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Abstract 

In this study, industrial heat pump which can generate low pressure steam was developed. The heat pump 
uses process waste heat of 50-60℃ to generate 120℃, 2kgf/cm2 steam. By implementing this, the overall 
thermal energy efficiency of a factory can increase. In case of R134a, the discharge temperature and pressure 
of compressor was expected to be in supercritical state around 200℃/10 MPa. To locate operation points in 
lower temperature and pressure zone, R245fa was selected as a working fluid. Cycle and system design was 
performed based on R245fa properties. With the experiment results of small-scale, reciprocating-compressor 
system, large scale system design of screw-compressor was carried out. Since this system was to be applied 
to actual operation, control logic with high reliability was also developed. After in-lab tests, the heat pump 
was installed to supply steam for waste scrubbing process in a chemical factory. 
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1. Introduction 

Emission of greenhouse gases is largely related to energy consumption and energy efficiency is expected to 
play as an important role as renewable energy to deal with global warming issues.[1] Among residential, 
commercial, industrial and transport sectors, the industrial sector generally contributes the largest portion in 
energy consumption. For South Korea industrial sector consumed about 61.7% of final energy in 2012.[2] 
Energy consumption by functions in manufacturing showed that feedstock accounted for the largest portion of 
57.2% followed by heat energy of 29.1%.[3] (Table 1) Therefore it is an important research target to find 
methods of reducing heat energy in industrial sector. Conventional heating methods like combustion and 
electric heating is considered to reach limit in efficiency. Alternative heating methods are being sought to 
improve thermal efficiency. Among them heat pump is considered as one of the most prominent candidates. 
Heat pump system satisfies heat demand by transferring energy from low temperature source to high 
temperature sink. Energy is used in changing pressure and temperature of working fluid – refrigerant in heat 
pump. The total transferred heat is sum of energy input and extracted energy from low temperature source. 
Therefore heat pump can deliver more heat than input energy. 
Heat pump can be applied to use low temperature heat source to generate hot temperature energy such as space 
heating and hot water. As a low temperature heat source, heat pumps can use air, river, lake/sea water or even 
ground (underground) energies.[4] This versatility of energy source has made heat pump to be considered as a 
renewable energy system. In EU, heat pump satisfying minimum SPF (Seasonal Performance Factor) is regarded 
as renewable energy system.[5] Some countries have implemented subsidy programs to expand installation of 
heat pump since it can emit less greenhouse gases than conventional boilers using fossil fuels.  
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Table 1. Energy consumption in manufacturing industry by functions in 2010, South Korea 
 

Function PJ (1015 J) Portion (%) 
Heat 1,312 29.1 

Power 398 8.8 
Feedstock 2,574 57.2 

Miscellaneous 216 4.8 
Total 4,501 100 

 
Currently main market of heat pump is residential, commercial and district heating/cooling market. The 
penetration status of heat pump in the industrial sector is very low. In one milk powder factory in Denmark, a 
compression/absorption heat pump was installed to preheat process air up to 80oC by extracting heat from 
coolant of 40oC.[6] In England one chocolate factor installed heat pump system to simultaneously heat the 
process water and cool glycol mixture.[7] Most of heat pump application in industrial sector are in production of 
hot water for processes. For a higher temperature application, Andrea et al. proposed the application of 
absorption heat pump type 2 to reduce middle pressure steam in pulp factory and showed high potential in 
energy saving.[8]  
Table 2 is the temperature distribution of heat demand in German in C. Lauterbach’s report.[9] According to the 
report, heat demand of 100oC or less occupies 9% and that of 100-200oC was 8% of similar contribution. 
Temperature distribution of heat demand however showed different pattern among industrial sectors. For 
example, paper and rubber product sector need almost twice amount of heat in 100-200oC as that in below 100oC 
zone. Fig. 1 is thermal energy demand distribution in French industry by D. Bobelin et al.[10] The analysis 
focused on heat demand below 140oC. The heat demand below 100oC was reported to be small compared to 
heat demand of above temperature.  
 
Table 2 Breakdown of the industrial heat demand with detailed temperature distribution between 100 and 500oC[9] 

 

Industrial sector Hot 
water 

Space 
heating 

Process heat [TWh] 
sum <100℃ <200℃ <300℃ <500℃ >500℃ 

Chemicals and chemical products 0.2 6.7 13.5 9.5 5.9 5.5 55.7 96.9 
Food products and beverages 0.3 8.3 11.8 13.7 0.9 0 0 35 
Motor vehicles and trailers 1 7.3 2.7 1.1 0 0.8 3.7 16.8 
Paper and paper products 0.1 2.4 2.7 5.6 0.2 4.1 0 15.1 
Fabricated metal products 0.9 6.3 2.3 1 0 0.8 3.4 14.8 
Machinery and equipment 0.6 4.5 1.6 0.7 0 0.5 2.3 10.3 
Basic metals 0.2 4.4 0.9 1.5 0.1 1.1 154.9 163.1 
Non-metallic mineral products 0.1 3.5 1.2 1 0 0.7 82.7 89.3 
Rubber and plastic products 0.1 1.6 0.9 2 0.1 1.4 0 6.1 
Electrical equipment 0.3 2.4 0.9 0.6 0 0.5 1.1 5.8 
Textiles 0.1 1.2 2 0 0 0 0 3.3 
Printing and recorded media 0 0.4 0.2 1.5 0.1 1.1 0 3.3 
Wood and wood products 0 0.3 1.5 0.2 0 0.2 0 2.1 
Furniture and other goods 0 0.7 0.4 0.6 0 0.4 0.2 2.4 
Computer, electronic, optical products 0.1 0.9 0.3 0.1 0 0.1 0.4 2 
Other transport equipment 0.1 0.9 0.3 0.1 0 0.1 0.4 2 
Leather and related products 0 0.1 0.2 0 0 0 0 0.3 
Wearing apparel 0 0.1 0.2 0 0 0 0 0.3 
Tobacco products 0 0 0 0 0 0 0 0.1 
Sum 4.2 52 43.6 39.3 7.5 17.4 304.9 468.9 
Share 1% 11% 9% 8% 2% 4% 65% 100% 
 
Most of the thermal energy in industrial processes is supplied in the form of steam in order to maintain a stable 
temperature. Typically, steam below 140oC is termed as low pressure steam. Since there is high demand of heat 
above hot water temperature, many researches have been conducted to increase the temperature of heat pump 
cycle. In this paper, high temperature heat pump cycle to generate low pressure steam was developed. The 
design temperature of heat sources are 60-70oC waste heat and the product target was120oC low pressure steam. 
In addition to basic cycle design, application of internal heat exchanger was considered. Test rig of 40 kW scale 
steam heat pump was constructed and performance evaluations were conducted.  
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Figure 1 Distribution of the heat demand per industrial branch[10] 

 

2. Design of high temperature heat pump cycle for steam generation 

2.1. Basic Cycle Design 

As a base cycle for high temperature heat pump, vapor-compression cycle was applied. In this cycle, compressor 
increases the pressure and temperature of refrigerant by transforming mechanical energy. The discharged 
refrigerant releases heat energy to high temperature heat sink in condenser. The temperature difference between 
heat sink and refrigerant in condenser is generally in order of 10oC. The lower the temperature difference is, the 
lower the input energy compressor requires. This eventually increases the efficiency of system. The optimization 
of heat pump system is directed to the minimization of temperature difference in condenser. 
Fig. 2 is heat and mass transfer diagram of steam generation heat pump cycle. In closed loop, the generated 
steam will be circulated to boiler again, while in open loop additional water should be supplied as the steam is 
exhausted to low temperature process or in the air. Fig. 2 is open loop configuration. Steam can be produced by 
either direct heating or by pressure reduction in circulating water (flashing method). Since the density difference 
between saturated liquid and saturated vapor of water is so large, the condenser of heat pump may become too 
bulky under direct heating method. Therefore in this study, pressure reduction method was used for steam 
production. In this method, only small portion of circulating water is transformed to low pressure saturated 
vapor. (less than 10%) Large amount of saturated liquid is recirculated to condenser and make-up water is mixed 
along the circulation. After circulation pump the pressure of process water is increased. Since the portion of 
saturated liquid is very high, the circulating water undergoes single phase heat transfer in condenser. 
 

 
Figure 2 Cycle diagram of steam generation heat pump 

 
To produce low pressure steam with heat pump, the condensation temperature should rise up to 130oC. Table 3 
gives characteristics of refrigerant candidates for high temperature application.[11] R134a is one of the most 
commonly used refrigerant in current market. It has critical temperature around 100oC. This means that heat 
pump cycle of R134a would undergo supercritical process to generate steam. If refrigerants have critical 
temperature above 130oC, they would have advantage in efficiency. R1234ze(Z), R245fa and R365mc satisfy 

0

500

1000

1500

2000

2500

Pulp & paper Food &
beverages

Sugar Basic iron,
steel & ferro-

alloys

Rubber &
plastic

Dairy Transport
equipments

Cements,
lime &
plaster

60-69 ℃
70-79 ℃
80-89 ℃
90-99 ℃
100-119 ℃
120-139 ℃

7000 GWh/yr

Evaporator

Condenser

Water
Tank

Reservoir

Steam
Heat Pump

Water
Supply
(mwater)

Low Pressure
Saturate vapor

(msteam = mwater)

Waste
Heat

Heat Recovery (Qlow)

Input Energy
(W)

Heat Output (Qhigh= Qlow+W)

13th IEA Heat Pump Conference 2020

1300



Gilbong Lee/ 13th IEA Heat Pump Conference 2020  000–000 

 

 4

this requirement for critical temperature. Among them R245fa was chosen since it has no flammability and is 
easily purchased.  
 
Table 3 Basic characteristics of refrigerants for high temperature heat pump applications 
 

Refrigerant GWP Flammability 
Tc 

[℃] 
Pc 

[MPa] 
R134a 1430 - 101.1 4.06 
R755 1 - 31.0 7.38 

R1234yf 4 Low 94.7 3.38 
R1234ze(E) 6 Low 109.4 3.64 
R1234z3(Z) <10 Low 153.7 3.97 

R245fa 1030 - 154.0 3.65 
R365mfc 794 Low 186.9 3.27 

 
Heat pump system of R134a makes hot water with low temperature heat source (such as geothermal energy, sea 
water, ambient air). The target heat pump of R245fa makes low pressure steam with waste heat source of 60-
70oC. Considering the difference in the operation temperature range R245fa and R134a have similar operation 
pressure. Thermo-physical properties related to heat transfer are listed in Table 4 with different saturation 
pressures. Chen suggested boiling heat transfer as combination of convective heat transfer and nucleate heat 
transfer.[12] Column 10 and 11 of table 4 are the relative convective heat transfer coefficient when values of 
R134a are assumed as 1. The velocity was assumed to be the same. Dittus-Boelter correlation was used to 
calculate heat transfer coefficient. From the relative values, R245fa may show similar heat transfer performance 
in vapor phase but have poor performance in liquid phase. This is because R245fa has disadvantage in thermal 
conductivity and viscosity in liquid phase. For the enhancement factor of convection heat transfer many 
researchers suggested Martinelli parameter as key parameter.[12] Since R245fa has higher density in saturated 
vapor phase than R134a, enhancement factor of R245fa will decreases in evaporation heat transfer compared to 
R134a. In condensation, R245fa may show similar heat transfer performance as R134a. 
Although the final product of steam heat pump cycle is vapor, the heat transfer in condenser is single phase if 
pressure reduction method is applied. Considering the working temperature difference, the condensation heat 
transfer will not change much compared to R134a. All of these will imply that conventional cycle design 
approach of R134a could be applied to the design of R245fa based heat pump design with only minor 
modification. Therefore refrigerant change approach from R134a to R245fa was applied in the construction of 
test apparatus for the preliminary research. 
 
Table 4 Properties of R134a and R245fa at saturation conditions 
 

 P 
(MPa) 

R134a R245fa 

T 
(K) 

ρliq 
(kg/m3) 

ρvap 
(kg/m3) 

hgf 
(kJ/kg) 

T 
(K) 

ρliq 
(kg/m3) 

ρvap 
(kg/m3) 

hgf 
(kJ/kg) αliq,relative αvap,relative Xtt,relative 

0.3 274 1293 15 198 319 1281 17 178 0.87 1.05 1.09 
0.5 289 1241 24 186 336 1228 28 166 0.88 1.05 1.09 
0.7 300 1200 34 176 348 1187 39 156 0.88 1.05 1.09 
0.9 309 1165 44 168 358 1151 50 148 0.88 1.05 1.09 
1.1 316 1134 54 160 367 1118 62 140 0.89 1.05 1.09 
1.3 323 1105 65 152 374 1088 75 133 0.89 1.06 1.09 
1.5 328 1077 77 145 381 1059 88 126 0.90 1.06 1.09 
1.7 334 1051 88 139 387 1031 102 119 0.90 1.07 1.09 
1.9 338 1024 101 132 392 1003 117 113 0.91 1.08 1.09 
2.1 343 998 114 125 397 975 134 106 0.92 1.09 1.09 
2.3 347 972 129 118 402 947 151 99 0.92 1.11 1.10 

 
ρ: density, h: enthalpy, liq: liquid, vap: vapor, gf: fluid to gas 

“relative” means values of R245fa compared to R134a under same pressure 
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2.2. System Reliability and Efficiency 

The most common causes of compressor failure are refrigerant flood back, flooded starts, liquid slugging, 
overheating, lack of lubrication, etc.[13] Refrigerant flood back occurs when refrigerant is not heated up to 
superheated phase in the evaporator. This is caused by low evaporation load or failure of evaporator. Under 
compression with refrigerant flood back, foaming phenomenon in lubricant of compressor is generally occurred. 
Flooded start is when compressor starts its initial operation with a large amount of liquid refrigerant within the 
compressor shell. This happens when the system is over-charged with refrigerant or the system is stayed for a 
long period. Under flooded start, massive and instant exit of lubricant occurs. This causes temporal lack of 
lubrication of compressor. Overheating operation is caused by high compression ratio, low suction pressure, 
high superheat, etc. High compressor temperature causes negative effect to lubrication.  
Adequate superheat is needed for the protection of refrigerant flood back. It is also important to secure 
lubrication performance in compressor. Compressor lubricant performs roles such as sealing, anti-friction, 
cooling, etc. Under normal operation lubricant mixes with refrigerant in compressor. Daniel chart shows trends 
of lubricant/refrigerant mixture with isobaric curves.[14] It shows refrigerant concentration, viscosity with 
different temperature and pressure of lubricant and Fig. 3 is an example for R32.[15] Since the pressure of 
lubricant is same as that of refrigerant the difference between lubricant temperature and refrigerant saturation 
temperature can be used as the index of reliability. This definition is similar to the definition of superheat. In 
practical application, superheat would be used as an alternative index to lubricant superheat. Under constant 
pressure, concentration ratio of refrigerant stiffly increases as temperature approaches saturation temperature of 
refrigerant. Since the viscosity of HFC refrigerants is much lower than pure lubricant, lubrication performance 
was impaired as superheat becomes small.[16] Whether using suction superheat or discharge superheat as the 
criteria of reliability depends on the position of oil reservoir in compressor. In low pressure shell, oil reservoir 
is placed in suction part. Low suction superheat may tremendously increase the concentration of refrigerant 
damaging the lubrication performance. However in high pressure shell compressor, the oil reservoir is placed 
in discharge part. Therefore the negative effect of low suction superheat can be compensated in high pressure 
shell type compressor.[17] In summary, adequate superheat where the oil reservoir is placed should be maintained 
to secure lubrication performance. 
 

 
Figure 3 Daniel chart of New-PVE68 with R32 [15] 

 
For commonly used R134a the isentropic line moves away from saturated vapor line (bubble line) as the pressure 
increases. However R245fa shows different trend, moving toward the bubble line (Fig. 4) Discharge superheat 
affects lubrication of high pressure part in compressor. Therefore certain amount of discharge superheat should 
be maintained for reliability.  
Fig. 5 shows discharge superheat trends with different suction superheat and operation pressures. The suction 
pressure was fixed as 400 kPa and the isentropic efficiency of compressor was assumed as 0.8. If compressor 
has to have adequate superheat for the entire operation range, more suction superheating is required for R245fa. 
This means that the design point of suction superheat of R24fa should be higher than R134a. High suction 
superheat requires large temperature difference between refrigerant and secondary fluid in evaporator. This 
causes low evaporation pressure and low efficiency. 
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Figure 4 Isentropic lines in P-h diagram 

 
 

 
Figure 5 discharge superheating trend of R245fa and R134a 

 

2.3. Application of Internal Heat Exchanger 

In the previous chapter it was shown that the requirement of superheat of R245fa may cause performance 
decrease in heat pump cycle. With evaporator only, the temperature gradient of refrigerant will increase to meet 
the requirement. The temperature difference between heat source and evaporator will also increase. To meet 
this, evaporation pressure of heat pump system will drop resulting in high compression work and low capacity. 
High temperature heat pump system of 40 kW for steam generation was designed to examine this trend. Fig. 7 
shows system performance changes under different suction superheat. If the minimum value of discharge 
superheat is set as 10oC, about 7% of COP was decreased due to high suction superheat. 
Internal heat exchanger (IHEX) transfers heat between condenser outlet fluid and evaporator outlet fluid. With 
this, system has additional suction superheat and heating capacity. As IHEX provides superheat for compressor, 
unnecessarily low pressure in evaporator can be eliminated. The cycle diagram of IHEX integrated heat pump 
is fig. 8. Table 5 shows performance comparisons with and without IHEX. IHEX increased evaporation pressure 
by 0.4 bar. 

 

 
Figure 6 Experimental apparatus of steam generation heat pump development (40kW scale) 
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Figure 7 Performance characteristics of R245fa heat pump cycle with various suction superheat 

 
 

 
Figure 8 Cycle diagram of steam heat pump with internal heat exchanger 

 
To further analyze the effect of IHEX simple parametric analysis was performed for R134a and R245fa to see 
effect of suction superheat. Condensation pressure and evaporation pressure were set as 2200 kPa and 400 kPa. 
Isentropic compression, constant volumetric efficiency, and no subcooling were assumed. Under these 
conditions, performance with 5oC suction superheat was selected as reference point. The relative performances 
with different suction superheat were listed in Table 6. According to the table, increasing superheating also 
increase the compression work. However it also increase the heating capacity of the system. Therefore the 
heating COP is to have a tendency to increase as well. More improvement is seen in R245fa cases. This is due 
to higher specific heat at vapor phase and relatively low latent heat. R245fa has lower sensitivity in discharge 
superheat and higher sensitivity in efficiency than R134a. Therefore R245fa has more advantage in applying 
IHEX than R134a. 
 
Table 5. Performance comparisons between with and without internal heat exchange 
 

Parameters W/O 
IHEX 

W 
IHEX Difference 

Evaporation Pressure bar, g 2.88 3.64 0.76 
Condensation Pressure bar, g 11.09 11.50 0.41 
Subcooling ℃ 2.06 13.67 11.61 

Discharge Superheat ℃ 15.21 25.82 10.51 

Evaporator Superheat ℃ 17.29 11.82 -5.47 

Suction Superheat ℃ 16.21 30.21 14.00 
Heating Capacity kW 21.52 24.55 3.03 
Heating COP - 5.60 6.22 0.61 
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Table 6. Effects of suction superheat on discharge superheat and COP 
 

Suction 
superheat 

(K) 

R134a R245fa 
Discharge 

superheat(K) 
Relative 

COP 
Discharge 

superheat(K) 
Relative 

COP 
11 15.63 1.013 0.02 1.037 
13 17.36 1.018 1.42 1.050 
15 19.10 1.022 2.85 1.062 
17 20.86 1.027 4.33 1.074 
19 22.64 1.031 5.83 1.086 
21 24.42 1.036 7.37 1.097 
23 26.22 1.040 8.93 1.109 
25 28.03 1.045 10.52 1.120 

 

3. Field Test and Evaluation of High Temperature Heat Pumps for Waste Scrubbing Process 

In the industry field, steam is widely used in the processes such as refining, extraction, and food processing. 
Many researchers have been working on developing energy saving method of steam generation using low 
temperature waste heat. High temperature heat pump which can generate low pressure steam is one of the 
technical candidates for this. In this study, a heat pump system that produces steam of over 100oC with capacity 
of 0.5 ton/h was developed based on cycle design methods in chapter 2. The steam heat pump utilizes waste 
heat of 50-70oC, producing 110-120°C steam using a flash tank. Then, the developed steam heat pump system 
was tested at a Chemical Polycarbonate (PC) production line in Yeosu Industrial Complex. 
Fig. 9 shows a conceptual diagram of the steam heat pump apparatus, which receives heat from the heat source 
water on the left side and produces steam through a flash tank on the right side. The evaporator superheat of the 
heat pump unit was controlled by the EKC315 superheat controller. The target value was 5°C based and the 
measuring point was the evaporator outlet. An ICM valve was used as an expansion valve to since the outlet 
temperature of condenser is normally about 100oC. The control of the flash tank is the most important factor for 
the stable operation of the steam heat pump. The main factors of flash tank control are the pressure of the steam 
generated and the flash tank level. The pressure of the flash tank determines the temperature of the steam 
generated. 
The manufactured steam heat pump system is shown in Fig. 10. Performance improvement and stability 
evaluation were conducted in the laboratory prior to the installation in the demonstration site. To maintain the 
stability of the system, control of flash tank pressure and liquid level in the tank are important. The level control 
of the flash tank is conducted with the differential pressure gauge, the pressure reducing valve, the two-way 
valve and the GH1000 controller. Stable make-up water supply is required to reduce the pressure fluctuations 
of the generated steam. To do this, it is necessary to properly set the pressure reducing valve, select the suitable 
inner diameter of the two-way valve, and set the PID gain of the GH1000 controller. In the performance 
improvement process, the several modifications were conducted such as refrigerant amount optimization, unit 
insulation, EKC operation optimization, steam pressure optimization and flashing pressure reducing valve 
optimization operation. The final performance in the laboratory was Steam 118.3oC, capacity 362.6 kW, and 
COP 3.73. 
 
 

 
Figure 9 Schematic diagram of steam generation heat pump 
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Figure 10 Steam generation heat pump unit 

 
The pressure of the steam line of the target process was about 0.16 MPa, which corresponds to steam 
temperature of 115oC. The pressure control of the steam outlet of the flash tank became unnecessary because 
the main steam supply line maintained stable pressure. Fig. 11 shows the high temperature heat pump package 
installed in the demonstration site of a chemical factory. It consists of a heat pump unit and a flash tank unit. 
The installation in the chemical plant took about two months, and the operation of the steam pump system 
started in February 2018. The performance of the steam heat pump during the test run period is as follows; 
Steam output: approx. 0.53 ton/h, steam heat pump performance: calorie 348 kW, COP 3.03. Fig. 12 shows 
steam production and heat source water temperature during the period. 

 

 

Figure 11 Field test and evaluation of steam heat pump at LG Chem. 
 

 

 
Figure 12 Generated steam temperature and heat source temperature of heat pump during field test 

 

4. Conclusions 

In this study cycle characteristics of high temperature heat pump cycle were analyzed. As the demand for energy 
saving has increased in the industrial sector, interest for heat pump which recycles waste heat to produce low 
pressure steam has increased. R245fa was considered as suitable refrigerant of heat pump cycle for steam 
generation condition since the critical temperature of R245fa is above the operation temperature of steam 
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generation condition. Similar design concepts of R134a hot water heat pump could be applied to design steam 
heat pump cycle when steam is produced through flashing process. 
Superheat is an important index for reliability and efficiency. In compressor, lubricant mixes with refrigerant. 
Small temperature difference to saturation temperature implies stiff concentration increase of refrigerant - high 
solubility of refrigerant to lubricant. Therefore certain amount of superheat should be maintained in oil reservoir 
part of compressor. R245fa tends to decrease superheat under compression process which is contrary to R134a. 
In designing R245fa cycle, design point of suction superheat must be higher because of this characteristic. 
With internal heat exchanger, discharge superheat can be secured without increasing temperature difference in 
the evaporator. Simple parametric analysis was performed for R134a and R245fa to see effect of suction 
superheat. The results showed that R245fa has more favorable thermo-physical characteristics in applying 
internal heat exchanger compared to R134a. Therefore internal heat exchanger can be suggested as an essential 
component in R245fa heat pump cycle. The steam heat pump manufactured through this study was installed at 
a chemical plant and verified the performance. The heating capacity of the system was 350 kW and COP was 
3.03 from the operation in the demonstration site. 
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