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ABSTRACT 

Although heat pump water heaters are today widely accepted in Japan, where energy costs are high and 
government incentives for their use exist, acceptance of such a product in the U.S. has been slow. This trend 
is slowly changing with the introduction of heat pump water heaters into the residential market, but remains 
in the commercial sector. Barriers to heat pump water heater acceptance in the commercial market have 
historically been performance, reliability and first/operating costs. The use of carbon dioxide (R744) as the 
refrigerant in such a system can improve performance for relatively small increase in initial cost and make 
this technology more appealing. What makes R744 an excellent candidate for use in heat pump water heaters 
is not only the wide range of ambient temperatures within which it can operate, but also the excellent ability 
to match water to refrigerant temperatures on the high side, resulting in very high exit water temperatures of 
up to 82ºC, as required by sanitary codes in the U.S. (Food Code, 2005), in a single pass, temperatures that 
are much more difficult to reach with other refrigerants. This can be especially attractive in applications 
where this water is used for the purpose of sanitation. While reliability has also been of concern historically, 
dramatic improvements have been made over the last several years through research done in the automotive 
industry and commercialization of R744 technology in residential water heating mainly in Japan. This paper 
presents the performance results from the development of an R744 commercial heat pump water heater of 
approximately 35 kW and a comparison to a baseline R134a unit of the same capacity and footprint. In 
addition, recommendations are made for further improvements of the R744 system which could result in 
possible energy savings of up to 20 %. 
 

1. INTRODUCTION 

Although heat pump water heaters (HPWH) are today widely accepted in both Japan and Europe, where 
energy costs are high and government incentives for their use exist, acceptance of such a product in the US 
has been slow, with a few thousand units sold per year for the past 10 years (BRG Consulting, 2009). 
Barriers to HPWH acceptance have historically been performance, reliability and first/operating costs. The 
dominant style of water heaters used today in the U.S. are still electric and gas, split roughly 50/50 in market 
share. The technology for these systems is quite mature, and all have primary energy efficiencies less than 
one. Commercial water heaters are rated by a combination of thermal efficiency (essentially heating 
efficiency) and passive losses to ambient, called stand-by losses. Heat pumps used for water heating are 
essentially refrigeration machines and have been in use for many years. Thermal efficiency (COP) of 
electrically driven heat pumps using conventional refrigerants (R22, R134a, R410A) are in the 3 to 5 range, 
compared to 0.8 to 0.95 seen in electric and gas water heaters. 
 
The use of R744 as a refrigerant for heat pumps is relatively new and started first in the automotive industry, 
but quickly moved to residential HPWH’s in the mid 1990’s in Japan with sponsorship from the Japanese 
government. Many Japanese manufacturers have now fully commercialized residential R744 HPWH’s 
(collectively called “Eco-Cute”) in Japan, with reported COP’s ranging from 4.1 to 4.8. These reliable 
systems have become fully accepted as the most promising technology for reducing Japan’s dependence on 
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Displaying this potential was a secondary aim of this work. To achieve this, the R744 system was assembled 
in a frame with the same footprint as the baseline R134a unit, and the volume reduction was demonstrated in 
the reduced height of the unit. This reduction was primarily achieved through the reduction of heat 
exchanger size. A comparison of the dimensions for both the evaporators and condenser/gas cooler can be 
found in Figure 2. The reduction of the evaporator volume was achieved by using an evaporator coil 
originally designed for a 17 kW R134a system. This resulted in a 40 % reduction in face area, primarily in 
height, and a 55 % reduction in evaporator volume. The R744 gas cooler was a commercially available 
model with a much narrower design compared to the R134a condenser. The reduction of the gas cooler 
volume was approximately 50 %. An R744 compressor that would provide similar capacity at the rating 
condition for the baseline R134a was chosen. This compressor was of a semi-hermetic reciprocating design. 
It has been demonstrated several times before (Bullard, 2004 and Elbel and Hrnjak, 2008) that the 
performance of transcritical R744 system can be optimized using the high side pressure. In order to allow for 
the ease of this optimization at each test condition, an electronic expansion device was installed that allowed 
the high side pressure to be varied during testing. The same model blower was used to move air over the 
evaporator in both systems, at a volumetric flow rate of 1800 l/s. For the R134a system, this resulted in an 
evaporator face velocity of 1.56 m/s. The face velocity in the R744 system was 2.60 m/s. 
 

 
Figure 2. Heat Exchanger Dimensions 

In addition to the two systems described above, an R744 system with internal heat exchange was tested. This 
system was the same in all respects as the original R744 except for the addition of an internal heat exchanger 
between the liquid line and the suction line. This internal heat exchanger (IHX) was designed to have an 
effectiveness of approximately 70 %. A schematic of the instrumentation installed in the baseline R134a and 
R744 units and the test facility is shown in Figure 3. The heat pump system was instrumented in such a way 
as to achieve five separate energy balances, two on the cooling side of the cycle, and three on the heating 
side of the cycle. On the cooling side of the cycle, the two balances are achieved on the air stream and the 
refrigerant stream, respectively. Determination of the cooling capacity on the air stream is determined using 
a separate wind tunnel directly connected to the evaporator air discharge of the heat pump unit. This wind 
tunnel was built and instrumented according to ASHRAE Standard 37-2005. While the heat pump unit is 
equipped “off the shelf” with a blower to provide air flow over the evaporator, this blower is not strong 
enough to provide the pressure head required to overcome the pressure drop caused by the flow nozzles used 
to determine air flow rate. For this reason, a “helper” blower has been installed at the exit of the wind tunnel 
to provide the additional pressure lift required to maintain the flow rate provided by the blower integrated 
into the heat pump water heater unit. The second determination of the cooling capacity of the system is 
through measurements obtained on the refrigerant flow stream.  
 
On the heating side of the system, three different energy determination methods were employed. Using the 
instrumentation on the refrigerant cycle described above, the heating capacity can be determined from the 
temperatures, pressures, and mass flow values in the condenser/gas cooler. The second heating capacity 
determination was made using temperature and mass flow measurements on the water stream. This is in 
accordance with the testing of Type IV heat pump water heaters specified in ASHRAE Standard 118.1. 
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what would be needed in residential water heating applications, but exactly where the water needs to be 
heated to in commercial applications. According to the United States Department of Health and Human 
Services, fresh hot sanitizing water for ware washing equipment should be no less than 74°C for stationary, 
single temperature machines, and no less than 82°C for all other machines. If a storage device were to be 
implemented, water would likely need to be produced at an outlet temperature at or above 85°C to account 
for losses encountered during storage. Currently, these higher temperatures are achieved through secondary 
electric heating, starting somewhere between 43°C and 60°C. In the case of R744, no secondary heating 
source would be needed; however, many installations would likely still have this as a backup method of 
heating. In most cases, even the primary heating source is electric or gas, with an energy factor of one or 
less. In these cases, the use of any heat pump technology would result in significant energy savings, 
especially if the “free” cooling is used to augment existing building cooling.  
 

4. CONCLUSIONS 

Three heat pump water heating systems of 35 kW nominal heating capacity were investigated, a baseline 
R134a unit, a baseline R744, and a R744 unit with internal heat exchange. All three of these units were 
designed to operate in indoors to take advantage of the free cooling that HPWH heating systems can provide. 
This combined effect is most beneficial in applications where both hot water usage and cooling load are 
high. Many of the applications, such as restaurant kitchens and laundry facilities require sanitary water 
temperatures between 74°C and 82°C. Both R744 systems investigated in the described work can achieve 
these water temperatures without the use of any source of auxiliary heat. In addition, both R744 systems 
showed areas of lower energy consumption at these higher water temperatures. The baseline R744 system 
would likely provide 2% savings in energy consumption; while the R744 system with internal heat exchange 
has the potential to save up to 10% in energy consumption at the higher water temperatures needed for 
sanitary applications. The authors believe that further improvements in COP can be made by increasing the 
evaporator heat transfer area in the R744 systems. Initial calculations suggest that up to 20% energy savings 
can be achieved with an evaporator that is still only 75% of the size of the baseline R134a system. 
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