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ABSTRACT  

The evolution of heat-pump technology promises a revolution for residential energy 

efficiency. While traditional residential mechanical design uses multiple systems and fuels to 

provide thermal services, the emerging generation of heat-pump technologies can provide 

heating, cooling and domestic hot water with a single appliance. 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 as air-source heat-pump water heaters deliver obvious 

energy savings over electric-resistance water heaters; and (arguably) also beat condensing gas-

fired systems in terms of source energy consumption and greenhouse gas emissions.  However, 

we anticipate that the current introduction of stand-alone heat-pump water heaters is only the 

first step in a transition toward multi-function heat-pumps that can replace conventional air-

conditioners, furnaces, and hot water heaters. The study presented draws from multi-season field 

measurements of operation and performance for several multi-function heat-pumps. The research 

assesses the overall efficiency of these systems, and compares the advantages and disadvantages 

of alternative designs. Our research provides monitored examples of air-source heat pumps, 

geothermal heat pumps, water-to-water systems, and desuperheaters. We also describe the design 

of the multi-function heat pump at the core of a zero-net-energy demonstration home designed to 

generate enough electricity to also power the annual drive cycle of an all-electric sedan. The 

heat-pump in this home is designed to cover all heating, cooling and domestic hot water needs 

with no backup. 

Introduction   

Traditionally, residential mechanical design has relied on separate systems to provide 

each specific thermal service including space heating, space cooling, and domestic water heating. 

In California, gas furnaces are generally used for heating, vapor-compression forced-air systems 

for cooling, and gas-fired storage systems for domestic water heating. Reversible heat pumps 

offer an opportunity to merge these multiple functions into a single machine. There has been 

some small but growing application of reversible air-to-air heat pump systems to provide both 

heating and cooling, and geothermal heat pump systems have enjoyed relatively broad 

application within niche markets. Broader adoption for these systems will require overcoming a 

variety of technical and financial challenges. The domestic hot water heating industry has 

recently made significant advances to commercialize stand-alone electric heat-pump storage hot 

water heaters. These systems offer obvious benefits compared to electric resistance water 

heaters, and can (arguably) also be better than condensing gas-fired systems in terms of source 

energy consumption and carbon emissions. Since heat pumps are all-electric, they offer the 

possibility of a move away from on-site combustion for thermal services in residences. This 

aligns well with goals to reduce non-point source emissions of NOx, and with the budding policy 

initiatives to advance zero net energy homes as standard practice. 



 

 

As heat pump systems become more common within the industry, we anticipate a 

movement toward central multi-function heat pumps that provide heating, cooling, and domestic 

hot water services in residences. This combination of functions within one machine promises 

capital cost savings, efficiency improvements, and opportunities for a significant amount of 

waste heat recovery. This paper explores a variety of heat pump system architectures that 

provide multiple functions, and reviews some of the advantages and challenges with each. 

Detailed field measurements of performance were conducted for three homes that employ 

different multi-function heat pump arrangements. The results of these efforts motivated the 

design of a more fully integrated multi-function water-to-water heat pump system applied as the 

core mechanical system in a zero net energy research home recently commissioned in Davis, 

California. The Davis home is designed to generate enough electricity to offset its annual 

consumption, plus also cover the annual drive cycle for an all-electric vehicle. Achieving this 

target drew on a number of innovative features. The mechanical system employs a reversible 

water-to-water heat pump that provides hot and 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 heat pump also utilizes an innovative low-cost in-ground heat exchanger that costs a 

fraction of conventional ground-source approaches, and which recovers heat from greywater.   

Technical Overview of Multi-Function Heat Pump Strategies 

Multi -function heat pumps employ a reversing valve to allow the indoor (load) heat 

exchanger and outdoor (source) heat exchanger to swap roles so that the load-side heat 

exchanger can provide either heating or cooling (see Figure 1). For system architectures that can 

effectively utilize waste heat for some useful purpose (generally pre-heating for domestic hot 

water), multi-function heat pumps may include a desuperheater - a heat exchanger located on the 

discharge side of the compressor before the reversing valve and primary condenser. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. General schematic of a multi-function heat pump with desuperheater. 

This reversible refrigerant circuit is central to all multi-function heat pump systems, but it 

can be applied in a wide variety of ways. Traditionally, residential heat pumps have used a 

refrigerant-to-air heat exchanger located outdoors and thus use ambient air as the thermal source. 

Alternatively these systems can use a refrigerant-to-water heat exchanger, where the water 

subsequently exchanges heat with the ground (or a cooling tower, etc.). Similarly, the load side 
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of this system can exchange heat with either air or water. There are a variety of ways to 

accomplish both forced-air 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 example, a hydronic 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 performance from three field evaluations of multi-function heat pump systems 

are presented here. The first project used a ground-source-heat-pump (GSHP) with an indoor DX 

coil (refrigerant-to-air heat exchanger) for a forced air heating and cooling system. This approach 

is also referred to as a water-to-air 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 water pre-heat tank. 

The second two projects used an air-to-water heat pump (AWHP) to deliver radiant 

heating and cooling, primarily through the floor. In addition, in cooling mode these systems run 

chilled water through a fan coil to provide some dehumidification. Chilled water is piped first to 

a small fan coil, which provides some dehumidification and warms the water entering the slab to 

reduce the risk of condensation on the floor surfaces. Figure 2a shows a schematic of the GSHP 

system, and Figure 2b shows a combined schematic for the two AWHP systems. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

Figure 2a: Schematic of the water-to-air heat pump system at the Sacramento house. The system uses directional 

bore ground coupled heat exchangers. Desuperheater operates with heating and cooling.  
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Figure 2b: Schematic of two alternate multi-function AWHP systems. Chico site includes DHW with electric 

resistance backup and three way valve to isolate hydronic load from DHW storage. Tucson site includes buffer tank 

in hydronic loop to decouple heat pump capacity from variable internal load.  

The first project, called ñSacramento houseò, is a three-bedroom, 2,200 ft
2
 two story 

custom home located in a suburban Sacramento neighborhood. This home uses the 3-ton Water 

Furnace 5 Series, a two-function WAHP with a heat recovery package to provide heating, 

cooling, and a portion 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.  

The second project, called ñTucson houseò, is a 1,935 ft
2
, single-story spec home located 

in the hot-dry climate of Tucson, Arizona. The Tucson house uses an Aqua Products RCC for 

space heating and cooling only. The RCC packages a conventional Ruud 13 SEER heat pump 

with an off-the-shelf refrigerant-to-water heat exchanger. Since the Aqua Products unit does not 

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 test home, called ñChico houseò, is a three-bedroom, 3,270 ft
2
 straw-bale house 

located in the hot-dry Northern California climate of rural Chico. The Chico house uses the 

Daikin Altherma inverter-driven three-function AWHP for space heating and cooling as well as 

domestic water heating. As shown in the schematic, a 3-way valve is installed 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 Desuperheater (Sacramento House) 

Figure 3 plots 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 temperatures in the source circuit (the ground loop). For the cooling 

season, the minimum source temperature is the source return water temperature (i.e. from the 

ground); while for heating it is the source supply temperature (i.e. to the ground). Temperatures 

recorded for each day are not from a particular time, but rather map the temperature range 

experienced for the ground loop each day. The typical temperature split was 5°F, and periods of 

prolonged heat pump operation caused operating temperatures to drift throughout the day. 

Figure 4 shows the daily thermal energy output from the heat pump (delivered to the load 

circuit) during both the heating and cooling seasons. Figure 5 plots the thermal energy input for 

domestic water heating from the desuperheater, and from the primary gas fired water heater. The 

desuperheater for this installation operates both during heating and cooling. For the eight-week 

shoulder season between Sep 13 and Nov 6 the desuperheater does not contribute to domestic hot 

water heating because the heat pump does not operate for heating, nor for cooling. 

In heat-pump 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 electricity consumption (running longer to offset lower capacity) relative to 

reduced natural gas consumption for domestic water heating. Over the course of the period 

studied (Jul ï Jan), the desuperheater contributed 36% of the thermal energy for hot water. 

Figure 6 plots the average ñCombined-Service EER" for the WAHP in each 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 bin. The metric 

includes all compressor energy, pump energy, and fan energy for the system. It also includes 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 nearly 20. However, 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 2.  

 

 
Figure 3. Daily minimum, maximum, and average air temperatures and source circuit water temperatures. 
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Figure 4. Daily thermal energy output (to the load circuit) for heat pump in heating and cooling. 

 
Figure 5. Daily thermal energy input for domestic hot water heating (bars are stacked).

 
Figure 6. Average ñCombined Service EERò for each mode of operation, as a function of the average source side 

temperature. TSOURCE AVG =TGROUND AVG= ( TGROUND IN +1/2 (TGROUND IN - TGROUND OUT)). 
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Two-Function Air -to-Water Heat Pump with Radiant Delivery (Tucson House) 

Heating performance. Figure 7a charts the full load heating COP of the heat pump system 

(outdoor unit + circulation pump) at the Tucson house as a function of outside air temperature 

(OAT). Figure 7b charts the same data as a function of entering water temperature (EWT) on the 

load circuit. Average seasonal COP over the 2011ï2012 heating season was 3.26 (EER = 11.12). 

There is substantial variation in the observed 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, manufacturer published engineering data for the standard (air-to-air) 

Ruud heat pump is plotted alongside our measured data. Since the manufacturerôs data is for an 

air-to-air system, Figure 7b plots rated performance a function of entering air temperature (EAT) 

instead of EWT. Although it is not directly comparable, Figure 7a plots rated performance for an 

entering indoor air temperature of 74°F. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Measured COP for ASHP at Tucson house in space heating (a) versus outdoor air temperature (OAT) and  

(b) as a function of entering water temperature (EWT). Manufacturer-rated performance is also charted. (n=1,241 

15-minute intervals). 

Cooling performance. Efficiency for cooling was evaluated as the ratio of water-side cooling 

capacity to total electricity input (outdoor unit + circulation pump). Figure 8a plots EER for full-

load cooling at the Tucson house as a function of OAT. Figure 8b plots the same data as a 

function of EWT. Similar to the figure for heating-season performance, manufacturer rated 

performance for an air-to-air heat pump is also plotted for comparison. The manufacturer rated 

data in Error! Reference source not found.a uses an indoor-coil inlet condition of 78°F dry-

bulb and 60°F wet-bulb, which may or may not be directly comparable the conditions seen by 

the refrigerant in this hydronic application.  

The Tucson house data illustrates a strong correlation between cooling efficiency and 

OAT. Performance is not as dependent on load-side conditions return water temperature (EWT) 

does have some impact. During cooling events, supply water temperatures from the heat pump 

were observed to decline continuously, while temperature split across the hydronic load did not 

increase as substantially. For prolonged periods of cooling operation, this resulted in reduced 

system efficiency. Additionally, latent cooling effects from the fan coil were delayed until supply 

0

1

2

3

4

5

6

20 30 40 50 60 70 80

H
e
a

tin
g
 C

O
P 

Outside Air Temperature (°F) 

Calculated COP vs. OAT

Rated HP Specs vs. OAT @ EAT = 74F

Average OAT =  56 

Average Seasonal COP =  3.26 

0

1

2

3

4

5

6

60 70 80 90 100 110 120
Entering Water Temperature (°F)  

Calculated COP vs. Ent. Water Temp

Rated HP Specs vs. EAT @ OAT =56F

Average OAT =  56 

Average Seasonal COP =  3.26 




