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ABSTRACT

The evolution of hegbump technology promises a revolution for residential energy
efficiency. While traditional residential mechanical design uses multiple systems and fuels to
provide thermal serves, the emerging generation of hpamp technologies can provide
heating, cooling and domestic hot watgth a singleappliance These heat pumps operate over
a wider temperature range than their predecessors, offer substantial efficiency improvements,
and introduce opportunities for waste heat recovery. The domestic hot water heating market is
beginning to experience this change assairrce heapump water heaters deliver obus
energy savings over electiiesistance water heaters; and (arguably) bé&at condensing gas
fired systems in terms of source energy consumption and greenhouse gas entssiner,
we anticipate that the current introduction of statmhe heapump water heaters is only the
first step in a transition toward muftinction heatpumps that can replace conventional air
conditioners, furnaces, and hot water heaters. The study presented draws freseasohi field
measurements of operation and performance for severatomdtion heapumps.The research
assesses the ovérafficiency of these systems, and compares the advantages and disadvantages
of alternative desigh Our research provides monitored examples e$aimce heat pumps,
geothermal heat pumps, waterwater systems, and desuperheatfs.also describe thaesign
of the multifunctionheat pump at the core of a zaretenergy demonstration home designed to
generate enough electricity to also power the annual drive cycle ofelecitic sedanThe
heatpump in this home is designed to cover all heatingling and domestic hot water needs
with no backup.

Introduction

Traditionally,residential mechanical design hhaied onseparatesystemgo provide
each specific thermal servigecludingspace heatingpace cooling, and domestiaterheating
In California, gadurnacesare gaerally used for heating, vapoompression forcedir systems
for cooling, and gafired storagesystems for domestic watkeating. Reversible heat pumps
offeran opportunity tanergethese multiple functions into a single machinkere has been
some small but growing application of reversiaieto-air heat pump systems to provide both
heating and coolingnd geothermal heat pump systems have enjm}ativelybroad
application wihin niche market8Broaderadoptionfor these systemwill require overcoming
variety oftechnical and financial challengd$he domestic hot water heating industry has
recentlymade significant advancéscommercializestandaloneelectric heatpump sbrage hot
water heatersThese systems offer obvious benefitsnpared t@lectric resistance water
heaters, and cglarguably) alsde better tharcondensing gaBred systems in terms of source
energy consumption and carbon emissi@usce heat pumpseaallelectric, theyoffer the
possibility of a move away from esite combustion for thermal services in residences. This
aligns well with goals to redugen-point sourceemissions oNOy, andwith the buddingpolicy
initiatives to advance zero net engtgpmesas standard practice
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As heat pump systems become more common within the industry, we anticipate a
movement toward central mufinction het pumpghatprovide heating, cooling, and domestic
hot water servicem residencesThis combination ofdnctions within one machine promises
capital cost savings, efficiency improvements, and opportunities for a significant amount of
waste heat recovery. Thimper exploreavarietyof heat pump system architectures that
provide multiple functions, and rews some of the advantages and challenges with each
Detailed field measurements of performance were conducted for thress hiobat employ
differentmulti-function heat pumprrangementslhe results of these efforts motivatée
design of a more fully integrated muitinction watetto-water heat pump system applied as the
core mechanical system in a zero net energy research home recently commissioned in Davis
California. The Davis homis designed to generate enough elettirito offset its annual
consumption, plus also cover the annual drivdecfar an allelectric vehicleAchieving this
target drew on aumber of innovative featureEhe mechanical system employs a reversible
waterto-water heat pump that provides laotd cold water to hydronic radiant systems for space
conditioning, and provides all domestic hot water for the home with no backup. When in cooling
mode, the equipment employs a desuperheater to harvest some waste heat for domestic water
heating. The hegdump also utilizes an innovative lesost inground heat exchanger that costs a
fraction of conventional groursburce approaches, and which recovers heat from greywater.

Technical Overview of Multi-Function Heat Pump Strategies

Multi-function heat pumpsmploy a reversing valve to allow the indoor (load) heat
exchanger and outdoor (source) heat exchanger to swap roles so that-sidddeaht
exchanger can provide either heating or cooling Fsgeare ). For system architectures that can
effectively uilize waste heat for some useful purpose (generalihpeting for domestic hot
water), multifunction heat pumps may include a desuperheatdreat exchanger located on the
discharge side of the compressor before the reversing valve and primarysssnden
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Figure 1 General schematic ofraulti-function heat pump with desuperheater.

This reversible refrigerant circuit is central toralllti-function heat pump systems, but it
can be applied in a wide variety of ways. Traditionally, residential heat pumps have used a
refrigerantto-air heat exchanger located outdoors and thus use ambient air as the thermal source.
Alternatively these sysis can use a refrigeraiotwater heat exchanger, where the water
subsequently exchanges heat with the ground (or a cooling towgrSetalarly, the load side



of this system can exchange heat with either air or water. There are a variety of ways to
aacomplish both forceéir and hydronic distribution systems. The discussion herein does not
cover all options, but reviews the advantages and challenges of some alternatives via explanation
of the system architecture for each field evaluation. For examplgdronic system allows the

heat pump to serve as the primary source for domestic water heating, while a forced air approach
integrates more easily with traditional residential mechanical designs.

Measured Performance for Multiple Applications

Measured prformance from three field evaluations of mifiltnction heat pump systems
are presented here. The first project used a grsoncceheatpump (GSHP) with an indoor DX
coil (refrigerantto-air heat exchanger) for a forced air heating and cooling sy$temapproach
is also referred to as a waterair heat pump (WAHP). In addition to the heating and cooling
functions, the WAHP installed in the first project also includes a desuperheater that transfers
some heat to the water in a domestic hot watehpes tank.

The second two projects used antaiwater heat pump (AWHP) to deliver radiant
heating and cooling, primarily through the floor. In addition, in cooling mode these systems run
chilled water througla fan coilto provide some dehumidificatio@hilled water is piped first to
asmall fan coij which provides some dehumidification and wathes water entering the slab
reducethe risk of condensation on the floor surfadégure 2ashows a schematic of the GSHP
system, andrigure 2bshows a coinined schematic for the two AWHP systems.
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Figure 2a Schematic of the watéo-air heat pump system at the Sacramento hdusesystem uses directional
bore ground coupled heat exchangBrssuperheater operates with heating and cooling.
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Figure 2b Schematic ofwo alternatemulti-function AWHP systens. Chico site includes DHW with electric
resistance backup and three way valve to isolate hydronic load from DHW sfbuagen site includes buffer tank
in hydronic loop to decouple heat pump capacity from variable internal load.

The first project, called Sacr ament o
custom home located in a suburban Sacramento neighborhood. This home udes thater
Furnace 5 Series, a twfonction WAHP with a heat recovery package to provide heating,
cooling, and a poidn of the domestic hot water. This system uses an additional storage tank to
pre-heat water before it reaches the primary domestic hot water heater.
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in the hotdry climate of TucsonArizona TheTucsonhouse uses an Aqua Products RCC for
space heating and cooling only. The RCC packages a conventional Ruud 1B&EBRmMp

with an off-the-shelfrefrigerantto-water heat exchange®ince theAqua Productsinit doesnot

have variable capacity capability, a 30 gallon buffer tank was installed on the return side of the
load circuit to prevent heat pump short cycling when load is low.

The third

t eChitohdus®me ,i sdhedtode @2 EiR strawbale haise

located in the hetiry Northern California climate of rural Chico. T@&icohouse uses the
Daikin Altherma invertedriven threefunction AWHP for space heating and cooling as well as
domestic water heatinds shown in the schematic, ax&ay valve isnstalled to divert hot water
to the DHW storage tank when there is a DHW call. The Chico house also incorporates a
nighttime ventilation cooling system to reduce the amount of heat pump cooling required.
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Water-to-Air Heat Pump (Ground Source)with Desupeheater (Sacramento House)

Figure 3plots five values for each day of monitored operation at the Sacramento installation.
The daily minimum and maximum ambient temperatures are recorded, along with the minimum,
maximum, and average temperaturethe soucecircuit (the ground loop)-or the cooling
season, the minimum source temperatutkassource return water temperature {r@n the
ground; while for heating it is theourcesupplytemperaturdi.e. to the ground Temperatures
recordedor each @y ae not from goarticular time, but rather map ttemperatureange
experiencedor the ground loogach day. The typical temperature split was 5°F, and periods of
prolonged heat pump operatioausedperating temperaturés drift throughout the day.

Figure 4shows the daily thermal energy output from the heat pump (delivered to the load
circuit) during both the heating and cooling seasbitgire 5plots the thermal energy input for
domestic water heating from the desuperheater, and from the pgamfyed water heater. The
desuperheater for this installation operates both during heating and cooling. For threeceight
shoulder season veten Sep 13 and Nd&the desuperheater does not contribute to domestic hot
water heating because the heahpuloes not operate for heatingr for cooling.

In heatpump heating mode, the desuperheater reduces space heating capacity. The
optimal use of the heat pump for water heating during the heating season needs to consider the
impacts of added fan electricitpnsumption (running longer to offset lower capacity) relative to
reduced natural gas consumption for domestic water heating. Oveutise of the period
studied (Jul Jan), the desuperheater contributed 36% of the thermal energy for hot water.

Figureép | ot s t he a v-BavegEER"foCtherMbAHM e ehch mode of
operation as a function of the average temperature in the ground loop. Each point represents the
average of all observations that were made within the corresponding temperature bietrithe
includes all compressor energy, pump energy, and fan energy for the dystismincludes all
useful thermal energy generated by the system in each mode. For a portion of time, the first stage
of both heating and cooling achieved EERs of nezBlyHowever, a time weighted analysis of
performance results in an average EER = 15.74 (COP = 4.61) for Heating Stage 1, EER = 12.2
(COP = 3.58) for Heating Stage 2, EER = 14.8 (COP = 4.34) for Cooling Stage 1, and EER =
11.6 (COP = 3.4) for Cooling Stage
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Figure 3 Daily minimum, maximum, and averagie &mperaures and source circuit water temperatures
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Figure 4 Daily thermal energy atput(to the load circuitfor heat pump in heating and cooling
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Figure 5 Daily thermal energy input for domestic hot waterting(bars are stacked)
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Two-Function Air -to-Water Heat Pump with Radiant Delivery (Tucson House)

Heating performance. Figure 7acharts thedll load heating COP of the heat pusystem
(outdoor unit + circulation pump) at the Tucson haasa functiorof outside air temperature
(OAT). Figure 7bcharts the same data as a functioerdkringwater temperature (EWDn the
load circuit Average seasonal COP over the 2012 heating season was 3(EER = 11.12)
There is substantial variation in the obssr data for AWHP performance. It appears that this is
mostly because of variation in water temperature for the supply loop, caused by the dynamics of
zoning (there are three zones), and by other factors that cause variation in load.

For comparison, manufturer published engineering data for the standarddair)
Ruud heat pump is plotted alongside our measu
air-to-air systemfigure 7bplots rated performance a function of entering air temperature (EAT)
instead of EWT. Although it is not directly comparalftegure 7agplots rated performance for an
entering indoor air temperature of°F4

6 6

e Calculated COP vs. OAT e Calculated COP vs. Ent. Water Temp
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Figure 7 MeasuredCOP forASHP at Tucsomousein space heatinfp) versusutdoorair temperaturédOAT) and
(b) as a function of entering water temperature (EWBnufacturerrated performance is also chartéu=1,241
15-minute intervad).

Cooling performance. Efficiency for cooling was evaluated as the ratio of watde cooling
capadiy to total electricity input (outdoor unit + circulation pumipigure & plots EER for ful
load cooling at the Tucson house as a function of @Agure & plots the same data as a
function of EWT. Similar to the figure for heathsgason performance amufacturer rated
performance for an ato-air heat pump is also plotted for comparison. The manufacturer rated
data inError! Reference source not founda uses an indoaoil inlet condition of 78°F dry
bulb and 60°F webulb, which may or may not be directly comparable the conditions seen by
the refrigerant in this hydronic application.

TheTucsonhouse data illustrasea strong correlation betweenolingefficiency and
OAT. Performance is not as depentlen loadside conditions return water temperature (EWT)
does have some impact. During cooling evenipply water temperaturédsom the heat pump
were observed to declim®ntinuously while temperaturepdit across the hydronic load did not
increase as substantially. For prolonged periods of cooling operation, this resuitedced
system efficiencyAdditionally, latent coolingeffects from the fan coil wemelayed untisupply






