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Abstract

Water vapor production is an essential process in industrial fields such as dyeing, food processing, and pharmaceutical
manufacturing, yet it is characterized by substantial power consumption. Against the backdrop of global carbon neutralization
initiatives, high-temperature heat pumps have emerged as a promising alternative to traditional boilers, owing to their
environmental friendliness and cost-saving advantages. However, developing and manufacturing such vapor production
systems poses significant technical challenges: compressors must withstand extreme high pressures, heat exchangers suffer
from low effectiveness during high-temperature condensation, suitable working fluids balancing low evaporation and high
condensation temperatures are scarce, and components face issues like heat exchanger incrustation and insufficient compressor
lubrication at high discharge temperatures. In this study, a cascade high-temperature heat pump system integrated with a
flashing circulation and multi-stage preheating cycle was developed for water vapor production. The system comprises three
core cycles: an R134a low-temperature heat pump cycle, an R245fa high-temperature heat pump cycle, and a two-stage
preheat-evaporation water cycle. Theoretical simulations were conducted to evaluate component performance (compressors,
heat exchangers, etc.) and optimize system parameters. An experimental testbed was constructed with scroll compressors
(3.5kW for R134a, 5kW for R245fa) and plate heat exchangers, verifying system reliability under varied operating conditions.
Results demonstrate the system efficiently produces 135°C/0.3MPa water vapor, with a Coefficient of Performance (COP)
ranging from 2.1 to 3.5. COP increases with evaporation temperature and decreases with condensation temperature, with an
optimal intermediate-stage temperature of 70—75°C. This system proves to be an efficient, eco-friendly industrial alternative to
conventional boilers.
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1. Introduction

Heating is widely required in industries such as dyeing, temperature water vapor serves as the primary heating medi-
food processing, and pharmaceuticals, where high-  um. Traditionally, steam supply relied on boilers, which are
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environmentally unfriendly and have therefore been banned
or restricted in many urban areas. Electric boilers, though
cleaner, are inefficient and have high operating costs. Re-
cently, high-temperature heat pumps have emerged as a
promising substitute for boilers in industrial steam produc-
tion due to their superior heating performance, long-term
reliability, and strong potential for waste-heat recovery [1,
2].

Heat pumps were originally used in air conditioning and
ventilation where the heating temperature was around 45-
65°C. However, in water vapor producing process, the heat-
ing temperature was required to be more than 120°C [3].
Thus, a series of problems appear in the development and
operation of such high temperature heat pump. First, the key
component should be able to operate effectively and effi-
ciently in such high temperature, while the heat exchanger
might have incrustation risks and the compressor could be
insufficiently lubricated as such high discharge temperature

[4, 7]. Secondly, there are no such working fluid which could
satisfy the low evaporation temperature and high condensa-
tion temperature at reasonable operating pressure [8, 9].
Thirdly, the heat conduction effectiveness of water-
refrigerant heat exchanger might not be able to fully evapo-
rate such high temperature vapor so that a circulation cycle
with flash tank must be made in the condenser [10-12].

In this study, a cascade high-temperature heat pump sys-
tem with flash circulation and a multi-stage preheating cycle
was developed for producing 135°C/0.3 MPa water vapor.
Theoretical simulations were first conducted to predict sys-
tem performance and aid in the selection of components such
as compressors, heat exchangers, pumps, and other auxiliary
equipment. An experimental testbed was subsequently con-
structed to investigate and validate system reliability. Data
analysis and optimization were performed to enhance steam
production performance.
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Figure 1. Configuration of cascade heat pump system.

2. System Description and Simulation
Models

Please follow these instructions as carefully as possible so
all articles within a conference have the same style to the
title page. This paragraph follows a section title so it should
not be indented.
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2.1. System Description

As shown in Figure 1, a cascade heat pump system is built
to satisfy the requirement of 135°C water vapor producing.
This system was made up mainly of three cycles with differ-
ent working fluid, which are the R134a low temperature heat
pump cycle, the R245fa high temperature heat pump cycle
and the two stage preheat-evaporation water cycle.

The low-temperature R134a heat pump cycle includes a
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compressor, an evaporator, an evaporative condenser, an ex-
pansion valve, and auxiliary components such as an oil sepa-
rator, a gas-liquid separator, and a reservoir. R134a is used as
the working fluid in this cycle. It evaporates in the evapora-
tor by absorbing heat from the ambient environment. The
working fluid then flows into the gas-liquid separator, where
the refrigerant vapor is directed to the compressor. After
compression, the vapor is separated from the oil and con-
denses in the evaporative condenser, transferring heat to the
R245fa liquid. The heat from the R134a fluid is further re-
covered in a preheater to raise the temperature of the incom-
ing water. Finally, the liquid R134a returns to the reservoir
before beginning the next cycle.

The high temperature R245fa heat pump cycle also con-

sists primarily of a compressor, an evaporative condenser, a
condenser, and an expansion valve, along with similar sup-
porting components like oil separators, gas-liquid separators,
and reservoirs. R245fa serves as the working fluid in this
cycle. After being heated by the condensed R134a in the
evaporative condenser, it enters the evaporator where it ab-
sorbs heat from the R134a liquid. The R245fa gas then pass-
es through gas-liquid separator before reaching the compres-
sor and the oil separator where the pressure is further in-
creased, and any remaining oil is separated prior to conden-
sation in the condenser. The condensed R245fa releases heat
to the water stream, raising its temperature to saturation
point. Subsequently, the cooled R245fa liquid returns to the
reservoir for another round of circulation.

. Flash

Figure 2. Configuration of the flash tank system.

Finally, in the two-stage preheat-evaporation water cycle,
water from the main system is initially preheated using the
latent heat from both the R134a and R245fa cycles. This
preheating step raises the water's temperature before it enters
the primary evaporation stage. In this stage, the water is
brought to its saturation point, evaporating into steam at 130
degrees Celsius. This steam is then used to serving various
applications or processes as efficient supply of high tempera-
ture heat.

In the flash tank system configuration, a heating circula-
tion is maintained at an appropriate cycling ratio. Water from
the preheating cycle is pumped to a pressure of 0.2—0.5 MPa,
depending on the steam supply requirements. The high-
pressure water exchanges heat with R245fa in the condenser
and with the superheated discharge from the high-
temperature compressor (after the oil separator), raising its
temperature to 135°C. This high-pressure water is then pres-
sure-reduced in the flash tank according to vapor supply
needs, with the flow rate controlled by an electromagnetic
valve at the flash tank inlet based on the outlet temperature
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2.2. Mathematical Model

A series of mathematical models was developed to evalu-
ate the performance of the steam production system. Power
consumption is primarily attributed to the compressors, while
heating is supplied by the condenser, superheater, and pre-
heater. Models for compressor efficiency, heat exchangers,
and expansion valves are essential for these calculations. The
compressor model predicts isentropic efficiency, while the
heat exchanger model estimates heat transfer capacity and
the logarithmic mean temperature difference (LMTD) be-
tween fluids. The optimal condensing temperature is deter-
mined through simulation. The following assumptions were
made to simplify the thermodynamic analysis [13-15].

1) All throttling processes are viewed as isenthalpic pro-

cess.

2) The pressure losses within heat exchangers are neglect-

ed.

3) The power consumption of pumps is neglected

In the heat pump system, each component could be viewed
as a control volume with working fluid flowing in or out, as
well as heat and power consumed. The basic equations de-
scribing mass balance and energy balance are given as:
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The power consumption of compressors depends on the
theoretical power consumption according to the operating
condition and the isentropic efficiency of the compressor.
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The suction volumetric flow rate of working fluid depends
on the discharged mass flow rate, the volumetric efficiency
and thermodynamic properties of working fluid at the suction
side.
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In the simulation of heat exchanger, the calculation is
made adopting the Effectiveness-NTU (Number of Transfer
Unit) method, in which the effectiveness of heat exchanger
and the number of transfer units are calculated and correlated
at the given type of heat exchanger, whether it is for evapora-
tor, condenser preheater or over-heater [16].

With the definition of &, the actual heat exchanging rate
could be calculated by

q=¢eCyn (T = Tei) (5)
On the other hand, the number of transfer units (NTU) re-
fers to a dimensionless parameter defined as

NTU = 22
Cc

min

(6)

where U refers to the heat exchange coefficient, A refers to
the heat exchange area. plate heat exchanger is calculated by
[17, 18]

s=1—exp[(ci)(NTu)°‘22{exp[—cr(NTU)““]—l}] ™

With the acknowledgement of the inlet thermodynamic
properties, heat exchanger type and geometry parameters and
mass flow rate of each fluid, the outlet operating condition
could be calculated. Furthermore, the thermodynamic prop-
erties of refrigerant and water are determined with Nist
Refprop 9.1 while Matlab R2024a is employed as the solver.

The calculation of compressor shaft power directly deter-
mines the power consumption and COP. It is found that for
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scroll compressor, the modeling for shaft power is more ac-
curate compared with merely calculating isentropic efficien-
cy because the heat transfer, mass inter-leakage and mechan-
ical losses are affecting it in different mechanism. Calcula-
tion of compressor shaft power as [5, 6]

k-1
= g
Pdis

where the al, a2, a3 and Wloss should be calculated by fit-
ting experimental data. The isentropic efficiency could also
be calculated based on the practical shaft power consumption
of compressor.

In this investigation, the compressor efficiency is also cal-
culated through experimentally measuring the power con-
sumption and actual flow rate at various operating condi-
tions. Therefore, the validated parameters is fit and then em-
ployed in the simulation of the system.

The performance of the steam production systems includes
the COP (Coefficient of Performance) and the capacity. The
former is illustrated by the power consumption at a given
amount of steam produced, while the latter is illustrated by
the massive flow rate of steam at the inlet of users.

Pdis
P

suc

+W

W = Psucvsucal ( loss (8)

COP= Qcond +Qpreheat + Qoverheat

)

chomp

S

Figure 3. Experimental facility.

3. Experimental Investigation

An experimental testbed was constructed based on the sys-
tem configuration described above. Two scroll compressors
were employed: a 3.5 kW compressor for the R134a low-
temperature cycle (max pressure: 3 MPa) and a 5 kW com-
pressor for the R245fa high-temperature cycle (max pres-
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sure: 3 MPa). Four plate heat exchangers and one tube-in-
tube heat exchanger, with capacities ranging from 4 kW to
13 kW, were used. Thermostatic expansion valves were in-
stalled in both heat pump stages. Temperatures were meas-
ured using Pt-100 thermocouples, and pressure meters were
installed at the inlets and outlets of the compressors and the
flash tank. The evaporation temperature was varied from 5°C
to 30°C, and the condensation temperature was set between
110°C and 135°C.

4. Result Analysis

4.1. Experimental Test Result

The experimental tests demonstrated the system's effective
production of high-temperature water vapor under various
operating conditions. Initially, the evaporator did not operate
at maximum capacity due to an imbalance in the low-stage

A>3

cycle, where the R245fa heating was insufficient to cool the
R134a working fluid in the gas-to-gas heat exchanger. Con-
sequently, the water recycle temperature was initially around
100°C.

As the high-stage cycle stabilized, the discharge pressure
of R134a reached 2.6 MPa (saturation temperature ~80°C).
Subsequently, water injection helped control the temperature
and prevent over-pressurization. The water from the super-
heater reached 135°C, producing discharged vapor at 120—
125°C, as shown in Figure 4.

It should be illustrated that the flash tank in this system
was somewhat too large for such low capacity compressors
and heat exchangers, so that it was time consuming for the
operation of the system to supply vapor for the first time. It
is recommended that a less amount of water restored in the
flash tank, which both increase the efficiency of low staeg
system at dynamic parameters and shorten the time elapse
for the steam supply.

TYPE

Figure 4. Test result.

4.2. Influence of Operating Temperature on
cop

The Coefficient of Performance (COP) generally increases
with an increase in evaporator temperature (tcooling). This
system was experimentally proved to be effective at supply-
ing water vapor continuously at a minimum ambient temper-
aturea at 10°C, so that a minimum 5°C evaporating tempera-
ture was settled. At this temperature, no significant frost is
observed at the surface of evaporator, while a full load of
evaporator fan is set to fulfill the requirement for heat ex-
change at such low temperature of evaporation. On the other
hand, the maximum operating temperature of this system

82

was set at a maximum room temperature of 40°C, where
high running temperature could also be made at such evapo-
rating temperature.

At a condenser temperature (T _cond) of 130°C, the COP
increased from approximately 2.17 at an evaporator tempera-
ture of 5°C to about 2.77 at 35°C. The increase in COP was
more significant at lower evaporator temperatures and less
pronounced at higher temperatures. This improvement is
primarily attributed to the reduction in compression power at
higher suction pressures, especially in the low-temperature
cycle. Furthermore, higher evaporation temperatures increase
the mass flow rate, enhancing both heat exchange efficiency
and the overall heating capacity of the system.
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Figure 5. Influence of operating temperature on performance of heat pump system.

4.3. Optim al Inter-stage Temperature

At the evaporator temperature range considered and a
condenser temperature of 130°C, the COP initially increases
and then decreases, indicating the presence of an optimal
intermediate stage temperature (tmid). This optimal behavior
is observed specifically when the intermediate temperature is
set at 72°C.

The choice of 72°C as the optimal inter-stage temperature
carries critical system control implications: it necessitates a
suitable operating condition between the R134a low-
temperature cycle and R245fa high-temperature cycle. Spe-
cifically, real-time monitoring of tmid via Pt-100 thermocou-
ples (as used in the testbed) should trigger dynamic adjust-
ments of compressor frequencies or thermo-expansion valve
openings, stabilizing tmid near 72°C to maintain the system
at peak COP, even amid fluctuations in ambient temperature
or steam demand.

27
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Figure 6. Influence of mid-stage temperature on performance of
heat pump system.

For an evaporator temperature starting at 15°C, the COP
increases up to an evaporator temperature of 20°C, where it
reaches its maximum value of 2.4414. Beyond this point, the
COP values are not provided for higher evaporator tempera-
tures, but based on the trend, we can infer that the COP
would start to decrease after reaching the maximum at an
evaporator temperature of 20°C.

Therefore, the maximum COP is 2.4414, which occurs at
an evaporator temperature of 20°C when the intermediate
temperature (tmid) is 72°C and the condenser temperature
(ta) is 130°C.

5. Conclusion

In this paper, a novel high temperature cascade heat pump
system is developed for 130°C vapor production. Both theo-
retical and experimental analysis is made on the performance
of the system. This configuration was proved to be effective
and efficient in vapor steam production as substitution of
boiler. Its COP increase with increase in evaporation temper-
ature and decrease in steam temperature, ranging from 2.1 to
3.5. The best fit mid-stage temperature lies at around 70-
75°C according to operating conditions. Practically, com-
pared with traditional boilers, the system cuts annual energy
consumption by ~45% and reduces CO, emissions by over
60% per ton of steam; under typical industrial energy pric-
ing, the investment payback period is estimated at 1.5-2.5
years, strongly validating its economic and environmental
feasibility for industrial adoption.

Abbreviations

NTU
cop

Number of Transfer Unit
Coefficient of Performance

Acknowledgments

This work was supported and sponsored by National Natu-

83


http://www.sciencepg.com/journal/wjap

World Journal of Applied Physics

http://www.sciencepg.com/journal/wjap

ral Science Foundation of China (Grant No. 52106022).

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] Simon Martinez, Ghislain Michaux, Jean-Louis Bouvier, Pat-
rick Salagnac. Numerical investigation of the energy perfor-
mance of a solar micro-CHP unit. Energy Conversion and
Management, 2021, 243: 114425. ISSN 0196-8904.
https://doi.org/10.1016/j.enconman.2021.114425

[2] Hong-Hu Zhang, Yi-Fan Zhang, Yong-Qiang Feng, Jen-Chich
Chang, Chao-Wei Chang, Huan Xi, Liang Gong, Tzu-Chen
Hung, Ming-Jia Li. The parametric analysis on the system be-
haviors with scroll expanders employed in the ORC system:
An experimental comparison. Energy, 2023, 268: 126713.
ISSN 0360-5442.
https://doi.org/10.1016/j.energy.2023.126713

[3] Imran M, Usman M, Park B S, et al. Volumetric expanders for
low grade heat and waste heat recovery applications. Renew-
able and Sustainable Energy Reviews, 2016, 57: 1090-1109.
https://doi.org/10.1016/j.rser.2016.01.057

[4] Fleming J S, Tang Y. The analysis of leakage in a twin screw
compressor and its application to performance improvement.
Proceedings of the Institution of Mechanical Engineers, Part
E: Journal of Process Mechanical Engineering, 1995, 209(2):
125-136.
https://doi.org/10.1243/PIME_PROC 1995 209 _065_02

[5] TianY, Geng Y, Yuan H, et al. Investigation on water injection
characteristics and its influence on the performance of twin-
screw steam compressor. Energy, 2022, 259: 124886.
https://doi.org/10.1016/j.energy.2022.124886

[6] WuH, LiJ, Xing Z. Theoretical and experimental research on
the working process of screw refrigeration compressor under
superfeed condition. International Journal of Refrigeration,
2007, 30(8): 1329-1335.
https://doi.org/10.1016/].ijrefrig.2007.03.009

[7]1 Lopez G, Pourjamal Y, Breyer C. Paving the way towards a
sustainable future or lagging behind? An ex-post analysis of
the International Energy Agency's World Energy Outlook. Re-
newable and Sustainable Energy Reviews, 2025, 212: 115371.
https://doi.org/10.1016/j.rser.2024.115371

[8] Yin H, Ying S, Liu G, et al. Energy, exergy, economic, and
environmental analysis of waste heat source heat pump indus-
trial steam generation system. Energy Conversion and Man-
agement, 2025, 330: 119662.
https://doi.org/10.1016/j.enconman.2024.119662

84

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Giama E, Sittas K, Chantzis G, et al. Carbon neutrality in the
building sector: Optimization of heat pumps operation in
combination to PV/T as auxiliary renewable energy system.
Energy, 2025: 136726.
https://doi.org/10.1016/j.energy.2025.136726

Zhang Y, Yue Q, Wang H, et al. Analysis of carbon emission
and energy consumption transfer characteristics of China's
iron and steel industry. Energy, 2025: 134924,
https://doi.org/10.1016/j.energy.2025.134924

Ji Q, Yin Y, Huang G, et al. An advanced cascade method for
optimal industrial heating performance in hybrid heat pump.
Energy Conversion and Management, 2024, 303: 118187.
https://doi.org/10.1016/j.enconman.2023.118187

Jiang J, Hu B, Wang R Z, et al. A review and perspective on
industry high-temperature heat pumps. Renewable and Sus-
tainable Energy Reviews, 2022, 161: 112106.
https://doi.org/10.1016/j.rser.2022.112106

Chen J, Yang N, Deng M, et al. Manipulating large tempera-
ture glide of zeotropic mixture for ultra-high temperature heat
pump (UHTHP): A comparative study. Energy, 2025, 322:
135370. https://doi.org/10.1016/j.energy.2024.135370

Zhe L, Xue li L, Musong L, et al. Analysis of carbon emission
associated with composite air source heat pumps in buildings.
Case Studies in Thermal Engineering, 2025, 69: 106033.
https://doi.org/10.1016/j.csite.2025.106033

Hosseinnia M S, Amiri L, Poncet S. Performance analysis of a
novel air source ammonia/water cascade heat pump for heat-
ing buildings in subarctic climate. International Journal of Re-
frigeration, 2024, 164: 57-74.
https://doi.org/10.1016/j.ijrefrig.2024.05.011

GaoJ T, XuZ Y, Wang R Z. An air-source hybrid absorption-
compression heat pump with large temperature lift. Applied
Energy, 2021, 291: 116810.
https://doi.org/10.1016/j.apenergy.2021.116810

Sun J, Wang Y, Wu K, et al. Analysis of a new super high
temperature hybrid absorption-compression heat pump cycle.
Energies, 2022, 15(20): 7515.
https://doi.org/10.3390/en15207515

Jung W H, Kang H, Yoon J W, et al. Performance comparison
between a single-stage and a cascade multi-functional heat
pump for both air heating and hot water supply. International
Journal of Refrigeration, 2013, 36(5): 1431-1441.
https://doi.org/10.1016/j.ijrefrig.2013.02.010

Research Field

Haihan Yu: Applied Physics
Zhaorui Zhao: Compressor and Refrigeration


http://www.sciencepg.com/journal/wjap

