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1. Summary of History of development –How systems have changed 

In Japan, the heat pump technology was rapidly integrated into air conditioners and has since burgeoned. Air 

conditioners gained the heating functionality in addition to cooling, and many device and system technologies 

have been developed based on this.  

In 1995, research and development pertaining to heat pump water heaters began. Many new technologies 

emerged in this area of study, such as a new type of water heater using CO2 as a refrigerant, which could be 

extremely pressurized into a supercritical state. Table 1.0.1 describes the history of technological developments 

of the heat pump in Japan.  

Table 1.0.1 History of technological developments for the heat pump in Japan 
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As shown in Figure 1.0.1, the total shipment of heat pump water heaters has demonstrated a steady annual 

increase, exceeding 6 million units in FY 2018. 

 

Figure 1.0.1 Total shipment of heat pump water heaters 
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2. Operating Principles of Heat Pump Water Heaters 

In this section, we explain the operating principles of the heat pump briefly. Figure 2.0.1 shows the system 

configuration of the heat pump water heater. In Japan, manufacturers primarily develop the heat pump systems 

that use CO2 as a refrigerant, which differ from ordinary heat pumps. The evaporator absorbs heat from the 

outside air by utilizing the latent heat when the refrigerant is evaporated, similar to that in ordinary heat pumps. 

The evaporated refrigerant is compressed by a compressor; CO2 reaches a supercritical state post-compression 

as its critical temperature is low, at 31.1℃. 

In this state, the water heating process causes the refrigerant to also greatly change in temperature along with 

water. While changing temperatures, both the water and refrigerant can efficiently exchange heat in a 

countercurrent flow, thus, the system can raise the water temperature from a lower state to a higher state more 

efficiently than can be achieved using latent heat. This is the advantage over freon which utilizes latent heat.  

The heat exchanger which exchanges heat between the supercritical CO2 and water is called a gas cooler. The 

flow rate of water greatly decreases in the gas cooler since the temperature difference between the water inlet 

and outlet is extremely large. Further, the diameter of the pipe transporting the refrigerant is narrow since the 

refrigerant is high-pressured. Various contrivances have been made to separate the refrigerant from the 

condenser of a regular air conditioner.  

The pressure exceeds 10 MPa, reaching a high-pressure state when CO２ is used as a refrigerant, leading to the 

compressor becoming significantly high-pressured than a normal air conditioner. Therefore, the design of the 

compressor must also be greatly altered. We address these points in detail in later sections.  

 

Figure 2.0.1 Flow chart of heat pumps (http://www.setsuden.net/start/htm/vol08.html) 

Figure 2.0.2 shows the T-s diagram and P-h diagram. It is seen that the heat pump cycle varies greatly from a 

conventional condensation-based refrigeration cycle, since the high-pressure side reaches a supercritical state. 

http://www.setsuden.net/start/htm/vol08.html
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Figure 2.0.2 Eco Cute line chart (http://blog.goo.ne.jp/mimon/e/8145f90b34d99aabea93bf5b8be2ad6a  

https://astamuse.com/ja/published/JP/No/2001304714)   

Another characteristic of the Japanese heat pump water heater is its integration with the hot water storage tank. 

Given its tendency to lose energy through heat dissipation, the hot water storage tank greatly affects the 

performance of the entire system. Hence, in Japan, the latest technologies are being deployed in hot water 

storage tanks to improve their efficiency, since they are included in the evaluation of the system’s performance. 

In this section, we will introduce such technologies including those for the hot water storage tank.  

Additionally, as we will discuss in the main text, hybrid systems that integrate the gas water heater and heat 

pump water heater use hydrocarbon or R32 as refrigerants. Even the water heater segment of these systems 

uses the latent heat of condensation for the refrigerant. Thus the heating segment of the system is called a 

condenser rather than a gas cooler. We will explain these characteristics in further detail in a later chapter. 

  

http://blog.goo.ne.jp/mimon/e/8145f90b34d99aabea93bf5b8be2ad6a
https://astamuse.com/ja/published/JP/No/2001304714
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3. Device Technologies 

3.1 Compressor  

When CO2 is used as a refrigerant, the high pressure side is compressed to a supercritical state and may exceed 

10 MPa. To overcome this, various technological innovations have been made for water heater systems that use 

CO2 as a refrigerant. Compressor structures can be largely classified into scroll, rotary, and swing types. Heat 

pump water heaters generally utilize the technologies developed for air conditioners, however, various 

developments have been made to handle their high pressure. In Japan, Denso developed the first heat pump 

water heater using a CO2 refrigerant, and began selling the product in 2001. Figure 3.1.1 shows the scroll 

compressor developed by Denso. Figure 3.1.2 shows the operating principles of the scroll compressor. Denso's 

compressor has superior noise control, and its interior forms the low-pressure side of the system, thereby 

allowing for a reduced wall thickness of the container, as well as compact size and weight. 

 

Figure 3.1.1 Denso’s scroll compressor  Figure 3.1.2 Operating principles of the scroll compressor 

(http://www.hitachi-ies.co.jp/products/cmp/scroll_oilfree/index.html)  

Denso developed a novel technology from the 2010 model (shown in Figure 3.1.3), adding round protrusions to 

the thrust sliding bearing to form a more stable oil film and improve the smoothness of the slide. In addition, 

Denso introduced a high-efficiency oil separator to reduce the oil circulation volume. These technologies help 

realize a high-performance compressor. 

http://www.hitachi-ies.co.jp/products/cmp/scroll_oilfree/index.html
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Figure 3.1.3 Surface shape of thrust sliding bearing 

Hitachi developed the essential technologies to improve compressor efficiency: an oil circuit to optimize the 

amount of oil supplied to the compression chamber, and a pocket lubrication method to minimize the amount 

of oil supplied to the suction chamber. Coupled with other efforts to improve the compressor efficiency, such as 

deriving the optimal shape of the fixed scroll wrap, Hitachi improved the water heater efficiency by about 4.5% 

Figure 3.1.4 shows the schematic of the distribution channel of the compressor oil. Figures 3.1.5 (a) and (b) 

respectively illustrate the specifications of a conventional system (~2012) and that of a newly-developed system 

(2013 ~). In a conventional system, the oil is supplied to the compression chamber via an oil feed hole provided 

on the scroll vane tip and through two points on the back-pressure control valve. However, the systems 

developed frequent refrigerant leakages between the inner compression chambers, as they were supplied less 

oil than the outer compression chambers located on the outer curve of the orbiting scroll. Another problem was 
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that the refrigerant would be heated by the high-temperature oil flowing into the suction chamber. 

In response, the newly developed system modified the oil supply mechanism to the compression chamber, in an 

attempt to optimize the amount of oil supplied to the inner/outer compression chambers and minimize the 

amount of oil supplied to the suction chamber. The system adopted a method to alternately supply oil from the 

main oil supply port to the inner and outer compression chambers, and a method to supply oil from the oil supply 

pocket (which acts as a secondary fuel supply port) into the suction chamber.  

Figure 3.1.6 shows the structural diagram of the new oil supply method. Figure 3.1.6 (a) illustrates when the oil 

is supplied from the main oil supply port to the inner compression chamber, and Figure 3.1.6 (b) illustrates when 

the oil is supplied to the outer compression chamber. The new structure is designed such that, the main oil supply 

port in the fixed scroll connected and supplied oil alternately to 

the inner and outer compression chambers with the rotation of 

the orbiting scroll. The structure also established an oil supply 

pocket in the orbiting scroll as an auxiliary oil supply port, and 

drew oil from the back-pressure chamber into this pocket when 

the orbiting scroll arrived at the position shown in Figure 3.1.6 

(a), and supplied oil to the suction chamber when at the 

position shown in Figure 3.1.6 (b). 

Thus, this design curtailed the excessive flow of high-

temperature oil into the outer compression chamber of the 

orbiting scroll. In addition, the wrap shape of the fixed scroll 

was optimized with the new lubrication method. The 

mechanism reduced the leakage loss between the compression 

chambers and improved compressor efficiency. 

Figure 3.1.4 Hitachi scroll compressor (accumulator-less)  

 

 

Figure 3.1.5 Flow of oil in the compressor                                                           Figure  3.1.6 New lubrication mechanism 
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Panasonic deployed the following technologies and developed a high-efficiency, accumulator-less compressor as 

shown in Figure 3.1.7 (October 2003 ). 

 

Figure 3.1.7: Schematic of the Panasonic CO2 scroll compressor 

i) Development of a vane tip oil supply mechanism for the orbiting scroll 

As shown in Figure 3.1.8, the system aims to reduce leakage loss in parts of the compression chamber where 

there are large differences in pressure, by 

directly supplying high-pressure oil to the oil 

supply hole at the vane tip via the interior of the 

orbiting scroll, thereby improving the sealing 

property of the tip of the orbiting scroll. In 

particular, by moving the oil supply port to the 

vane tip which is closer to suction than in 

conventional designs, and by optimizing the 

amount of supplied oil, the design ensures high 

reliability and high efficiency, by reducing the 

leakage loss. 

Figure 3.1.8 Sectional view of the orbiting scroll (vane tip oil supply mechanism) 

ii) Optimization of the fixed scroll structure 

As shown in 3.1.9, the design aims to optimize the bypass mechanism to prevent excessive compression. 

Typically, the refrigerant accumulated in the bypass hole re-expands during compression, causing more loss. 

Thus, the new design reduced the dead volume of the bypass hole to reduce the loss caused by over-compression 

and re-expansion, and achieved high efficiency. 

In addition, the new design inherits the conventional accumulator-less specifications to realize a compact, light-

weight, and reduced-noise model. It also contributes to the conservation of resources by reducing the cost of 

materials. As a result, the model achieved an improvement that is equivalent to APF 0.08. 
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Figure 3.1.9 Sectional view of fixed scroll (Optimization of bypass holes) 

Daikin developed a swing compressor by integrating the vanes and rollers, as shown in Figure 3.1.10. In this 

product, the integration of roller and vane is achieved by developing a moveable interface between the vane and 

compressor. Eliminating the joint between the vane and roller eliminates friction, as well as any refrigerant 

leakage from the space between the two. As a result, the design eliminated losses occurring at contact points 

between the roller and vane, and greatly improved the mechanical and volumetric efficiency.  

 
Figure 3.1.10 Operating principles of the scroll and swing compressor 
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Toshiba Carrier and Mitsubishi Electric have adopted a rotary compressor as shown in Figures 3.1.11, 3.1.12. 

Developing their rotary compressor, Mitsubishi Electric succeeded in reducing the clearance volume of high-

pressure compressors. Mitsubishi Electric also succeeded in reducing the average gap of air conditioners by 

utilizing approximately 50% of R410A refrigerant  on average, as shown in Figure 3.1.13. In addition, the model 

seals the gap with oil as shown in Figure 3.1.14. These developments help achieving a very high volumetric 

efficiency as shown in Figure 3.1.15. 

 

Figure 3.1.11 Mitsubishi Electric rotary compressor  Figure 3.1.12 Operating principles of the rotary compressor 

 

Figure 3.1.13 Clearance of compressor                                                                      Figure 3.1.14 Oil seal 

 

Figure 3.1.15 Volume efficiency 
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In addition, the durability is greatly improved by enlarging contact area between vane and cylinder by applying 

a flexible structure in the vane slot of the cylinder (shown in Figure 3.1.16(b)), and by coating the vane with a 

DLC-Si (Diamond-like carbon-silicon) coating.  

 

Figure 3.1.16 Flexible structure 

All manufacturers have developed fully hermetic compressors in which a compressor and a motor are sealed in 

a single container. However, Denso’s model features low pressure (suction pressure) within the container, while 

the models of Mitsubishi Electric, Daikin, and Hitachi have high pressure. The models adopt a high-efficiency DC 

motor, which can be efficiently driven by the inverter. 

Mitsubishi Electric has a characteristic motor which adopts a system called the Poki-Poki motor (shown in Figure 

3.1.17), which can easily achieve high density in the stator coil. This system features a new type of split iron core, 

and a coil winding that is joint-lapped and bent in reverse. It achieves a 50% reduction in copper loss compared 

to the conventional systems that use regular coil winding.  

 

Figure 3.1.17 Mitsubishi Electric, Poki-Poki motor 
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Figure 3.1.18 Summary of compressors of each company 

3.2 Gas cooler (or condenser)  

As mentioned above, the development of CO2 heat pump water heater drove many technological innovations, 

as the gas cooler was replaced with a heat exchanger which had not been used in conventional systems. 

As shown in Figure 3.2.1, Denso’s gas cooler is characterized by the shape in which warm water passes through 

a straight and thin copper fin. In this system, the warm water is passed through fins arranged in a jagged-offset 

form. 

This design increases the leading-edge effect (which states that heat exchange occurs best where water collides 

with the fins); an increased number of uneven surfaces can heat the warm water more efficiently. There is a 

concern that when the notches are made too fine, manufacturing becomes difficult and it facilitates foreign 

matter to clog the narrowed flow path. However, this problem can be solved by controlling the flow velocity. 

It is known that 0.3 mm is the optimal diameter for the refrigerant-side piping to maximize performance, given 

the relationship between heat transfer performance and pressure loss. However, in practice, the 0.5 mm tube is 

used due to limitations in production. In any case, the narrow diameter made the development of compact and 

high-performance heat exchangers possible. 
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Figure  3.2.1 Denso gas cooler 
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Over the years, Daikin has developed heat exchangers with dimples. The flow rate on the water side decreases 

significantly due to large differences in temperature. Therefore, an efficient heat transfer performance must be 

obtained even at low Reynolds numbers. Thus, we attempted to improve the heat transfer performance by 

creating dimples as shown in Figure 3.2.2.  

As a result, Daikin succeeded in improving the heat transfer performance without increasing pressure loss. This 

is because a vortex is generated behind the dimples in the dimple tube whereby water is mixed and agitated 

well, leading to improvements in heat transfer.  

 

Figure 3.2.2 Daikin’s dimpled heat exchanger 
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As Figure 3.2.3 depicts, the refrigerant flows through thin tubes wrapped over the heat transfer tube through 

which water passes. By gradually increasing the number of passes, Mitsubishi has improved the heat transfer 

performance since its initial product release. 

 
Figure 3.2.3 Changes in the Daikin gas cooler 

As shown in Figure 3.2.4, Mitsubishi Electric uses a heat exchanger in which refrigerant tubes are coiled around 

the spiral pipe carrying water. By changing the number of sections from 3 to 4, a 4-pass distribution of refrigerant 

is obtained, which reduces its pressure loss. This design also makes possible an improvement in heat transfer 

performance by about 18%.  

 
The change from 3-section type to 4-section type 

 
Enhanced heat transfer performance on water side 

Figure 3.2.4 Mitsubishi Electric gas cooler 
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Toshiba Carrier’s gas cooler is a type of heat exchanger that wraps refrigerant pipes around a corrugated pipe 

(water-side), as shown in Figure 3.2.5. The system enhances performance by optimizing the diameters and 

lengths of the refrigerant and water piping. The refrigerant piping was reduced in diameter and augmented in 

number of passes, from 3-pass x Φ 4 to 4-pass x Φ 3.4, and the water pipe diameter was increased from Φ 9.52 

to Φ 10.5. Conventionally, restrictions in manufacturing had necessitated the parts to be welded at each level 

and joined together to form four levels. The introduction of this technology allowed for a seamless integration 

without welding partway, thus allowing for a decrease in pressure loss and elimination of material loss at the 

joints.  

 
Figure 3.2.5 Toshiba Carrier gas cooler 

Hitachi has improved the heat transfer performance by manipulating the optimization of gas cooler piping 

specifications since 2013 and succeeded in raising the water heater efficiency by about 0.3% compared to 

conventional models (~ 2012). Furthermore, by reducing the diameter of the inner grooved pipe used in 

refrigerant piping from φ 5 mm to φ 4 mm, Hitachi reduced the use of copper by approximately 10%. 

Figure 3.2.6 shows the gas cooler structure. Figure 3.2.6 (a) and Figure 3.2.6 (b) respectively show the cross-

sectional shapes of the flow paths in conventional and developmental systems. The gas cooler has a contact 

spiral structure in which the refrigerant piping is wound around the flow path formed by a rectangular water 

pipe molded into a coil shape. The high-efficiency type is composed of four coils forming four branches of water 

and refrigerant flow paths. 

In conventional models, the 
aspect ratio of the transverse 
length (W) and longitudinal length 
(H) of the water pipe cross-section 
measured roughly 0.7, while the 
refrigerant piping had an inner 
grooved shape of φ 5 mm. The 
developmental system used an 
inner flat tube of φ 4mm as 
refrigerant piping, and the aspect 
ratio of the water pipe was 
flattened to about 1.1. The design 
reduced the pressure loss per unit 
length in the flow path of water, 
increased the number of tubes 
wound on one coil in its place, and 
enhanced the heat transfer 
performance.  
 
 

                                           Figure 3.2.6 Hitachi gas cooler 
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Panasonic employed a triple tube type 

heat exchanger (double tube refrigerant 

with grooves for leak detection + water 

tube) as a gas cooler, which is superior 

in heat exchange capacity, pressure 

loss, and scale resistance. A 

characteristic of this heat exchanger is 

that two refrigerant double tubes are 

inserted in the water flow path, which 

improve the water-side heat transfer by 

adding turbulence to the water flow 

through a twist structure. 

Till 2003, a simple double tube heat 

exchanger was used, but, since 2005, as 

shown in Fig. 3.2.7, a refrigerant tube 

using a twist structure is being 

produced. As a result, the heat transfer 

performance could be improved by 3% 

to 4%. In 2007, the dimple shape was 

affixed on the outer surface of the 

refrigerant double tube, increasing the 

surface area (and thus heat transfer 

area). Newer models aimed for higher 

efficiency from increased heat transfer 

coefficient, through this initiative and 

by promoting turbulent flow on the 

surface of the refrigerant double tube. 

As a result, performance further 

improved by about 1%.  

 
                   Figure 3.2.7 Panasonic dimple twist gas cooler  

Further improvements in efficiency are expected through the evolution of the model using the following 

technologies: First, the number of dimples on the surface of the refrigerant double pipe was doubled. The model 

aimed for high efficiency by further increasing the heat transfer area and inducing turbulence on the surface of 

the refrigerant double pipe. 

Second, approximately 6% decrease in the diameters of the water pipe and refrigerant double pipe increased 

the flow velocity of water and refrigerant passing through the pipes, and improved the heat transfer coefficient. 

In addition, the reduction in diameter improved the storability, making it possible to elongate the water pipe 

while maintaining the same volume as conventional products, and achieved high efficiency. These technologies 

helped achieve an improvement equivalent to APF 0.1.   
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Noritz's refrigerant, R290, 
condenses when the 
water is heated. For this 
reason, the heat 
exchanger (not a gas 
cooler but a condenser) is 
a double-pipe type such 
as shown in Figure 3.2.8. 
The piping is double 
layered to prevent the 
refrigerant, which flows 
through the inner pipe, 
from leaking into the 
water flowing through the 
outer pipe.  
 

Figure 3.2.8 Condenser (R290 refrigerant) 

 

Figure 3.2.9 Types of gas coolers 
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3.3 Evaporator 

Denso adopted an evaporator that uses aluminum flat perforated pipes, as shown in Figure 3.3.1. The use of 

aluminum in this heat exchanger makes frost formation easier. Thus Denso minimized the inclination of the 

louver fin and created a groove on the outside of the fin to drain the tube, to create a shape that is easy to 

defrost.  

 

Figure 3.3.1 Denso evaporator that uses flat perforated pipes 

Daikin attached winglet fins to the fins as shown in Figure 3.3.2, in an effort to improve the heat transfer 

performance of the evaporator. The company performed a simulation to test five types of winglets that are 

altered in shape for performance, then selected the optimal shape.  

 

Figure 3.3.2 Daikin winglet fin 
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Additionally, draining the defrosted water becomes a difficult task in the evaporator. Figure 3.3.3 represents the 

results prior to the change in shape. The introduction of winglets caused poor drainage, with extremely large 

pressure loss under wet condition with winglets. However, as shown in Figure 3.3.4, the pressure loss was greatly 

reduced by modifying the winglet shapes.  

 

Figure 3.3.3  Prior to changes in shape                                                             Figure 3.3.4 Modification of shape 

To improve the efficiency of evaporators, Hitachi developed a model using refrigerant piping with an outer 

diameter of φ 5 mm and 6 branch passages in the flow path. In the evaporator, Hitachi increased the number of 

branch flow paths of the refrigerant, from 3 passages (as seen in conventional models) to 6 branch passages. 

Further, a new structure was adopted to evenly distribute the refrigerant. In addition, Hitachi developed a path 

structure to alleviate the issues faced by conventional systems such as, heat conduction among branch paths and 

nonuniform velocity distribution of the air flowing into the evaporator. By mitigating these problems, the high-

efficiency 370 L model was able to improve the water heater efficiency by approximately 1.3% compared to 

conventional models. This is described in detail below.  

i) Optimization of evaporator specifications    

A simulation was performed to analyze the refrigerant pipe diameter and number of branch flow paths within 

the evaporator, as well as their impacts on water heater efficiency. As a result, the diameter of refrigerant piping 

was reduced from φ 6.35 mm (conventional) to φ 5 mm, and the number of branch paths was optimized to 6, so 

that an annular flow would pass through the refrigerant pipes. In addition, the outer diameter of the refrigerant 

piping was reduced, and various dimensions were optimized, such as the layout density of the refrigerant piping 

and fin thickness. 

ii) Structure for uniform refrigerant distribution 

In order to prevent nonuniform distribution by the branching of the refrigerant path, Hitachi developed a new 

structure for uniform refrigerant distribution. Figure 3.3.5 shows the new distribution structure. The design 
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achieved a more uniform distribution than conventional models by using straight pipes, that is, it connected the 

distributing device to the expansion valve using a straight pipe, then sprayed the refrigerant (the refrigerant is in 

a mist/liquid phase) from the outlet of the expansion valve.  

 

Figure 3.3.5 New structure for refrigerant distribution 

iii) Optimization of the refrigerant path structure      

Hitachi developed a path structure to alleviate the problems from heat conduction between multiple branches 

of the refrigerant path, and nonuniform air velocity distribution. Figure 3.3.6 shows the path structure. Figure 

3.3.6 (a) and (b) respectively show the path structures of a conventional system and a newly-developed system. 

Conventionally, the degeneration of refrigerant distribution and reduction of performance were attributed to 

heat conduction, which occurred as the wet flow path (refrigerant flows in two phases, gas and liquid) 

approached the flow path in which super-heated refrigerant flows. To solve this problem, the newly-developed 

system featured a structure where the refrigerant paths with similar temperatures were placed adjacent to each 

other at the refrigerant outlet, as shown in Figure 3.3.6 (b).  

In addition, there was nonuniform velocity distribution of the air flowing into the evaporator. When the six 

refrigerant paths were divided into upper and lower segments (as in a conventional structure), the flow paths 

that were less passable for air made it more difficult for the refrigerant to dry. Therefore, the high-efficiency type 

adopted a structure, that crosses refrigerant paths (as shown in Fig. 3.3.6 (b)) to reduce the differences in the air 

volume received by each refrigerant path and equalize the temperatures in each refrigerant path flowing out of 

the evaporator. 

 

Figure  3.3.6 New evaporator path structures 
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3.4 Ejector  

The huge difference between the high and low pressures in the CO2 heat pump hot water heater leads to a very 

large loss in the expansion valve. The ejector can reduce this loss and re-use it as energy to pressurize the 

refrigerant. 

As shown in Figure 3.4.1, the high-pressure fluid flowing into the nozzle as the driving flow, decreases in pressure 

within the ejector; this energy becomes kinetic energy and flows out at high velocity. This high-speed flow suction 

outs the low-pressure fluid, after which it passes through the diffuser, where it is reduced in velocity; in turn, this 

energy is restored as pressure. 

This mechanism can reduce the power consumption of compressor by utilizing the high-pressure fluid at the gas 

cooler outlet as the driving flow to suction the low-pressure fluid flowing out of the evaporator, then in turn 

using its velocity to pressurize the suction flow. However, while this ejector is effective in the design stage, the 

actual performance is dependent on the operation, that is, even small fluctuations in the fluid flow rate can cause 

great decline in performance.  

To solve this problem, Denso installed a needle in the ejector nozzle throat to make the fluid flow rate variable, 

so that it can handle various operating conditions without decline in performance. This was a great innovation, 

and no manufacturer has been able to excel Denso in the development of high-performance ejectors.  

 

Figure  3.4.1 Operating principles of the ejector http://www.nedo.go.jp/hyoukabu/articles/201209denso/index.html 

http://www.nedo.go.jp/hyoukabu/articles/201209denso/index.html
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Figure 3.4.2 Variable flow rate ejector http://www.hokuto-mfg.com/product/item04.html 

From the 2003 model, Denso developed an ejector to reduce losses in the expansion valve (shown in Figure 3.4.3) 

and improve performance.  

 

Figure  3.4.3 Ejector cycle to recover expansion loss 

 

http://www.hokuto-mfg.com/product/item04.html
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Developing from the 2007 model, Denso commercialized a system that utilizes the ejector to separate the 

evaporator into two stages. The two-stage, low-pressure ejector cycle (shown in Figure 3.4.4) splits the 

evaporator into two stages to raise the temperature of the air inflow. This prevents frost and airway blockage of 

the inflow area during the frost formation process, and reduces the occurrences of execution of the defrosting 

operation , further improving the efficiency of the entire system. 

 
Figure 3.4.4 Two-stage evaporation system using the ejector 

3.5 Hot Water Storage Tank 

In addition, new types of hot water storage tanks (as shown in Figure 3.5.1) have been developed. Losses in the 

hot water storage tank can become considerably large for the water heater. For this reason, manufacturers have 

developed hot water storage tanks with various innovations.  

Hitachi developed an extremely high-performance hot water storage tank by combining urethane foam and 

vacuum insulation material. Until 2007, these tanks used glass wool as the thermal insulation material, but 

switched to Styrofoam after 2007. In 2012, Hitachi developed a material by combining Styrofoam with vacuum 

insulation material, and since 2014, Hitachi has been manufacturing hot water storage tanks using urethane foam 

and vacuum insulation material.  

 
Figure 3.5.1 Changes in Hitachi tank structure 
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Figure 3.5.2 shows the structure of the hot water storage tank. Figures 3.5.2 (a) and (b) respectively show the 

structures of a conventional system and the newly-developed system. The conventional specifications, as shown 

in Figure 3.5.2 (a), used a thermal insulation method where the hot water storage tank was covered with 

styrofoam (EPS：Expanded Polystyrene) of several segments, while the high-efficiency type further affixed 

vacuum insulation material to the exterior. However, the heat leakage from the EPS joints caused significant 

problems, even as thermal insulation performance improved by thickened EPS. Solving this problem was a 

difficult task for conventional systems. In addition, the product did not efficiently utilize its space as there was a 

gap between the EPS and the cover.  

To solve this problem, Hitachi developed a new structure that fills the space between the hot water storage tank 

and outer plate with urethane, which has a high thermal-insulation performance. The new system uses a flow 

analysis in the narrow space between the tank and outer plate to optimize the conditions of urethane injection.  

Figure 3.5.3 shows the thermal insulation performance of the newly-developed model, "Uretank." The graph 

compares the changes in temperature after 90℃ warm water is poured into the hot water storage tank. The 

horizontal axis represents the time elapsed since the start of the measurement and the vertical axis represents 

the temperature of the hot water in the tank. The dashed line in the figure shows the results from the 

conventional structure, where the vacuum insulation material is placed over the EPS, while the solid line 

represents the results from the new structure, where the vacuum insulation material is placed over urethane 

foam. When the hot water temperatures were compared after 12 hours, the newly-developed system measured 

87.5℃ while the conventional system measured 85.0℃. This demonstrated that the new model was able to halve 

the decline in temperature. That is, the thermal insulation performance of the new model nearly doubled, 

compared to the conventional model.  

As described above, Hitachi realized a new heat insulation structure that used urethane foam thermal insulation 

technology to nearly double the thermal insulation performance. This allowed the 370L and 460L models to be 

classified as "S-class" in seismic resistance based on the Guidelines for the Seismic Design and Construction of 

Building Facilities, when tested with a standard seismic intensity stipulated for designing devices used in building 

facilities (sectional seismic intensity method).  

 

Figure 3.5.2 Heat insulation structure of hot water storage tank 
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Figure 3.5.3 Thermal insulation performance 

As shown in Figure 3.5.4, Mitsubishi Electric combined vacuum insulation panels (VIP) with polystyrene foam to 

develop a hot water storage tank with high heat insulation performance. As a result, they were able to greatly 

reduce the heat dissipation (power loss). 

 

Figure 3.5.4 Mitsubishi Electric hot water tank 
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3.6 Control Technology  

In CO2 heat pump water heater, an optimal temperature difference between the refrigerant outlet and water 

inlet of the gas cooler exists, that maximizes COP. Thus, Denso developed controls to optimize the heat exchange 

between the supercritical CO2 refrigerant and water, using this temperature difference as an indicator, as shown 

in Figure 3.6.1. 

 

Figure 3.6.1 Temperature difference between refrigerant and water that maximizes COP 
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4. System Technologies  

Most residential heat pump water heaters in Japan use CO2 as a refrigerant (Figure 4.0.1). The product is "Eco 

Cute," which integrates the heat pump and the hot water storage tank. 

 

Figure 4.0.1 Heat pump water heater for Japanese residences 

As shown in Table 4.0.1, this product is generally classified according to the size of the hot water storage tank. 

Japanese devices consist of a large hot water storage tank as “bathing” is a part of daily life. However, an increase 

in the leftover bath water causes heat dissipation to increase and worsens efficiency. To address this issue, 

companies use learning control to leave as little bath water as possible. This technology greatly enhances the 

performance of Japanese products.   

Table 4.0.1 Eco Cute lineup 
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4.1 Compactification Technology  

Because Japanese houses are often small, the compactification of appliances is also progressing. Companies have 

developed slim and compact hot water storage tanks as seen in Figure 4.1.1, to enable installation even in very 

narrow spaces.  

 
Figure 4.1.1 Compact systems in Japan 

Heat pump systems have also been developed that can be used along with a solar heat collector, as shown in 

Figure 4.1.2. However, it is not widely used due to the high cost.  

 
Figure 4.1.2 Heating support with solar heating systems 
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Multifunctional systems (shown in Figure 4.1.3) have been developed to simultaneously perform water heating 

and underfloor heating.  

 
Figure 4.1.3 Multifunctional heat pump water heater 

Noritz developed a hybrid system for the gas water heater and 

heat pump water heater, as shown in Figure 4.1.4 and 4.1.5. 

This system has improved performance over the Eco Cute by 

about 15%, and is an effective device to realize a ZEH (net zero 

energy house). The system uses R290, a natural refrigerant 

which can greatly reduce the driving pressure.  

Reheating is easy as a gas water heater is also connected to 

the system. This allowed the tank capacity to be drastically 

reduced; current models on sale feature 140L capacity hot 

water tanks.  

Figure 4.1.4 Noritz hybrid water heater 
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Figure 4.1.5 Noritz hybrid water heater 

Rinnai introduces hybrid hot water heaters (shown in Figure 4.1.6), with 

R32 as a refrigerant.  

Rinnai develops not only the normal single hybrid heat pump water 

heater (ECOONE) but also the double hybrid heat pump water & space 

heater for the simultaneous tap water and space heating. 

Figure 4.1.6 Rinnai hybrid water heater 
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Figure 4.1.7 shows the primary energy consumption of the water and space heating. In Japan, more than half of 

the domestic energy is consumed in the water and space heating.  

The double hybrid water & space heater contributes to the zero-energy house (ZEH) even when the comfortable 

floor heating is adopted. 

 

Figure 4.1.7 Hybrid water heater 

As shown in Figure 4.1.8, Daikin also introduces the NeoCute model with R32 as a refrigerant.  

 

Figure 4.1.8 Heat pump water heater using R32 as a refrigerant 

  



Task 4 – Japan R&D Country Report 

 
 

HPT-Annex 46   Page 36 of 50  

5. End-User-Focused Technologies  

As Figure 5.0.1 shows, Mitsubishi has developed a system which can generate microbubbles in the bathtub to 

enhance comfort. There are reports supporting that the microbubbles help sustain a feeling of relaxation after a 

bath.  

 

Figure  5.0.1 System to make comfortable microbubbles 

As shown in Figure 5.0.2, Hitachi has developed a system that can supply hot water by directly using the 

"Powerful Shower" as a water supply and source pressure.  

 

Figure  5.0.2   High-pressure water heater system 

In addition, Hitachi is developing a bath system to fill the bath tub at twice the speed of a conventional system 

by establishing dual hot water circuits, as shown in Figure 5.0.3.  
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Figure 5.0.3 Rapid tub filling system 
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6. Installer-Focused Technologies  

As shown in Figure 6.0.1, a system has been developed to widen the spacing between the connecting parts of 

the piping and make pipe-work smoother.  

 

Figure 6.0.1 Easy piping system 
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7. Water Quality Management Technologies  

Companies have even developed a system as shown in Figure 7.0.1, where, by removing the tub’s stopper, the 

water heater detects a change in water levels and automatically generates microbubbles to clean the piping that 

connects the bath tub and water heater.  

 

Figure  7.0.1 Auto piping clean system 
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8. Smart Technologies  

Mitsubishi has also developed a home energy management system (shown in Figure 8.0.1) that optimally 

controls indoor water heaters, refrigerators, air conditioners, and TV.  

 

Figure 8.0.1 HEMS system 

Denso developed an energy management technology from the 2012 model, which used HEMS to visualize energy 

consumption of appliances such as air conditioners, solar power generators, storage batteries, and water 

heaters, and smartly reduced energy inefficiencies, thereby achieving substantial energy conservation (shown in 

Figure 8.0.2)  

 

Figure 8.0.2 Denso HEMS 
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Shared communication protocols are also being advanced. ECHONET is a communication protocol that makes 

smart home a reality. While currently wireless networks such as WiFi can be easily utilized within the home, there 

are increasing demands for managing air conditioners and lighting from smartphones or controllers, to 

understand electric utilities to reduce energy inefficiencies.  

Thus, in order to realize an energy-efficient, comfortable, safe, and secure lifestyle, a communication protocol is 

needed which can be commonly understood by all appliances regardless of the manufacturer.  For this purpose, 

ECHONET is a promising technology. The "ECHONET Lite Standard," established by ECHONET, was recommended 

at the smart house standardization study meeting set up by the Ministry of Economy, Trade and Industry (METI) 

in February 2012, as a well-known standard interface used by HEMS which makes up the smart house. In addition, 

the ECHONET Lite Standard has broadened its range of applications, to small-to-medium-sized buildings and 

shops, and IoT services, which are expected to expand in the future.  

As shown in Figure 8.0.3, it is expected that an increase in the number of HEMS controllers and HEMS-compatible 

devices using ECHONET Lite will facilitate users to connect and use products from different manufacturers.  

 

Figure 8.0.3 ECHONET https://echonet.jp/ 
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9. Other Technologies  

Starting with the 2017 model, Denso developed a system that allowed the user to supply hot water outdoors (as 

shown in Figure 9.0.1). The system made it possible to utilize hot water in various situations.  

 

Figure 9.0.1 Outdoors hot water supply system 

Companies have also proposed a system, such as the one in Figure 9.0.2, that uses water piping to connect the 

water heater, refrigerator, heater, and underground heat, to use them as a heat source for the heat pump water 

heaters or space heaters, or to reduce heat dissipation in refrigerators. During the day, the system uses solar 

energy to drive the heat pump and stores the excess heat in the ground; at night, it drives air conditioners and 

heat pump water heaters using geothermal heat. Such an integrated system is likely to be effective in the future.  

 



Task 4 – Japan R&D Country Report 

 
 

HPT-Annex 46   Page 43 of 50  

 

Figure 9.0.2 Multi-use, Multi-source system 
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10. Heat Pump Performance  

The heat pump performance has greatly improved in the recent years. In Japan, the introduction of the Top 

Runner Program had a large impact. From among the energy-intensive products, the program involved specific 

product categories designated by the Energy Conservation Law, and aimed to set the energy efficiency targets 

of commercialized products (commercialized when standards were established) on the basis of the most energy-

efficient model on the market (the 'Top Runner') As shown in Figure 10.0.1, the Top Runner Program greatly 

enhanced the performance of various systems.  

 

Figure 10.0.1 Historical trends of heat pump performance (● revision needed) 

Corona developed a high-performance system (as shown in Figure 10.0.2), and developed a system that achieves 

an annual hot water and heat retention efficiency level (JIS standards) of 4.0.  

 

Figure 10.0.2 Corona Premium Eco Cute 
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In Japan, the heat pump water heater performance is evaluated based on mode cycle tests for water heater loads 

in Japanese residences (Reference: JIS C 9220:2011, 2018). As Figure 10.0.3 shows, the Japan Air Conditioning 

and Refrigeration Testing Laboratory (JATL) is an independent testing institution to evaluate performance. This 

institution has passed the ISO/IEC 17025 (JIS Q 17025 for heat pump water heater testing) national standards 

and performs strict evaluations. Figure 10.0.3 shows the evaluation equipment used by the JATL. Table 10.0.1 

shows a sample load pattern used in JATL's performance evaluation method for Japanese heat pump water 

heaters. A unique characteristic is the enlarged hot water storage tank, since the Japanese have a custom of 

taking regular baths and use a lot of hot water.  

 

Figure 10.0.3 Methods used to measure performance of heat pump water heaters (JATL) 

Table 10.0.1 A sample load pattern [with bathtub heat retention / without usage integration] 
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11. Trend of R & D 

Figure 11.0.1 shows the research papers presented in domestic lectures for the Japan Society of Refrigerating 

and Air Conditioning Engineers (JSRAE) between 2004 and 2016, tallied by area of study for each year.  

 

Figure 11.0.1 Historical trend of Japanese research papers related to heat pump water heaters (Japan Society of 

Refrigerating and Air Conditioning Engineers, JSRAE) 

 

Figure 11.0.2 shows the research papers presented in domestic lectures for JSRAE between 2004 and 2016, reclassified by 

area of study. 
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Table 11.0.1 below shows the technologies that won Japan Society of Refrigerating and Air Conditioning 

Technology Awards. 

Table 11.0.1 Technology awards related to the heat pump (Japan Society of Refrigerating and Air Conditioning Engineers) 

 

Table 11.0.2 lists the heat pump-related research papers awarded by the Japan Society of Refrigerating and Air Conditioning 

Engineers. 
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12. National Projects  

As Figure 12.0.1 shows, NEDO has provided great assistance to the development of new technologies in Japan. 

As a result, Heat pump technology developed rapidly in Japan..  

 

Figure 12.0.1 NEDO project related to heat pump water heaters 

  



Task 4 – Japan R&D Country Report 

 
 

HPT-Annex 46   Page 49 of 50  

13. Funding Support  

As shown in Figure 13.0.1, the Japanese government had set up a policy to subsidize the installation of systems 

using a CO2 refrigerant with a COP of 3.0 or higher, by paying up to 1/2 of the price difference of conventional 

equipment. Although this program has ended, it greatly contributed to the widespread use of heat pump water 

heater systems.  

 

Figure 13.0.1 Subsidies related to heat pump water heaters 
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Reference  

・Comparison of Eco Cute performance 

https://pi-

ta.com/ecocute/%E3%82%A8%E3%82%B3%E3%82%AD%E3%83%A5%E3%83%BC%E3%83%88%E3%81%AE%E6

%AF%94%E8%BC%83/ 

 


