change in Net
Climate Ener 9 Ener gse Savings Due  Energy Use Savings Dueto  Savings Due to
Zone Usgy (Zgr){al to Heatin)g (SEER 13 Coolin(g) HVAC Syste(r’?
a 43, H a,
HPWH Resistance) Penaltyf ASHP) Benefit Interactions
peatng, 823 T 52% T 46%
pea’d 11578 845 753% T91 6% T 48%
;'gﬁggg 907 T57% T 52%

(a) A positive change in water heating energy savings indicates increased savings (decreased energy use), while a neg
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change in water heater energy savings indicates decreased savings (increased use) as compared to the modeled wa
energy savigs from the HPWH without accounting for the space conditioning impact.

(b) For regional energy analysis, the Pacific Northwest divides the region, which consists of Montana, Idaho, Washingto
Oregon, into three Heating Zones based on the differenaigls experienced in the region. See the Northwest Power anc
Conservation Councilds Sixth Power Plan for more det
http//www.nwcouncil.org/media/6290/SixthPowerPlan_AppendicesulfE17 and E18).

However, omparative field data are not available to verify modeling assumptions or modeled
performance.
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30 Experi ment al Protocol

The purpose of this project is to evaluate the energy performand2Racitaracteristics abeneral
El ectGEdeedomdge ner at i on hyie waBpheaiemingcéntrolled experiments in
PNNL®&s matched .pEhenresaaH protoelusistooitecsprimargxperiments
designed taneasure the performance and impact on the Lab Home HVAC system during heating and
cooling season periods BPWHSs intwo pairs of configurations

1. a GE GeoSpring HPWH configured with exhaust ducting comparad tmducted GeoSpring
HPWH

2. aGeoSpring HPWH with both supply and exhaust air ducting as compared to an unducted GeoSpring
HPWH

Both homes deployedentical simulated occupancy and hot water use schedules so that the
performance and effects of the HPW/t&n be istated from all other variablesThe following sections
describe the key experimental resources and equipment, the research protocol, and the baselining
procedure implemented to provide data quality and significance.

31 GE Generation |IDbr iGekoSHeatngPwHWMp) Wat er

HPWHs work by transferring heat from the ambient air to the water in theigmakefrigeration
cycle, similar to heat punsggthatcondition air. This process provides more energy to the water than it
uses in electricity Figure3.1 showsthe key components s HPWH

Heat Pump Water Heater
Fan
Hot water outlet
Temperature/ %
pressure relief
valve
Upper thermostat ——|

Compressor

Evaporator

Anode

Resistance
elements

Condenser

Lower thermostat —{].

Cold water inlet g +—Insulation
Drain 4

Figure 3.1. Diagram of Key Components in a Unitary HPWH. SourceS. DOE; energysavers.gov.

The HPWH selected for evaluation in this project is the segenération GE GeoSpring Hybrid
Water Heater (model GEHSODEEDSR), which is enabled with Briliomireless communication and

6 (http://labhomes.pnnl.gov
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controltechnology. Two GE GeoSpritPWHSs were purchased for this project, both of which were
manufactured in Louisville, Kentucky. The GE GeoSpring HPWH has a nomhgaish tank and two

methods of heating watexhighly efficientcompressor and tw4500watt (W) electric elements. €h

unit is equipped with onboard controls that dictate which heating mode is used to heat water. These

mo des c oHeaFu snp Hp b fi iHighDe nmia n &, aon diar ¥a ®a taina@n Ao The spi
control strategies employed in each of these modexpl&med in detailn documentatiomn the GE

website(GE Appliance2012)and have been evaluated in thboratory by Larson and Logsd(012)

The GE GeoSpring HPWHas aypical operating range between T6and 140F, although
temperatures lower thalOOCFar e accessi ble in the fAVacationo sett

For this experiment, the two GE GeoSpring water heaters were installed in the water heasen closet
the conditioned spasén Lab Home A and Lab Home Blhe homes were modified by PNNL for this
experimat as describeth Section3.3 Bot h HPWHs wer e operating in fAHea
experimental periods, to maximize the impact on the space conditioning system.

32 Moni toring Approach

The monitoring approach includecetering and systefmontrol activities taking place at both the
electrical panel and at tiot waterenduse. Monitoring was broken into electricairtemperaturg
relative humidity, water temperature, and flow rate measureméatde3.1 highlights the performance
metric (the equipment/system being monitored), the monitoring method and/or point, the monitored
variables, the data application, ambetherthe monitoring existed in tHeab Homes or wasewly
installed and commissioned as part of this HPWH evalua#dimmetering was done using Campla|I
Scientific data loggerat I-minute, 15minute, and hourlyntervals Metering points in the PNNLab
Homes not relevant to the HPWH experimeantd further technical specifications on the controllable
breaker panel, data acquisition system, and relevant semeatescribed in detail aprevious report
(Widder et al2012).

Table 3.1. Metering Strategy and Equipment

Monitoring

Monitored Parameter Method/Points

Monitored Variables Data Application

Electrical Power Measurements

Whole-House Electrical

Power and Circuit Level Comparison and difference

Power 1 CampbelScientific :
. " calculations between homes «
HPWH ElectricalPower data acquisition system [ time-seriespower profiles
Electric Power for HPWH  with 42 circuit kW, amps, volts and $ P
Fan transducers at electrical . .
; . I energy usdlifferences and
Power for Electric Heaters power mains and panel savings

Electric Power for Air
Conditioning or Heat Pumg
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Monitoring

Method/Points Monitored Variables

Monitored Parameter

Data Application

Air Temperature and Humidity Measurements
13 ceiling-hung
thermocouplesii2

Space Temperatures sensors per room/area, Temp., °F
and 1HVAC duct supply
temperature per home
2 relativehumidity

Space Relative Humidity — sensors per home (main

(RH) living area, hall outside LR

of bathroom)
Water Heater Closet Thermocouple or

f thermistor directly in o

Supply Air Temperature L Temp., °F
and RH front of supply air grille

or in duct (if ducted)

Thermocouple or
Return Air Temperature  thermistor directly in Temp., °F
and RH front of return air grilé RH, %

or in duct (if ducted)

Fourthermocouples

equally spaced
Water Heater Closet Air  approximately &t apart Temp.. °F
Temperature and RH to capture the vertical P

temperature gradient in

the water heater closet

Thermocouple(s) or

thermistor(s) to measure

temperature in at least o
Ciraigpees ey one location (near duct LG, 4

inlet) and one at each

end (east and west)

Temp., °F
Humidity, %

Meteorological Package station mounte Wind speed, m/s
Measurements on Lab Home B Wind direction

Barometric pressure, mr
Rainfall, inches
WaterTemperature Measurements

Inlet Water Temperature  Insertion thermocouple Temp., °F

Outlet Water Temperature Insertion thermocouple Temp., °F

Thermocouple(s) near

Tank Temperature tank on thermal cubut  Temp., °F
Sensors

Flow RateMeasurements
Turbine flow meter, in

Outlet Water Flow Rate line with hot water outlet Flow rate, gpm
prior to mixing valve

Exhaust Air Flow Rate Exhaust fan flow meter Flow rate,CFM

Comparison and difference
calculations between homes
T temperature profiles

T time-series temperature
changes

Comparison and difference
calculations between homes 1
T RH profilesand

T time-series RH changes

Determine impact of supply
air temp on HPWH
performance

Determine HPWH

temperature difference acros:
the coiland impact of exhaust
air temp on conditioned spack

Assess impact of HPWH on
water heater closet
temperatur@nd determine
extent of stratification

Determine impact of
crawlspace air temp on
supplyducted HPWH
performance

Analytical application to
quantify setting and develop
routines for application to
other climate zones

Characterize impact of
incoming water temperature
on HPWH performance
Monitor outlet water
temperatureo determine
impact on delivered hot water

Monitor tank temperatuse

Verify water draws are in
accordance with specified
profile

Verify airflow rate to HPWH
in different duct
configurations
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3.2.1 Electrical Measurements

In each home, all 42 of the panel electrical breakers were monitored for amperage and Vbokage.
resulting data were used to calculate apparent and real power (kVA/kWataNvere captured at
1-minute intervals by the data logger.

3.2.2 Temperature and Environmental Sensors

Space Temperaturddentical networks of temperature senswesdeployed in both homes. Each
defined area of the home (individual rooms, hallway, @meh living areas) Isat least one
thermocouple; a total of 17 space temperature thermocouples were installed per hesanclUidefour
thermocouples installed verticabpacedn the water heater closets to evaluate stratification within the
closet. All temperature measurements were taken Withe T thermocouples atrhinute intervals by the
CampbellScientificdata logger.

Supply and Exhaust Air Temperaturdg/ipe T thermocoupleswo) were installed to measure supply
and exhaust process airghgh the heat pump compressdhreecrawlspace temperature sensors
monitoring the temperature of the crawlspa@ze also installedvhich will be the temperature of the
supply air when the HPWH is configured in the fudlycted arrangement. A diagraritioe crawlspace
temperature locations is shownHRigure3.2.

/ P Lab Home

Thermocouple/ e crawlspace
locations < | >
\\

O Gravel

driveway

Gravel

Road

/

Figure 3.2. Crawlspace Thermocouple Locatidptan view)

Water TemperatureWater temperaturegererecorded for the incoming water to the tank, the
outgoing water delivered to the fixture, aiod thetank at the high and low thermal euit sensa. All
temperature measurements were taken Wghe T thermocouples atrhinute intervals by the Campbell
Scientificdata logger.
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Water Flow Rate The water flow rate is measured using a-faw impellertype flow meter with
375 to 1380 pulses per gallon (0.6@allon or 0.220 gallon range, depending on the model) withi a 6
24VDC output. This information igmportant to verifythatthe water draw schedule is identical in both
homes and to verify ovetalraw volumes and rates. After installation, it was determined that the meters
required field calibration. After field calibration, the flow meter in Lab Home A hadactér of 480
andthat inLab Home B had a #actor of 1,371.

Relative Humidity. Two humidity sensors were installed in each home, one in the living area and one
in the hallway. These data were collected and compared to verify that comparable humidity profiles were
present in each home.

3.2.3 Data Acquisition System

All metering equipmentjata loggers and indoor and outdoor sensors were installed and
commissioned prior to initiating testing. Data from all sensors were collected via four data acquisition
systems, one for environmental sensors and one for energy sensors in each homerelXievmioaded
using Internet Protocol cellular modems. A polling computer, located in the metering lab on the PNNL
campus, was connected to each logger using Campbell Scientific software. Data were recorded on
1-minute, 15minute, and hourly intervalSOneminute data was used for all analysis to capture any
shortduration changes in energy use within the hdorfad examplefrom a heating element cycling @n
and to limit error introduced from averaging over longer time peribdga were averaged ovieourly
intervalsfor analysis Calculated hourly averages were compared to the recorded hourly data as part of
the data quality assurance process.

33 HPWH I nstall ati on

From December 2012 through February 2013, the Lab Homes were modified to each be equipped
with a GE GeoSpring HPWH. The HPWHs were installed in the water heatesahoseth homes, as
shown inFigure3.3. Installtionof the HPWHswvasin accordance with regional protocols developed by
NEEA for the Northern Climate Specifications and the GE product installation instrugtiB&s\ 2013;

GE Appliances2014.
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Figure 3.3. GE Genll GeoSpring HPWHnstalledin Lab HomeWater Heater {©set

The water heater closet was modified to allow &iEow with two pairsof 25inch3 20-inch metal
transfer grilles into the master bedroom closet (adjacent to the water heateracldgbg hallway
(adjacent to the master bedroom closet), as indicatéigjume 3.4.

Grille locations

72 x 80 SLIDING
0 x 40 GLASS DOOR

T

R
TCHEN +H DINING RY.
2-6 T 1"-¢

NORHTS 1
1T, 1
2
.
Thermostat

LIVING RM.
2'-0"

% x

7 &g
I
JesT 11

3000 SSV 1O
NIGITS 08 X 2L

ONIOT

Figure 3.4. Transfer Grilleand Thermostdtocations Left: transfer grilles (25nch3 20-inch) installed
between water heater closet and adjacent master bedroom &tagdt.location of grilles
on wall 1) between water heater £ and master bedroom closet and 2) between master
bedroom closet and hallway to provide sufficient free airflow to the water heater closet

Onegrille wasinstalled low on the wall and one high, to help induce mixiflgeywere provisioned
with magnetiacovers to allow for blocking one of the airflow pathstodythe impact of grik
placement and size on HPWH performance. Eaclegr#la is greater than 100% of the requirement
specified in the GE product literature of 240 square in(B&sAppliance2014).
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Thewater heatein Lab Home A was modifiecto accommodatsupply and exhaust ductinghe
ducting was designed to be easily connected and disconnected based on the expenardegign for
exhaust and supply ducting was deysd in coordination with the project collaborators, including GE
technical staff who reviewed the proposed approdtte exhaust ducting conforntsGE patent
information on exhaust ducting folGE HPWH (Nelson et al. 2012)Off-the-shelf duct componés
were used to construct airich diameterexhaust duct, which connects to a shroud designed to fit over the
HPWH fan housing with the HPWH cover removed

However, due to the location of the water heater closet exterior access deahahstducting tad
to be configured through tlexterior accesdoorto allowthe doorto remainoperable This requireca
longer, more circuitous exhaust ducting paBecause of the increased flow resistance caused by such
configuration, ando overcomethe additionabtatic pressure requirements of drawing supply air, an inline
120V, 2-speedexhaust fan was installed in the exhaust duct and wired to the HPWH compressor fan to
operateonly when the HPWH compressor fan is runnitith 0.25inches of static pressurhge fan is
designed to deliver 163 cubic feet per minute (CFM) of air at thespmed setting and 250 CFM of air at
the highspeed setting.

The supply ductingvas a hoveapproach, with the airflow path draw air from the cranwdpaceo
theair intakeon thetop of the HPWH A shroudwas constructethatcould be fastened to the top of the
HPWH air intake, over the filterAn insulated 8nch duct dropedstraight down from the shroud to the
water heater closet floor and penetdgteough the floord the crawlspaces shown ifFigure3.5.

" The water heater in Lab Home B had no ducting capability.
8 Soler & Palau.Mixed Flow Duct Fan, &8/8 In. L, Ball. Spedfications are available through Grainger at:
http://www.grainger.com/Grainger/SOLHRALAU-Mixed-Flow-DuctFan3CGA6
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Exterior
Door

Figure 3.5. Left: ExhaustDucting Approacton HPWH. Right: SupplyDucting Gnfigurationon the
HPWH

34 Occupancy Simulation

To simulateoccupancy for thelPWH experimentshot water drawprofiles were implemented
identically in both homes. The hot water draygeda modulating solenoid v at the kitchenisk hot
water supply aneverecontrolled via the Campbell data acquisition syst@ther @cupancyoadsin the
homesweresimulated via a programmable breaker panel (one per home) employing motorized breakers
to simulate sensible loads associated wittupancy, lighting, and equipment and appliance loatie
simulated electrical loads anget selection of the hot water draw profileedescribed in the following
section.

3.4.1 Electrical Loads

Controllable breakers were programmed to activate connected loads on schedules to simulate human
occupancy.The bases for occupancy simulation were data and analysis developed in previous residential
simulation activities (Hendron and Engebrecht 2@i@jstian et al2010) The occupancy simulations
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and schedules developed here were derived specific to the home style, square footage, and an assumed
occupancy of three adultI.he perperson sensible heat generation and occupancy profiles were mapped
from previous studies to be applicable to this demonstrattupancy and connectédhting heat
generation were simulated by activating portable and fixed lighting fixtures throughout the lBache.
bedroom was equipped with a table lamp to simulate hwneupancy; occupancy and lighting loads in
other areas of the home were simulated via fixed lightiguipment loads were simulated identically in
both homes using electric resistance wall heaters in the living/dining ronen500 W and one 1,500 W
heater an simultaneously for a set number of minutes each hbloe. occupancy simulation protocol was
robustly commissioned and verified daily throughout the baselining and data collection ptiods.
detailedinformation on the electrical loads usedsimulate occupancy and the relevant schedules is
provided in Widder et al. (2013).

3.4.2 Hot Water Draw Profile

Water heater efficiency is dependent on hot water draw pattern, particularly draw volume and
duration. However, the efficiency of tanked hot waieaters is more dependent on long water draws
thanthat oftankless water heaters, which are more sensitive to short, frequent water Toasedect the
hot water draw profile in the Lab Homes for the HPWH experiment, PNNL researched other draw
profilesimplemented by previous research, available standards, and data on typical fieldlirsadeaw
profile PNNL selected is described in this sectio
Widder et al (2013).

Because the draw profilensulated in the Lab Homes needs to remain constant throughout the
experiment to remove water draw profile as a variable from the comparison, choosing a draw pattern
representative of aggregate average hot water use, such as the Building America HouserSimula
Protocol, seemed most appropriate.

PNNL selected a hot water draw profile that was representative of a typical daily drawfpatern
population of homes, rather than a single hasnelthatwas feasible to implement reliably and
consistentlyusing existing equipment in the PNNL Lab Homda\NL selected the draw profile based
on the Building America House Simulation Protocols, which specify typical daily draw volumes for
different appliances based on the number of bedrooms, and an hourly deaw Ipased on fraction of
total daily loadHendron and Engebrecht 2Q10~or athreebedroomtwo-bathroom Lab Home, the
Building America House Simulation Protocol recommended a total hot water use of@Bobss per day
(gal/day,’ assuming a hot water tank temperature of 125°F and a delivered (mixed hot and cold)
temperature of 110°F for showers, baths, and sinks, as shdvabli3.2.

° Number of bedrooms (Nbr) = 3 and number of office units (Nunit = 0)
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Table 3.2. Domestic Hot Water Heater Daily Use by End Use. Soursndron and Engebrecht 2010.

End-Use Sensible Heat
End Use Water Water Usage Gain Latent Heat Gain
Temperature
Water heater Calculated using . o
Clothes washer set point MEF* in Table 36 0 0
Water heater Calculated using N .
Common laundry | <ot oint MEF in Table 36 0 0
. Water heater | Calculated using EF . -
Dishwasher set point in Table 35 0 0
703 + 235 x Ny,
Shower 110°F 14.0 j,fg *Nee | 741 E’;tfszx Nor | Btu/day (0.70 +0.23
galicay Y * Ny, pints/day)
. 35+ 1.17 % Ny, 185 + 62 x Ny
Bath 110°F galiday Btu/day 0
140 + 47 x N,
+ r
Sinks 110°F 125 j,g: % Ner 31OBt 1/%3 * Nor Btu/day (0.14 + 0.05
g y urday x Ny, pints/day)
0.69 % N 0.314 % Nunts
Office/public sink 110°F 0.028 x Ny gal/day .Btu/daumts Btu/day (3.14 x 10™
Y * Nunis pints/day)

* Modified energy factor

** Sensible and latent heat gains from appliances are included in the section titled, “Appliances and Miscellaneous
Electric Loads.”

** Negligible compared to showers and sinks.

PNNL determined the hainly portion of the 110°F water draws based on an energy balance, to define
thedaily flow rate of125°F waternecessaryo provide the stated volume of PFOvater at the tap

A 125°F set point was selected based orrebentLawrence Berkeley Nationalboratory [BNL)
evaluation of field hot water use datehich found thafl22.7°F waghe average tank temperat(teitz
et al. 201} TheLBNL reportalsoconcluded that, based on the available field data, the majority of
draws were between approximigté and 1.5 gpm and between 1 and 4 minutes in lghgtiz et al.
2011). The report also definddw, medium, andhigh daily hot waer draws of 29.38, 60.52, and 98.04
gal/day respectively.

For this comparison of HPWH performanagder a number of flerent ducting scenarip®NNL
electedts i mul at e a A hi g hgrofile sinsla toheBailding &America Haused
Simulation Protocol A high draw volume was chosen to create a woaise scenario to evaluate the
maximum space conditioningteraction Thus, for the HPWH experiment, the daily hot water draw was
adjusted by iareasing the number of bedrooms in the Building America House Simulation Protocol
calculations tdive bedroomswhich results in bt water use of approximatedy gal/cay at the 125°F set
point. However, after significant effort calibrating the water control meters used in the homes, it was
found that the valves used to restrict flow and provideadardizeflow rate were more accurate and
precise at higher flow rate Thusthe hot water flow ratevas increased identically in each hofram
1.5 gpm to 2.0 gpnfor a total draw volume of 130 gal/dayhis draw profileexaggerates the
HPWH/HVAC interaction but waswithin the rangef thedaily hot water use data reportedhe LBNL
metaanalysis® (Lutz et al. 201}

Y The highest daily draw vaoime measured in the LBNL analysis was 163.21 gal/day.
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3.4.3 HVAC Operation

Throughout the experiment, the HVAC systems were operated identically in the two Hortfes.
cooling season, the 2tbn SEER 13 heat pumps maintdnan nterior set point of 76 with no setback,
as per Building America House Simulation Protocols (Hendron and Engebrecht B0 .heating
season, the hebBnerggmayHeme , dr ¢ osotpetratfe | i ke el ectric
maintain an iterior set point of 71°F with no setback (Hendron and Engebrecht 28ik@e heat pumps
have a slightly nonlinear relationship to outdoor air temperature in that the COP of a heat pump changes
with outdoor air temperature, precise calculation of spaatrgeimpacts would be difficult if operated in
the heat pump modeElectric resistance elements have an efficiency of 100%, which makes
measurement of space heating impacts more precise and actui@ddition, the electric resistance
furnace exaggetas the space conditioning impacts and represe@tmaximum heating system penalty
that mightbe experienceith the field The location of the thermostat in the Lab Homes is indicated in
Figure3.4, in the main body of the hou§ee., the central hallwaypear the kitchen.
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40 Resuamd Discussi on

The HPWHSs, as installed in the PNNL Lab Homes, were baselined in March, April, and May 2013.
Some difficulties were encountered maintaining equivalent water draws in both homes, resulting in a
longer than expected baseline periddhe cooling season data were collected between June and August
2013. Heating season performance data were colldnt@&cember 2013 and January 201 each
season, the impact of exhadsictingor both supply and exhaust ducting (i.e., full ducting) was evaluated
on HPWH energy use, HVAC energy use, and interior temperatBath.exhausbnly and fullducting
wereevaluated by modifying the GeoSpring HPWH in Lab Home A to be equipped with exhaust air
ducting and full duéng, respectively, and comparing the performarcthe performancef an unducted
HPWH in Lab Home B.

The following sections present the expaghtal results for the baseline peramtthe impact of
various ducting configurations on HVAC energy use, thermal comfort, water heater energy use, and
whole-house energy use. Given the relative impact of ducting on vilooise energy use, the
costeffectiveness of installing ducting is also discussed.

41 Baseline

Prior to initiating the experiments, the homes were extensively baselined with the water heaters
operating in electric resistance and heat pump motles.baseline is essential to providing lityalata,
since any variability between the homes in the baseline would be retained and possibly magnified in the
experimental phase, confounding any corguar ofresults between the homeSundamental home
construction characteristics were verifiedpagt of previous work and weret repeated here (Widder et
al. 2012). However, due to the potential of changes in the homes, expesirhwer door
measurements were taken on both homes as part of the baseline pelioding blower door
measuremest the homes went through an active null testing period, with full occupancy simulation to
verify equivalent performance.

4.1.1  Air Leakage

Air leakage through the building shell was quantified in both homes using a Minneapolis Blower
Door Model 3 and D&00 diital pressure gauge in accordance with ASTM E®f@ndard Test Method
for Determining Air Leakage Rate by Fan Pressurizatamd manufacturer recommendati¢ASTM
2010; The Energy Conservatory 201Zhe accuracy of the blower door is 3% of thading, as stated in
manuf act ur €ThedEmergy Cansenvadoty 20123

Blower door tests were taken after modificaionboth home to accommodatie new HPWH
equipment It is important that both homes have similar air leakage, since thenaofair leakage will
impact HVAC energy use in each home. Differences in air leakage will confound determination of the
impact of ducting on wholbouse energy uséhe blower door results found both the baseline home and
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the experimental home to hatest leakage rates of 0.18 + 0/0dir changes per hour naturddCH,) as
shown inTable4.1. These air exchange rates are statistically the same.

Table 4.1. Building Envelope Leakage as Measured by Blower Door Tests in the Baseline and
Experimental Homes

Lab Home A Lab Home B
Parameter Average Value +Std. Dev.  Average Value * Std. Dev.
CFM50 783 4 824 4
ACH50 3.77 0.02 3.97 0.02
ACH,® 0.175 0.001 0.184 0.001

(a) n = 21.5, based on singgeory home in International Energy Conservation Code Climate
Zone 3, minimal shielding

4.1.2 Energy Comparison

After instrumentation and the baseline assessmesns completed in both Lab Homes, null testing
was performed to compare energy use over severalpdiaydo each of the cooling season and heating
season experimental periodsull testing with full occupancy (lighting, humaelated, and equipment
sengble loads) and simulated hot water draws showed similar energy use between the two homes, withi
1.9+ 2.0% over thecooling seasobaseline testingeriod During thecooling seasonull period, the
homes were operatedth the HVAC systems set to #Bwith no setbacks, in accordance with the
Building America House Simulation Protocg¢ldendron and Engebrecht 2010)

Thedifferences inrwhole-house energy use between Lab Home A and Lab Home B were observed to
be within 0.7 + 0.% over theheating seasodpaseline testingeriod During theheaing seasomull
period, the homes were operateith the HVAC systems seis electric resistance furnaces and
thermostat set points @fiL°F with no setbacks, in accordance with the Building America House
SimulationProtocolsHendron and Engebrecht 20E0)d the experimental conditianBoth the null
testing periodfor this experiment included operating thater heaters heat pump moddyoth without
ducting,with awater heatetank set point of 125°F.

Figure4.1 shows a comparison of energy use between the experimental home (Lab Home A) and the
baseline home (Lab Home B), for one day of the null t€sered 45degree line indicates perfect
agreement.This chart is representative of the agreement observed on the other days of null testing.

L All measured quantities are presented with their standard deviation to give a sense of variability of the
measurements. Full statistical analys&snot performed as part of this report.
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Figure 4.1. Comparison of Cumulative HVAC Energy Use of Lab HomgAxis) versus Lab Home B
(y-axis)

Prior to initiation of the experimentsge&ivalent performance ofater heaters both homesvasalso
verified for both electric resistancBStandard mode) and heat pumpHeat Pump Onlymode)
operation The avergehourly energy uséor HPWH operations nearly identical for the two homeas
exemplified h Figure4.2. Other baseline days exhibited similar trendise specific daily profiles and
the electric resistance baseline information are presenggoraviousreportWidder et al. (2013).
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Figure 4.2. Average Daily Water Heater Energy Use Profile for Lab Hénamd Lab Home B in Heat

Pump Mode

Although the cooling season and heating season baseline periods confirmed similar performance of

the two Lab Homesny @lculated differences in the what®use, HVAC, and water heater energy use
observed during the baline periodand associated varianca® accounted for in the subsequent analysis
of comparative water heater energy use and HVAC system interafctidhe different ducting

configurations.

42 | mpaotsVari ous

Regarding space conditioning impacts, the heating season and the cooling season exhibited different

trends, as one would expect.

Duct

4.2.1 Cooling Season HVAC Energy Use Impacts

ng

Conf

gur atii

In the cooling season, bo#ixhaustonly and fully ducted scenarios led to increased HVAC energy
usage as compared to the HVAC energy use with an unducted HPWH, since the supplemental space
cooling from the HPWH exhaust cannot be taken advantageioé ducted scenario3§he HPWH
provides agace cooling benefit equivalent of approximately 1.5 kilovuatirs per day (kWh/day) the
unducted scenarioSince this additional space cooling is not available in the exbalysand fully
ducted scenarigshese ducting configuratiomesuledin increasedpace conditioning energiseof 9.3
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+ 1.0%for theexhaustonly and 9.3 + 2.2%or thefully ductedscenaridn the cooling seasoms shown
in Figure4.3.

In Figure4.3, HVAC energy use of Lab Home B with a HPWH in an unducted configuration is
presented in blue; the HVAC energy use of the Lab Home A with a HPWHexhaustonly ducted
configuration is presented in green; and the HVAC energy use of Lab Home A with a HPWH in a fully
ducted configuration is presented in rédbte in each case, the duct treatment is compared direc¢tig to
correspondinginducted conticcase (Lab Home B)The average difference in HVAC energy use during
each experimental period is represented by the yellow diamonds, where positive values indicate increased
energy use resulting from ducting (Lab Homé Aab Home B).The difference irthe HVAC energy
use in Lab Home B with the unducted HPWH betweeresaustonly ducted comparison and the fully
ducted comparison periods is due to weather differences during the two experimental periods.
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Figure 4.3. Daily HVAC Energy e kWh/day, left axig and Difference in HYAC RergyUse(%,
right axig for the ExhaustOnly Ducted Comparison and the Fully Ducted Comparison
Periods in the Coolingegason

4.2.2 Heating Season HVAC Energy Use Impacts

In the heating season, HVAC energy use in Lab Home A iexhausonly ducted configuration
increased as compared to the unducted HPWH in Lab Hon@oBversely, HYAC energy use in Lab
Home A with the fully ducted HPWH decreased as compared to thetedddPWH in Lab Home B, as
shown inFigure4.4. Figure4.4 uses the same fmiatting af-igure4.3.
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ForLab Home A in theexhaustonly ducted configuration, the HVAC energy use increased 2.3
kwh/day, or 4.0 + 2.8%, which is conversehe expected impact of exhaust ductivgith regard to
Lab Home A in the fully ducted configuration, the HVAC energy use was observed to decrease
7.8+ 2.3% as compared to Lab Home B with an unducted HPWH, reducing HVAC space conditioning
loads by 5.% 1.6 kwh/day.

Models have suggested that HPWHs installed in conditioned space will increase HVAC energy use in
the heating season due to the use of air that has been initially heated by the HVAC system to heat water
and the introduction of cool exhaust aitd the space (Larsat al.2011; Larson et aR012;Maguire et
al. 2013). Therefore, models assume, any heat that has been extracted from the space must be made up,
or reheated, by the HVAC system in order to maintain interior thermostat set gdietse models also
have shown that exhaust ducting will mitigate the impact of HPWHs on space conditioning systems by
preventing cool exhaust air from being introdd into the conditioned spafiearsonet al.2011; Larson
et al.2012;Maguire et al. 2013 However, the data collected in this experiment suggest that exhaust
only ducting did not decrease space conditioning energy use, as compared to Lab Home B with an
unducted HPWH.

It is hypothesized that the exhawstly ducting did not help mitigate cokdr exhaust into the home
for two reasonsFirst, exhausbnly ducting may depressurize the conditioned space with respect to the
outside, increasing infiltration and thus resulting in increased HVAC energy use to heat the outkide air.
addition, theoutdoor air introduced through infiltration was colder than the HPWH exhaust air
temperature by, on average, 20°Fherefore, in th@xhaustonly ducting case, the HVAC system had to
make up more thatwice the thermal energy removed by the space totheawater. The doubling in
thermal penalty associated with exhaust ductiragieulated based on a ratio ¢&) difference between
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the average daily outdoor air temperature and the interior thermostat set point and (b) the difference
between the HPWHxtaust and the interior thermostat set point, as shokqguation 7:

YQa DG QWHMI ¢ Hé EFYH doe—"—— - " )
where
Tinar = the average interior temperature (or the thermostat set point) in °F, as previously
defined
Toar = the average outdoor air temperature in °F
Texnaust = the average temperature of the HPWH exhaust in °F

During the heating seasemhaustonly ductingexperiment, the average outdoor air temperature was
34.2+ 4.2°F, while the average HPWH exhaust air temperature was 3418Fand the average interior
temperature wagl.8+ 1.5°F

Full ducting, where the HPWH is completely isolated from the canwditi space and the HPWH
does not impact the pressurization of the home with respect to the outdoors, showed a decrease in HVAC
energy use during the heating seasbhis suggests that depressurization of the interior space and its
resultant impacts on iifiration-related space conditioning energy use may be a significant factor when
determining the space conditioning interactidth HPWHs, especially in cold climates where the
outdoor air temperature is below the exhaust temperature of the HPWH faterab& portions of the
year.

Second, the impact of an unducted HPWH on space conditioning loads may not be as large as models
suggest.Specifically, many models assume a single, awgied zone such that any heat transferred to
the water by the HPWH mube 100% made up by the HVAC system to return to the same thermal
condition in the conditioned spacklowever, these experiments suggest that the relative amount of
energy that must be made up by the HVAC system is less than TU@¥4ncreased spacerwitioning
energy use resulting from the unducted HPWH in conditioned space is determined based on the difference
in HVAC energy use between Lab Home A in the fully ducted configuration and Lab Home B with the
unducted HPWH Assuming thathefully ductedscenario perfectlgancelghe effects of using air
heated by the HVAC system and exhausting cool air intodghditionedspace, the experimental data
show that approximatel3.4+ 12.2% of the expected thermal energy contribution frontdmelitioned
space is made up by th/AC systemin the heating season and approximaBaiy + 4.7%is made up
in the cooling seasonThe relative HVAC thermal load as compared to the theoretical thermal energy
contribution from the conditioned space can be seemimparing the orange and blue bars on the right
hand side oFigure4.5. Specifically, the average difference in HVAC thermal load with a fully ducted
water heater ithe heating season (orange bar on the far right) is approximately 4B&theoretical
thermal energy provided from the conditioned space during the heating season (orange bar second from
the right). Similarly, the blue bar on the far right represtmsaverage measured difference in HYAC
thermal load with a fully ducted water heater and is approximately 37% of the theoretical thermal energy
provided by the space to heat water (blue bar second from the right).
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On thefar left side ofFigure4.5, the average daily HPWH energy usagbserved for the unducted
HPWH in the heating season (orange) and cooling season gbhdgpicted. In the cooling season, the
HPWH consumes less energy thanhe heating season due to higher mains temperatures and warmer
interior temperatures. Second from the leftttie@mal energy provided as hot watesti®wn,
determinedn accordancevith Equation2. This calculation was verified by comparitige resultant
value tothat calculated based on the measured HPWH electrical energy use and sysiem COP
discussed irtection2.0and presented iBquation 4. When comparing the two methods for calculating
total thermal energy provided astheater Equations 2 and 4jhe values agreed within 29 hird from
the left, the theoretical energy providedthe space is presented for the heating season (orange) and the
cooling season (blue). This is calculated as a simple difference between the average thermal energy
provided as hot water (second bars from left) and the average HPWH electrical energyptionsiirst
bars on théeft) for the heating season and cooling season, respectively. Note that this assumes 100% of
the energy used to heat water that is not provided by electricity to the HPWH directly comes from the
conditionedspace.

The theoretial thermal loaglon theconditionedspace in the heating and cooling seaswerethen
compared to the average difference in HVAC thermal load measured during the experiments. Recall that
the average difference in HVAC usage is calculated as a diffebetween the unducted and fully ducted
cases, assuming the ducting perfectly isolates the HPWH from the space. Moreover, the bars on the far
right present the average fthermal | oad, 6 not the
period. Thiss particularly important for the cooling season experiment, where the nedsterence
in HVAC energy consumption during the fully ducted comparisont D% kWh/dayjs scaled by the
COP of the ASHP to determine the true thermal load on the spaee@uht for the efficiency of the
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HVAC system The COP of the ASHP installed in the Lab Homes was determined bateziated

SEER of the equipmenSEER13) and was assumed to be constant over the analysis period. This
assumption will introduce sonieaccuracies into the calculatidmyt should not change the general trends
observedalso, full COP performance maps for the ASHPs installed in the Lab Homes are not readily
available. For the heating season, such a conversion is not necessary, since the efficiency of the electric
resistance furnace is 100%lIso notethatt he fHaverage difference in HVAC
ducted WHO represents an ie ARWHeviaheut ductimn thekeatg ener gy
season (Lab Home B Lab Home A) and a decrease in HVAC energy use associated with the unducted
HPWH in the cooling season (Lab Homa Aab Home B).

The experimental dataay suggest thathe reduced HVAC impads due to buffering of the HPWH
space conditioning impacts by the interior walsr the unducted HPWH, thveater heater closet
experienced localized cooling while the thermostat, located in the alleax the kitchen (sdégure
3.4), did not experience the full effect of the HPWH thermal lodd® interior temperature dadae
discussed more fully iBection4.3,

43 | mpacts on Ther mal Comf ort

Due to the cold exhaust air expelled by a HPWH operating in conditioned space, some believe that
HPWHSs could cause localized cooling and lead to comfort confmrhemeownergKresta 2012).In
addition, localized cooling can also impact the efficiency of the HPWH, since lower ambient air
temperatures will lead to decreased heat pump performance.

In the case of the Lab Homes experiment, localized cooling bseaed in themall closet where
the water heater was locatefls shown inTable4.2, the temperatures in the water heater closet were
affected bys.4+ 5.5°F and % + 5.4°F in theexhaustonly and fully ductedcases in the cooling season
and 8.0+ 4.1°F and 8.4 3.4°F in the heating season

Table 4.2. Average and Standard Deviation bEWater Heater Closet Temperature in the Heating and
Cooling Seasonfor the ExhausOnly Ducted and Fully Ducteddnparisons, in °F

Exhaust-Only Ducted Comparison Fully Ducted Comparison
Unducted Difference ESLI\ABII@CET Unducted Difference

73.7+1.2 68.3+54 5455 724+1.2 67.9+53 45+54

Water Heater Closet
Temperature (°F)

Heating Season _ Unducted Difference EILI\ABII@ET Unducted Difference

Water Heater Closet

R 64.3+2.6 56.3+3.1 8.0zx4.1 64.4+2.0 56.0+ 2.7 8.4+34
Temperature (°F)

Note that the water heater closet temperatures are also quite variable, with standard deviations of
around 5°F in all cases. This is because the closet is only cooled when the HPWH is operating and
returns to near the temperature of the body of the hiwéeg extended periods of little or no water
draw. For exampleFigure4.6 depicts the impact of exhaust ducting or full ducting, versus an unducted
HPWH, on the wier heater closet temperaturehelaverage closet temperature with ducting (lighter blue
in the third pane) isbserved to bevarmer tharthat withthe unducted HPWH (darker bluethethird
pane), and resembles the water closet temperature profileed®\at (lighter blue in the second pane).
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Figure 4.6. Water Heater Closet (_Closet) and Master Bedroom (_MB) Interior Temperatures for Lab
Home A (LHA) and Lab Home B (LHB) for Silbays Left: baseline operation with both
water heaters operating H®WHSs; Center: Lab Home A as a HPWH and Lab Home B as

anERWH; Right: Lab Home A as a HPWH with ducting and Lab Home B as a HPWH
without ducting

Due to the small size of the water heater closetlmdact that cold air was being blown into the
space when the HPWH was operating, limited stratificasfaapproximately 12°Fwas observed within
the wateheatercloset in the cooling seasom the heating season, the observed stratification was more
extreme(as high as'®8°F)in both the ducted and dacted casesThis may becaused by the cold
outdoor air temperature and increased stack effect, winéskis cold air in from the exterior door on the

water heater closet. While the closet door islated and weathestripped, it is not perfectly airtight and
is a source of air infiltration.

However, the impact of different ducting configurations on the temperatures in other spaces in both
homes was not significanfAs shown inTable4.3, the average interidemperatureobserved in Lab
Home A and Lab Home B during the exhaasly ducted and fully ducted comparison periodse
nearly identical, varying by leghan 1°F in both the heating season and the cooling seailbough
more than sufficient free area was available through the installation of grates in one wall of the water
heater closet, the surround room temperatures were not impacted by HPWH eghavhichsuggests

that the water heater closet experienced localized cooling whitertfe@ningbody of the house was
affectedless
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Table 4.3. Average and Standard Deviation of Interior TemperatMiegsured in the Main Body of the
House and the HPWH Closegimperature inhe Heating Season and Cooling Season for the
ExhaustOnly Ducted and Fully Ducteddinparisons, in °F

Exhaust-Only Ducted Comparison Fully Ducted Comparison

Unducted | Difference [I\VABIN# el Unducted | Difference

747+04

Unducted | Difference [UI\VABIN# el Unducted | Difference

Average Interior
Temperature (°F)
Heating Season
Averagelnterior
Temperature (°F)

759+21 755+23| 03%3.1 749+0.6| -0.2+0.7

71.6+1.6 71.8+15| -02+22 71.3+15 | 71.7+15| -04+21

While the installation of ductingid not appear to have a measurable impact on average interior
temperatures the main body of the house, some small temperature deviations were obserthed.
cooling season, the master bedroom and master bathroom expesigtuthdlower temperatures in Lab
Home B with an unducted HPWH, as compared to Lab Home A witlitaustonly or fully ducted
HPWH, as shown ifrigure4.7 andFigure4.8. Themaster bedroom was 1+3).7°Fcoolerand the
master bathroom was 248).6°Fcooler in the unducted case than the exhanbt ducted casend
1.1+ 0.6°F and 1.& 0.3°F cooler in the fully ducted case, for the master bedroom and master bathroom,
respetively. Since the master bedroom is adjacent to the water heater closet, the HPWH exhaust may
have been cooling the master bedroom slightly. The master bathroom, however, is not near the water
heater closet and the difference observatiégmaster battboom is notas likely to be caused by the
unducted HPWH

4 Unducted HPWH mExhaust-Only Ducted HPWH
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Figure 4.7. Average Temperature and Standard Deviation, in °F, in Each Room During the Exhaust
Only Ducted Comparison Peridnithe Cooling Season
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Figure 4.8. Average Temperature and Standard Deviation, in °F, in Each Room During the Fully Ducted
Comparison Perioth the Cooling Season

In addition the kitchen experienced slightly elevated temperatur¢he unducted HPWH case,
during both the exdustonly and fully ducted HPWH comparison peripbg 1.9+ 1.0°F and 2.@ 0.6°F,
respectively

In the heating season, the largest temperature differentials were observeehst thetlroom and the
maste bathroom. Theast bedroom in Lab Home B was, on average+D3°F and 1.5 0.4°F cooler
thanthat inLab Home A when equipped with exhaust ducting or full ducting, respectively. Conversely,
the master bath demonstrated warmer temperatures iHomle B as compared to Lab Home A when
equipped with exhaust ducting or full ducting, £.8.4°F and 1.% 0.6°F, respectively. The variances in
the east bedroom anchaster lth, and the similar temperatures observed in the other rooms, are depicted
in Figure4.9 andFigure4.10.
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Figure 4.9. Average Temperature and Standard Deviation, in °F, in Each Room During the Exhaust
Only Ducted Comparison Periaulthe Heating Season
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Figure 4.10.Average Temperature and Standard Deviaiiofil-, in Each Room During the Fully Ducted
Comparison Perioth the Heating Season

These 12°F deviations in temperature from Lab Home A to Lab Home B are not completely
explained and further investigation is needed to expitretherthe impacts are dictly caused by the
HPWH and ducting configuration or other factors. However, regardless of the calig&; alange in
temperature is not likely to significantly impact occupant comfort.

44 Water Heating Energy Use

Ducting can also impact the energy aamed by the water heater itself, as the efficiency of the
HPWH will be affected by the temperature of the inlet &or example, while¢he unducted water heater
may provide space conditioning benefits in the cooling seasarh a configuration may inase water
heating energy udsecausehe coldrinlet airdecreaseslPWH efficiency. In the cooling season, both
exhaustbonly ducted and fully ducted configurations (Lab Home A) led to dectleaater heter energy
usage, 8.3 0.7% and 8.4 0.5% respectivelyas shown irFigure4.11, due to the ducting effectively
mitigating localized cooling in the water heater clodetthe cooling season, crawlspaeenperatures
were not substantially different from interior temperatures due to ground coupling and sAdding.
crawlspace experienced an average temperature ot 2339F and the interior conditioned space

observed an average temperature of Z0DZ4°F during the fully ducted comparison period in the cooling
season.
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Figure 4.11. Average Daily HPWH Energy Use (kWh/day) During ExhaDaty Comparison and Fully
Ducted Comparison Periods in the CoolireaSon

In the heating season, the water heater energy use also was affected by the HPWH closet temperature
andby the extent to which localized cooling was mitigated by the ducting configurdiiximustonly
ducting led to a 7. 2.3% decrease in water heating energy use, due to mitigation of localized cooling.
However, as expected, the fully ducted scenario led toa 8.8% increase in water heating energy use
due to cooler crawlspace temperatures providing inlet air to thex Wwaater, as shown kigure4.12.
Crawlspace temperatures were maintained at#42.2°F throughout the heating season due to ground
coupling, several degrees waar than the average outdoor temperature of 49.0°F. This slightly
reduced thevater heating penalty of the HPWH.

4.14



m Unducted Water Heater m Fully Ducted Water Heater
# Exhaust-Only Ducted Water Heate®©so Difference in HPWH Energy Use
= 10 8.0% g
S D
T 9 - 6.0% =
= D S
; 8 - 4.0% o o
=, i c®
< ! 2.0% |3 £
2 6 - 0.0% % %
& 5 - -2.0% @& S
3 4 - 40% T o
w = £
3 - -6.0% o7
I o S
E 2 - -8.0% T A
T 1 - -10.0% 5 2
% 0 - -12.0% & E
Q Exhaust-Only Ducted  Fully Ducted Comparison o
Comparison &

Figure 4.12. Average Daily HPWH Energy Use (kWh/day) During ExhaDaty Comparisorand Fully
Ducted Comparison Periods in the Heating Season

Also, recall that the water heaters were operatéigat Pump mode, which disables electric
resistance heating. If thiitlybrido mode were enabled, the impact of full ducting would likely be much
more severe, asfibaytrigger significantly more electric resistance operation. However, it is worth
noting that even with the high hot water draw profile deployed and the HPWHSs operdiitepirPump
mode, they were able to maintain reasonable water delivery temperatures. When in the fully ducted
configuration the hot water outlet temperature dropped t®°Elas shown ifrigure4.13. On this day,
the crawl space temperature varied between 42 and’48°F

12 Note,the heat pump caff temperature has been documented as 4&H-Appliances 2012; GE Appliances
2014;Larson et al. 2011)However, the thermistor that controls the hmainp cutoff is located in the HPWH

shroud above the evaporator coil, where is 6gpees some residual heat transfer from the compressor components
and standby losses from the tank. As such, the heat pump is capable of operating at measured outdoor (or
crawlspace) air temperaturgigghtly below the documented 4% tutoff temperatue.
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Figure 4.13.HPWH Outlet Temperature and Tank Temperataretfe Fully Ducted and Exhau®nly
Cases

Notethat the fully ducted HPWH is compared to the exhan$t ducted HPWH, since water
temperature data was not available for the unducted water heater in the heating season. This is due to a
catastrophic failure of the unducted HPWH in Lab Home B, caused&fyigerant leak. The water
heater was replaced andbraselined prior to initiating the heating season experiments. However, the
tank and hot water outlet thermocouples were not reinstalled due toditsraints Since the exéust
only ducted HPWHuses interior, conditioned air, the performance and hot water delivery are expected to
be similar to the unducted HPWH.

These comparisoraf water heater energy use and performattaot include fan energylhe fan
energy was necessary, due todheting configuration, to provide sufficient airflpas the GE
GeoSpring HPWH is not designed for exhaust or full ducting as purch@bedneasured airflow
through the ducting during these experiments, with the supplemental exhaust fan running, Gkl 166
for the exhaustonly ducting and 117 CFNbr the full ducting, both of which are in accordance with
installation recommendations (Krestal.2 0 1 2) f or exhaust fan fl dw rates
Fan energy, in this extreme case, would ina¢atl HPWH energy use approximately 888 Wh/day, on
average, or approximately 10%lowever, this was not included in the comparison of water heater
energy use sin¢cé the HPWH werenanufacturedo accommodate ducting, the fan could be integrated
into the HPWH and fan energy significantly reduced.

45 WholHmuse Ener gy [KCmphkfcftec tainmleness

While the Lab Home experiments were conducted in the heating season and cooling season to
maximize the interaction between the HPWH exhaust and the HVAC system, to assess the annual energy

13 personal communication with Schafer, Engineer, GE Appliances, Feb 2013
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impacts and costffectiveness of ducting trenergy impact on watéeating energy and space
conditioning energy must be compared andetkgerimental results must be annualized. The
experimental results were annualized for the Richl&iaishingtorclimate based on the average number
of heating days and cooling daysailyear. Specifically,the daily difference in HYAC energy usage and
the daily difference in watdreater energy asg for theexhaustonly ducted versus unducted comparison
arecombined to yielc daily whole-housedifference in energy uder that caseassuming all other loads
areidentical The annual difference in wheleouse energy use for the Lab Home with a fully ducted
HPWH compared to the Lab Home with an unducted water heatalculated in a similar mannefhe
average daily HVAC and watéeater energy use calculated during the heating season and the cooling
seasonrespectivelyfor each experimental period were scaled by the average nunieatofg daysnd
cooling days, respectivelin Richland. The average number of heating dagcooling daysvere
calculated based antypical meteorological yedy summing the houtthat hadan outdoor air
temperature below 55°t above 75°F foheatingand coolinghours, respectively, and then dividing by
24 hours to calculate the relative nuenlof days.Note that this approach assumes that the HPWH does
not impact the HVAC energy use during the swing season, when it is likely that homes will not be
actively conditioned due to mild outside temperatub&ile this is likely not an exact caliation, it is a
reasonable first approximation of the number of days the home would need to be heating versus cooling
in a typical year The expected annual difference in HVAC, water heater, and viioolse energy use
using this method is provided Trable4.4. As shown in the table, the space conditioning energy
consumption overwhelms the difference in water heater energy usage. The difference in space
conditioningenergy usage is dominated by space heating, which is exaggerated due to the use of an
electric resistance furnace in this experimehteat pump or gas furnace would demonstrate different
energy consumption characteristics.

In generalexhaust ductings expected to increase whdleuse energy use and full ducting is
expected to reduce whelmuse energy consumptioitVhen the annual difference in whdleuse energy
use based on the experimental datzalculatedased on the degrelay approach discasd abovgethe
exhaust ducting increases annual energy use: A6 kWh/yr, and full ducting decreases whédieuse
energy use 1,03t 411 kWh/yr. These impastcorrespond to a 28 1.8% increase and 421.7%6
decreasén wholehouse energy uder exhaust ducting and full ducting, respectively.

For comparison, the whelgouse energy impacts are also calculated assuming 100% of the thermal
load imposed by the HPWH on the space is madamgbf taken advantage of). This further increases
thedifference in HVAC energy usage and, thus increases the difference inlvdude energy usage
between the@xhaustonly or fully ducted water heater and the unducted water he@tas.calculation is
useful for comparison because it examines the maxinasgsilpe interaction between the HPWH and
HVAC system. As shown ifable4.4, the theoretical HVAC system interaction increases the energy
penalty of exhaust ductirto 7.3 + 4.3% of annual wholeouse energy usage. Similarly, the increase
HVAC interaction assumed for the full ducting scenario increases energy savings to 8.8 + 3.8%, as
compared tehe Lab Home with annducted HPWH.
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Table 4.4. Annual Differenceén HVAC, Water Heater, and Wholdouse Energy UsgkWh/yr) and
Associated Energy Cosal cul at ed Based on the Experi ment
Difference in HVAC Energy Use

Annual Difference in
HVAC Energy Water Heater Whole-House Energy Lifetime

Use [kWhlyr] Energy Use Energy Use Cost Cost ($)
[kWhiyr] [kWh/yr] )

ExhaustOnly Comparison 858 + 440 1144 + 74 714 + 446 86 1,306
(6.2 +3.2) (-6.8 +3.5) (2.9 +1.8) (2.9)

Fully Ducted Comparison 11079 + 408 48 + 49 71031 + 411 71125 71,982
(-7.8 + 3.0) (2.3+2.3) (4.2 +17) (-4.2)

Zg‘fr‘]’rztr'i‘;i'n'zx“a“s‘o”'y 1953 + 1056 1144 +74 1809 + 1059 219 2192
P (141+7.6)  (-6.8%3.5) (7.3 £ 4.3) (7.3)

ng:rztr'i‘;i'n':”"y Ducted 12210 + 928 48 + 49 12162+930 1262 72,620
P (-16.0 £6.7)  (2.3+2.3) (-8.8 +3.8) (-8.8)

* Percentage difference in annual energy use estimates are presented as a percent of that equipmerthioad |
anrual difference in HVAC energy usefpsesented as a percentage of HVAC energy usage).

Table4.4 alsopresentshe energy costs associated with thieole-houseenergy use impadis
increased energy costs in the case of exhaust ducting and decreased energy costs in faé case of
ducting. The energy costs are presented aripuahd asa lifetime cosfsavingsassuming a lifetime of 10
years and no discountind-his lifetime energy cost can be compared tocthe of ducting. An intake
and outlet exhaust duct kit can be purchased frate $¥ater Heaters for a cost of ¥Bhate Water
Heaters 2012)However, one must also include the costs ofidgdb route the air from the HPWH duct
adapter to an appropriate penetration in the building envdbdpe, to install the ducting, and askded
materials.In Chapter 8A of the technical support document for the 2010 residential water heater energy
conservation standard final ruleQE assumesn incremental cost 0#$9.83for adding exhaust and
supplyductingto a HPWH (DOE 201 This assumption includes labor, approximately 50 feet of
ducting, the water heater shrouhd associated materials.

Regardless of the cost of ducting, since the installation of exbalystiucting was found to increase
whole-house energy consumption in teigperiment, installation of exhaestly ducting would not be
advisedn the Richland climate and this installation configuratidfsing the DOE value of $459.83,
installing full ducting would be costffective in this case due to the large heating system penalty in
Richlandbés cold climate for an electric resistanc

Of course, th net energy impacts of HPWH ducting will vary based on climate, heating system type,
the specific HPWHthe instalation conditionsand the HPWH performance characteristibbre
extensivemodeling andcost analysis would be required to determine the appropriateness of extigiust
or full ducting in all of these scenarios.
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50 Concl usi ons

Theresultsof this project ar@nalysis based dndependent field data that can be applied, both
regionally and nationwide, teelp enable deployment of HPWHs. Key analysis results include
guantification otthe wholehouse energy impacts of installingHPWH in a conditioned space with and
without exhaust ductingThese resultsan be used for calibration and refinement of winmase energy
modelsto characterize the performance of HPWHa wariety of climate zones and applicatiomdore
accurate modelsan then be used support the deployment and market penetration of new; high
performance manufactured and ditglt homeswith HPWHsacross a variety of climate zones and
installation conditions The following sections describe the key findings fromltab Homes evaluation
of ducted andinducted HPWHs andcommendations resulting from thdselings.

51 Summary of Findings

HPWHSs are a promising technology for substantially reducing wagatingrelated energy use.
However, concerns have been raisaegarding the impact of HPWHs on space conditioning energy when
installed in conditioned space in northern climaté®deling studies have suggested that installing
exhaust ducting on HPWHs may mitigate some of this imgdotvever, this field evaluationf éwo GE
GeoSpring HPWHSs in the PNNL Lab Homes suggests that this may not be th€oasersely, the data
from these experiments suggest tiehaustonly ducting increased space conditioning energy use
4.0+ 2.8% in the heating season as comparedaatiducted HPWH, due to increased infiltration of
colder outdoor air resulting from depressurization of the interior sgadeducting was observed to
substantially mitigate the impact of the HPWH on the HVAC systéhe fully ducted HPWH decreased
HVAC energy use.8 = 2.3% as compared to the Lab Home with an unducted HPWH.

In addition, the experimental data indicate that the penalty of installing a HPWH in conditioned space
may not be as large as modeling studies sugpgestusduffering byinterior wallscausedocalized
cooling in the water heater closet, with very little impact on surrounding interior temperafunigs.
approximately43.4+ 12.2%to 37.2 +4 + .7% of the theoreticaspace conditioninpad was made up by
the HVAC systemin the heating and cooling seasons, respectivEhe study also verified the benefit of
HPWHs installed in conditioned space in providing supplemental cooling, decreasing HVAC energy use
by 9.3% compared to axhaustonly or fully ducted HPWH No sigrificantimpacts on interior
temperatures were observed, as the cooling effect of the HPWH was largely localized in the water heater
closet.

Although fully ducting the HPWH was observed to be an effective strategy to mitigate space
conditioning impacts afiPWHSs installed in conditioned space, this ducting configuration may also
increase water heater energy use due to cooler supply air temperatisestudy shows that cooler
crawlspace temperatures increased water heater energy usk.8%8for the HRVH operating imiHeat
Pumm mode however, this incremental difference is small compared to the difference in HVAC energy
use accomplished by the different ducting configurations.

Therefore, from a wholbouse perspective, the net energy impacts of HPWstalled in
conditioned space are driven by tH¢AC system interactionSimilarly, the coseffectiveness of
installing ductingon HPWHSs will be driven by the HVAC system interactidn.this experiment, full
ducting provided a lifetime energy savimgs$1,982 compared to an unducted HPWH over an assumed
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10-year life of the water heater. This asponds to decrease in wholouse energy costs of

approximately 4.2% annually. Conversely, the exhanobt ducting increased total energy costs by
$1,306 over 10 years, or 2.9% annually, compared
dominated climateFor comparison, thwholehouse energy impacts were also calculated assuming

100% of the thermal load imposed by the HPWH on the space is made up (and/or taken advantage of), or
the maximum interaction between the HPWH and HVAC system. Assuming this theoretical HYAC
systeminteraction increases the energy penalty of exhaust ductiri.3 + 4.3% of annual whele®use

energy usage. Similarly, the increase HVAC interaction assumed for the full ducting scenario increases
energy savings to 8.8 + 3.8%, as compared to the Latehdth an unducted HPWH.

The magnitude of these energy cost impacts far outweigh the costaidtiiig assumed in this
analysis As such, this experiment suggests that exhanist ducting may not be advisable in cold
climates, such as Richland, WAull ducting was found to costfectively reduce wholdouseenergy
useover the lifetime of the water heatadowever, additional work is needed to translate these results
and develop recommendations for the variety of climates and installationwratifigs where HPWHSs
may be installed.

52 RecommendathidotFrsE>xper i ment s

In generalthe Lab Homes evaluation found that installing exhan$t ducting on &ed{PWH in
conditioned space increased whbtsuse energy use, while full ducting decreasedevhouse energy
use. However to validate thee findings and further explore the depressurizations caused by the HPWH
with exhaustonly ducting, repeating similar experiments with spatial measurement of differential
pressure coul@lentify key sources ahfiltration. In addition, conducting an experiment to precisely
evaluate the effect of inside walls on buffering of thermal loads could help validate or refute the findings
related to the relative magnitude of the interaction between the HPWH and H\éfginsgompared to
the maximum theoretical interaction. Such inputs could be used to develop more detdiddidg using
a multizone energy model could confirm/validate space interactions of HPWH duct configur&imts.
inputs, along with more detadlenodelingusing a multizone energy model could validate space
interactions of HPWH duct configurations.

A calibrated model could then be usedt@luate variabilityith climateand the relative impacts
with different heating and cooling system assumptidrtss additional modelingandassociatedost
analysis of HPWH and space conditioning system interactions for a variety of climate zones, HVAC
system types, and HPWH operatimodesds necessary to assess the aféctiveness of ducting and to
make formal recommendations regarding appropriate installation of HPWHsmadediverse
scenarios.
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http://www.spesifikasii.com/pdf/smbpb00208-price-book-state-rep-site-state-water-heaters-3854.pdf
http://www.energyconservatory.com/sites/default/files/documents/mod_3-4_dg700_-_new_flow_rings_-_cr_-_tpt_-_no_fr_switch_manual_ce_0.pdf
http://www.energyconservatory.com/sites/default/files/documents/mod_3-4_dg700_-_new_flow_rings_-_cr_-_tpt_-_no_fr_switch_manual_ce_0.pdf
http://labhomes.pnnl.gov/experiments/windows.stm
http://www.pnnl.gov/main/publications/external/technical_reports/PNNL-22642.pdf
http://www.nrel.gov/docs/fy12osti/54318.pdf
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