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HFO refrigerants of GWP less than 150 as sustainable alternatives in
air conditioner and heat pump

Guanxing Zou(a), Bin Wang(b)
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Shanghai, 201203, China, guanxing.zou@honeywell.com
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ABSTRACT
R410A of high global warming potential (GWP) are widely used in residential and light commercial air
conditioner and heat pump. As the implementation of Kigali Amendment and global environmental
regulations at recent years, refrigerants of GWP<750 such as R32, R452B, R454B are widely adopted to
replace R410A. Additionally to reduce carbon emission further, HFO refrigerants of GWP<150 were
developed. In this paper, the detailed performance evaluation of two HFO refrigerants of GWP<150
R454C and R455A was conducted. The thermal properties, the system performance and the safety
requirement are compared between the baseline refrigerant (R410A), HFO refrigerants of GWP<150
(R454C & R455A) and natural refrigerant (R290).

Keywords: HFO refrigerant, GWP<150, R454C, R455A, air conditioner, heat pump

Refrigeration oil development for R-290 heat pump
Zhaofei Chen, Peng-hui Jia, Mei-juan Ma, Mike Costello, Xin-zhong Chen
Lubrizol Management (Shanghai) Co., Ltd, Shanghai 201206, China, Feyman.chen@lubrizol.com

ABSTRACT
Heat pump development with Low GWP refrigerants is a hot area in China under the background of the
double carbon target and the Kigali amendment. R-290 is a key low GWP refrigerant with excellent
performance and the main OEMs in China are working on the compressor development with R-290. This
article introduces the development of refrigeration oil suitable for R-290 heat pump. By testing basic
physical property, anti-wearing, miscibility test, seal tube stability testing (ASHRAE 97), and PVT testing.
Finally, a refrigeration oil suitable for R-290 heat pump has been successfully developed for the R-290
heat pump application.

Keywords:Double carbon target Kigali amendment R-290 heat pump refrigeration oil development
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ABSTRACT
This research introduces a method to use CFD simulation to estimate the R32 Refrigerant leakage in a closed
space filled with air, which is very helpful to the development of new product of R32 heat pump product.
Simulation cases in this research uses Fluent's species transport equation, which is used to simulate the
transport of different chemical species in a fluid. It solves the transport equations for each species separately
and considers various transport mechanisms such as diffusion, convection, and chemical reactions. The
Species Transport model in Fluent is a powerful tool for simulating and understanding the transport and
interaction of different chemical species in a fluid system. It allows for detailed analysis of species
concentrations, fluxes, and reaction rates, enabling engineers and researchers to study a wide range of
applications, including combustion, chemical reactions, pollution control, and more.[1]

In this research, different chemical species are Gas R32 and Air. With the help of Species Transport model,
explosion risks and vulnerable positions in different products and scenarios are analyzed. The newly developed
refrigerant leakage simulation model not only helps in understanding the distribution pattern of leaked
refrigerant for development and marketing purposes but also allows for predicting the specific size and
location of the flammable volume after leakage, providing robust assurance for improving product safety.

Keywords:Refrigerant Leakage, explosion, closed space, ANSYS Fluent, environmentally friendly refrigerant,
VRF

1. INTRODUCTION

Under the background of carbon neutrality, the application scope of environmentally friendly refrigerant R32 is
continuously expanding. However, when the concentration of R32 is between 13.29% and 29.31%, it is prone
to explosions, posing a significant threat to the safety of customers' lives and properties. To create a safer and
healthier environment, it is necessary to evaluate common environments where air conditioning systems are
used. Due to the high-risk nature of R32 gas, conducting experimental evaluations of leakage is highly
dangerous. Therefore, a simulation approach is adopted to assess safety and provide detailed analysis.

2. REFRIGERANT LEAKAGE OF R32 IN THE BEDROOM

2.1 Install environment of IDU.
As shown in the figure 1, the study focuses on a bedroom in a villa with VRF units installed. The bedroom is 3.5
meters long, 3 meters wide, and 2.5 meters high. There are many IDU connected to the same ODU, and the entire
machine is filled with 88.1kg of R32 refrigerant. One of the IDU has a leak at the connection of the heat exchanger
pipeline, and all the refrigerant has leaked from the damaged area, with a leakage rate of 10kg/h.
Refrigerant flows into the bedroom from the outlet of IDU, flows out from the gap under the door
(W800mmXH4mm), which set as pressure outlet in CFD simulation.



2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

５

Figure 1: 3D Layout of the room.

2.2 meshing setting
Due to transient simulation needs very long simulation time, mesh number should be small. Cut cell mesh is
considered in this simulation to generate high-quality hexahedral meshes.

Mesh setting: max size=128mm, Growth rate=2.0, Proximity min size=2mm. element size at inlet =15mm; total
volume mesh number is 44,945.

Figure 2: mesh setting.

2.3 material parameters
In this research, 2 species are considered which are Gas R32 and Air, idea gas model is adopted to describe the
density. Parameter of the 2 species shows as below, Diffusion coefficient of air and R32 is 1.36987×10^-5[m^2/s].

Molecular mass：
[Kg/Kmol]

specific heat：[J/Kg

・K]

Thermal conductivity：

[W/m・K]

viscosity coefficient：

[Pa・s]
Air 28.9664 1003.62 0.0260305 1.85508×10^-5
R32 52.024 847.46 0.012508 1.2607×10^-5

Table 1: material parameters.

2.4 simulation results
Experimental research has found that explosions are prone to occur when the concentration of R32 is between 13.29% and
29.31%[2]. Use custom functions to monitor the flammable volume over time. The simulation results show that the
flammable volume is 0 within 5 hours. After 7.24 hours, the flammable volume rapidly increases, and after 8.2 hours, all
rooms are in an explosive range.
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Figure 3: flammable volume along with time.

Following figure shows the R32 mole faction contour at different time.

Figure 4: mole fraction of R32 contour on section A.

Figure 5: mole fraction of R32 on section B.
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Figure 6: R32 average concentration in the bedroom.

3. CONCLUSIONS

CFD simulation can calculate the R32 concentration and show the R32 dissipation behavior, which can
identify the explosion risk and provide strong support to the product development. Simulation results show
that the flammable volume is 0 within 5 hours. After 7.24 hours, the flammable volume rapidly increases, and
after 8.2 hours, all rooms are in an explosive range.
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Study on the Impacts of Refrigerant Leakage on the Performance of
Heat Pump System Using R513A as Replacement of R134a
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ABSTRACT
The intensification of global warming has underscored the urgency of mitigating the greenhouse effect. R513A
represents a pragmatic alternative to R134a, offering reduced global warming potential while maintaining
comparable thermodynamic performance. However, refrigerant leakage is one of the common faults in heat
pump equipment. The ability of the system to cope with failures when charged with different refrigerants
should be considered. When the heat pump reached the optimal COP, the optimal refrigerant charge of R513A
is greater than that of R134a. The leakage experiment was carried out under the optimal charge of two
refrigerants. The results showed that the increase of pressure ratio and exhaust temperature were reduced when
the R513A was used in comparison with the R134a under refrigerant leaking. In addition, the heating capacity
of R513A and R134a decreased by 6.35% and 8.91%, respectively. At the same time, COP of R513A system
and R134a system also decreased with refrigerant leakage, The COP of R513A system was reduced by 8.35%,
The COP of R134a system was reduced by 10.15%. The change in COP in the leakage and charge experiments
was also compared, and lacking the same mass of refrigerant, the COP was significantly lower in leakage
experiment. This paper presented a comprehensive experimental comparison of the variation of various
parameters of a heat pump with the leakage of two refrigerants. The experimental results showed that the
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system charged with R513A was more stable than the system charged with R134a when encountering
refrigerant leakage fault.

Keywords: Refrigerant replacement, Heat pump, Refrigerant leakage, System performance, R513A

1. INTRODUCTION

To achieve the goal of energy conservation, reduction of emissions, and sustainable development, it is essential
to begin with the primary source of energy consumption and implement measures to reduce energy
consumption. Drying is one of the most energy-consuming processes in industrial production, with a wide
range of applications in agriculture, food, pharmaceutical preparation, construction, and other fields. Currently,
the utilization of drying heat pumps in the pharmaceutical and chemical industries is expanding. The drying
process for pharmaceuticals and chemicals demands exceptionally high-quality standards, as any deviation
may result in significant production issues. Consequently, the utilization of alternative refrigerants in drying
heat pumps necessitates that the alternative refrigerant meets the efficiency, reliability, and environmental
benefits criteria set forth by the original refrigerant.

The current study primarily examines the impact of alternative refrigerants on the performance of heat pumps
during normal operation. However, in the practical application of heat pumps, refrigerant leakage is a common
source of failure. For drying heat pumps, refrigerant micro-seam leakage will result in a rapid deterioration of

performance, which will lead to a change in system heat production and the destruction of system stability.
This, in turn, will affect the quality of drying products (e.g., pharmaceuticals and chemicals), and problems
such as inhomogeneous drying of pharmaceuticals and chemicals may lead to serious consequences.
Consequently, it is of paramount importance to investigate the impact of the original refrigerant and alternative
refrigerant on system performance and stability in the event of leakage.

2. CHARACTERIZATIONOF ALTERNATIVE REFRIGERANTS IN THE FACE OF
REFRIGERANT LEAKAGE FAULT

The experiment was set up with a fixed leakage rate of 20 g/min and a continuous leakage from the
evaporator outlet line for 45 minutes. The pressure ratio between the compressor inlet and outlet gradually
increased with the leakage of refrigerant, and the exhaust temperature of the compressor also increased,
and, as the refrigerant leakage proceeds, the pressure ratio and exhaust temperature increased more and
more rapidly. Due to the large amount of refrigerant leakage, the evaporating pressure was decreasing, the
compressor suction pressure was also decreasing, the refrigerant mass flow at the suction line is decreasing,
which led to an increase in the pressure ratio. R513A system operated with a higher refrigerant mass flow
rate, and the evaporating pressure was more stable during the leakage process, so the rise in its pressure
ratio was lower than that of R134a. And because its pressure ratio rise was small, so its exhaust
temperature rise was also smaller than R134a.

With the leakage of refrigerant, the heating capacity and COP of the heat pump system decreased, specifically,
the heating capacity of the R513A system decreased by 6.35% and the heating capacity of the R134a system
decreased by 8.91%. The COP of the R513A system decreased by 8.35%, and the COP of the R134a system
decreased by 10.15%. The decreasing trend of the two parameters was also basically the same. Although the
leakage rate was constant, the rate of decrease of the two parameters became faster and faster as the leakage
increased. However, the COP of R513A system decreased less; this might be due to its greater heating capacity
per unit volume which also resulted in more stable heating capacity in case of leakage.



2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

９

Figure 1: The impact of refrigerant leakage on pressure ratio (a), exhaust temperature (b), heating capacity (c), and
COP (d).

In addition, as shown in Fig. 2(a), this paper compared the change of COP during the leakage experiment and
the change of COP during the charge experiment, and found that in both experimental processed, when the
system had the same amount of refrigerant deficit, the COP in the leakage experiment was lower. This may be
due to the drastic change of the system operation state during the leakage process, resulting in low energy
utilization efficiency, while during the charge experiment only the refrigerant amount is insufficient, the
system still runs stably, just not in the optimal state. Fig. 2(b) comprehensive analyzed some of the parameters
of the two refrigerants in the application process. Overall, it seemed that the leakage process had the largest
percentage of change in exhaust temperature and pressure ratio. The overall advantage of R513A is more
obvious.

Figure 2: The comparison of leakage tests and charging volume tests (a), R513A and R134a (b).
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3. CONCLUSIONS

By charging two kinds of refrigerants into the heat pump system for comparison, it can be found that the
difference between the parameters of the R513A system and the R134a system is very small during normal
operation, and when encountering refrigerant fault, the changes in the parameters of the R513A system are
significantly smaller, indicating that the stability of the R513A system is stronger than that of the R134a
system. The stability of alternative refrigerants to cope with various fault is also a key point that should not
be ignored when refrigerant replacement is carried out.
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Study the influence of oil return hole size on oil mass flow rate in
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ABSTRACT
This research introduces a method to use CFD simulation to estimate oil flow behavior in the accumulator,
which is very helpful to the design of accumulator and the healthy running of the air conditioner. Simulation
cases in this research uses Fluent's VOF Model, which is used to simulate and analyze the behavior of multiple
immiscible fluids or phases interacting with each other. In the VOF model, a volume fraction is assigned to
each phase within a computational cell. The volume fraction represents the ratio of the volume occupied by a
specific phase to the total volume of the cell. The interface between the phases is tracked using a sharp
interface method.

In this paper, the influence of oil return hole diameter (1.5mm, 2mm, 2.5mm, and 3mm) on oil mass flow rate
is studied. Besides, the simulation results have been compared with experimental results, showing good
consistency. Furthermore, the flow behavior of oil in the accumulator and the movement of gas refrigerant at
the equal pressure hole are investigated. This study is helpful to improve product robust.

Keywords:Compressor oil shortage, multiphase flow of oil and Refrigerant, oil return hole size.
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1. INTRODUCTION

Regarding air conditioning design, the control of compressor oil in the refrigerant Cycle is a crucial issue. The
circulation of compressor oil with the refrigerant in the circuit can lead to improper functioning of the
compressor, affecting the cooling and heating performance. Therefore, it is necessary to use an accumulator to
intercept the compressor oil, reduce its entry into the refrigerant system, and return the accumulated
compressor oil back to the compressor to ensure proper operation.

The flow behavior of gas refrigerant and liquid oil the fields of multiphase flow, which can use VOF model in
Fluent to investigate. The Volume of Fluid (VOF) model is a widely used approach in computational fluid
dynamics (CFD) simulations for tracking the interface between two immiscible fluids. This model is
particularly useful for simulating multiphase flows, such as the interaction between air and water, oil and water,
or any other combination of fluids. The benefit of using the VOF model is its ability to accurately capture the
behavior of the interface between the two fluids, including the formation of waves, splashing, and mixing. This
makes it a valuable tool for studying a wide range of phenomena, including sloshing in tanks, wave impact on
structures, and the behavior of liquid jets.[1]

2. OIL FLOWBEHAVIOR IN THE ACCUMULATOR

2.1 Accumulator introduction
The following image is the 3D model of accumulator, consisting of two pipes and a tank. Gas refrigerant which contains
liquid oil enters the accumulator from tube 1, and oil droplets gather at the bottom of the tank under the action of gravity,
while gas flows out from tube 2. To prevent oil from being sucked away from the accumulator during startup, a pressure
hole is installed in tube 2.

Figure 1: introduction of accumulator

The experimental measurement shows that the outlet pressure of tube 2 is 1MPa and the temperature is 10 ℃. According
to the Pressure-temperature-solubility-viscosity chart[2] and the refrigerant property parameter table, the property
parameters for oil and R32 are as follows:
 Gas R32: density=27.238kg/m3, viscosity= 11.831e-6Pa.s
 Liquid Oil: density=1000kg/m3, viscosity=6e-3Pa.s
According to experimental measurements, the height of oil in the accumulator accounts for approximately 1/4 of the
total height of the accumulator. The mass flow rate of oil and refrigerant at inlet are as follows:
 Mass flow inlet: R32 0.12kg/s, Oil= 0.0072kg/s
 Pressure Outlet: 1Mpa.
 Oil Level height:1/4 of the separator (-253.5~-178.5)
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Table 1 : Pressure-temperature-solubility-viscosity chart

2.2 Problem of the accumulator
When using accumulator 1, the compressor experiences a shortage of oil. Attempted to refuel the compressor, but the
issue of oil shortage has not improved. Therefore, it is suspected that the oil is stuck inside the oil, and the refrigerant
cannot take the oil away.
When changing to accumulator 2, there is an 80% chance that it is good. After changing to accumulator 3, there is
100% no problem.
Evaluate the mass flow rate of the export oil for three accumulators with CFD simulation, determine if there is any oil
remaining in the oil fraction from the data of oil mass flow rate.

Table 2: different accumulator parameters

2.3 Analysis of flow behavior in accumulator
Gas refrigerant which contains liquid oil flows into the accumulator from pipe 1, due to the presence of surface
tension, the form of oil is oil droplets, and the droplets are hanging on the pipe wall. Under the impact of high-speed

airflow, oil droplets will flow out of pipe 1 along the pipe wall and impact the oil tank wall. After impacting the oil
pipe, oil droplets adhere to the oil tank and converge to the bottom under the action of gravity.

Gas
Gas refrigerant flows out from pipe 2, high velocity in the pipe 2 creates low pressure are around the oil hole. The
low-pressure area will absorb oil from the tank..
Due to the presence of surface tension, oil enters tube 2 in the form of oil droplets and adheres to the wall of the tube
after impact quickly. Then flow out with high-speed gas refrigerant.

Figure 2: oil flow behavior in the accumulator.

No Unit Volume Pipe D Oil Hole Pressure Hole Test Result

1 CA 10L 41mm 2.0+1.5mm 3mm NG

2 CA 10L 41mm 3mm 3mm 80%

3 SA 10L 28.6mm 2.5mm 3mm 100%
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Gas R32 flow into the Pipe 2 from the pressure-Hole, Velocity is around 16m/s.

Figure 3: gas refrigerant flow behavior at the pressure hole.

2.4 influence of oil hole diameter to oil mass flow rate
Oil mass flow rate of NO.1 accumulator is 3.59g/s, which is less than the mass flow rate at inlet, so oil stays in the
accumulator. Oil shortage problem happens.
Oil mass flow rate of No-2 is larger, but still les than inlet, so risk is still not solved 100%;
Oil mass flow rate of No.3 is larger than inlet, so there is not risk. This is consistent with experimental results.

No-1 No-2 No-3
Oil Hole Dimater(mm) 2.0+1.5mm 3mm 2.5mm
Pipe Diamter(mm) 41mm 41mm 28.6mm
Pressure Hole Diameter(mm) 3mm 3mm 3mm
mass flow rate of oil(g/s) 3.59 4.85 7.86

Table 3: oil mass flow rate.

3. CONCLUSIONS

The VOF model can calculate the mass flow rate of oil for various accumulator design scenarios, and
monitoring the changes in mass flow rate can help identify potential oil shortage risks. The detailed
insights from VOF can aid designers in better comprehending the oil's movement within the accumulator,
providing strong support for accumulator design.
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ABSTRACT
Heat pump systems are considered key devices for achieving the 2050 carbon neutrality goal. In
automotive heat pumps, the refrigerant systems have transitioned to HFO refrigerants (such as R1234yf) to
replace traditional HFC refrigerants due to F-gas regulations. However, the risks associated with PFAS
(perfluorinated compounds) have recently been highlighted, and regulatory movements in Europe are
prompting a shift towards natural refrigerants. Among the candidates for natural refrigerants, R290 is
known as an appropriate alternative for heat pumps due to its low GWP (Global Warming Potential) and
ODP (Ozone Depletion Potential), along with excellent thermodynamic properties. However, due to R290's
high flammability as an A3 refrigerant, considerations regarding operational conditions, installation
environments, and explosion risks are needed. This paper aims to introduce various applications of heat
pumps using R290 refrigerant and review international technological trends for ensuring safety when using
flammable refrigerants.

Keywords: Heat pump, Flammable refrigerant, Propane, R290, Safety measure
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charging temperature for high temperature lift
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ABSTRACT
Renewable energy utilization is a critical way to carbon neutrality. Although most renewable energy
sources are abundant, they are usually at low grade and unstable or even intermittent, which results in
difficulty in direct utilization. Thermal battery, also known as thermal energy storage, plays an important
role in eliminating the mismatches between the renewable energy and end users in timing and intensity.

However, the input temperatures of the conventional thermal batteries, including sensible and latent
thermal batteries, are always higher than the output temperatures, which means that the heat output is at a
lower grade than the heat source. Therefore, the conventional thermal batteries cannot address the
low-grade problem. Absorption thermal battery (ATB) demonstrates not only an excellent energy storage
performance, but also a unique ability of temperature upgrading, which provides a promising solution for
the utilization of low-grade renewable energy.

This study proposed a novel two-stage type II ATB to further lower the charging temperature and improve
the temperature lift. Dynamic simulation has been conducted to investigate and compare the performance
of the basic and two-stage type II ATBs. Results indicate that the two-stage type II ATB can be charged
under extremely low temperatures, e.g., ~50 °C. The temperature lift is improved from 30 °C to 60 °C
under a charging temperature of 70 °C. Moreover, the energy storage density and efficiency are also
significantly enhanced. This study can provide theoretical references and suggestions for the development
of ATB technology for low-grade renewable energy utilization.

Keywords: Absorption Thermal Battery, Two Stage, Low Grade, Temperature Lift, Energy Storage
Density.
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ABSTRACT
With the development of refrigerant substitution technology, existing studies have focused extensively on
the environmental impact index, thermodynamic performance, safety, and economics of different
refrigerants. However, the effect of different refrigerants on the frosting performance for air source heat
pumps (ASHPs) is neglected. To fill the research gap above, this paper investigated the effects of different
refrigerants on the frosting performance for ASHPs, including variations of heating capacity reduction,
frosting rate, and optimal defrosting initiating time, using R410A and R32. Then based on the experimental
data from 21 ASHPs with different configurations and operations, two prediction models for the frosting
performance and the optimal defrosting initiating time were established.

The experimental results show: Under the frosting condition of 2/1℃, when the characteristic index for
configuration and operation (CICO) of R410A ASHPs is 5, 10, 15 and 20, the operation time of 5%
reduction of heating capacity is 32.7min, 66.1min, 97.9min and 136.2min respectively, and the optimal
defrosting initiating time is 38.3min, 69.0min, 90.3min and 118.6min respectively. Meanwhile, for R32
ASHPs with the same condition, the operation time of 5% reduction of heating capacity is 22.5min,
41.0min, 57.1min and 71.5min respectively, and the optimal defrosting initiating time is 27.1min, 44.4min,
61.3min and 77.5min respectively. It can be seen that compared with R410A refrigerant, the frosting rate
of R32 ASHPs is 31%~48% faster, and the defrosting initiating time should be advanced by 29%~35%.

Therefore, different refrigerants have a significant effect on the frosting-defrosting performance of ASHPs.
The configurations and operations of ASHPs need to be optimized for different refrigerants to ensure
efficient operation in frost conditions.

Keywords: Air source heat pumps, Refrigerants, Frosting performance, Optimal defrosting initiating time,
Different configurations and operations
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ABSTRACT
The frost suppression performance of superhydrophobic surfaces decreases significantly in the late frost
stage. In this paper, the air source heat pump active-passive joint frost suppression method is adopted, and
the experimental investigation of superhydrophobic modification is combined with reverse defrosting and
hot gas bypass defrosting respectively, and the control strategy under different defrosting methods is
determined based on the temperature difference control method. The experimental results show that
regardless of the surface properties, reasonable defrost control can effectively improve the heat absorption
performance of the heat exchanger. Different defrosting methods have different optimal defrosting points,
and the two defrosting methods also show obvious differences in energy consumption during multiple
defrosting cycles. It has been proved that the superhydrophobic heat exchanger shows excellent
performance in the active-passive combined defrost suppression mode, while the ordinary heat exchanger
has a significant impact on its heat transfer performance due to the retention of defrost water. In this study,
the combination of superhydrophobic heat exchanger and two traditional defrosting modes to reduce
defrosting energy consumption provides data support for the wide application of superhydrophobic
modification technology.

Keywords: Defrost Strategies, Superhydrophobic, Air Source Heat Pumps, Frosting, Active.
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ABSTRACT

Superhydrophobic technology offers a potential solution to the persistent issue of frost formation on heat
pump evaporators. However, the practical application of this technology is currently constrained by factors
such as cost, environmental impact, frost suppression performance, and durability. In this manuscript, we
have developed a superhydrophobic coating that approaches the cost of widely commercialized hydrophilic
coatings and is environmentally friendly with no VOCs. This coating can be efficiently applied to the
surface of evaporators, benefiting from the self-propelled jumping phenomenon of condensate droplets
under supercooling conditions. As a result, the coating significantly extends the defrosting cycle. Under
standard frost testing conditions of 2/1°C, the defrosting cycle of a 1.5HP heat pump unit is extended from
50 minutes for hydrophilic coatings to 260 minutes, with a 23% increase in the unit's average heating
capacity. In durability tests, the coating exhibits adherence, acid and alkali resistance, salt spray resistance,
and UV resistance that meet corresponding standards. Moreover, after undergoing 1500 cycles of frost and
defrost, the contact angle of the coating does not significantly decrease, and there is no noticeable change
in its frost suppression performance.

Keywords: Anti-frosting Heat Pumps, Superhydrophobic, Evaporators, Energy Efficiency.
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ABSTRACT
Ground source heat pump systems can provide a stable heating source throughout the year, unaffected by
outdoor temperature fluctuations. Additionally, phase change materials can balance indoor temperature,
avoiding drastic temperature fluctuations, and thereby improving indoor comfort. Consequently, these
technologies find extensive use in buildings. This study focuses on an office building in Jinan, Shandong,
establishing a simulation model of a radiant floor heating system powered by a ground source heat pump
system. Building load simulations were conducted to determine the heating capacity provided by the
ground source heat pump. Additionally, phase change materials were integrated at the end of the system to
analyze the thermal performance and thermal comfort under different supply water temperatures and flow
rates. The results demonstrate that an increase in the water supply temperature and flow rate leads to a
decrease in the coefficient of performance (COP) of the heat pump. Specifically, when the water supply
flow rate is constant, an increase in the water supply temperature results in an increase in the average
performance coefficient COPs of the total system. However, when the water supply temperature is constant,
an increase in the water supply flow rate leads to a decrease in COPs. At water supply temperatures
between 33-35°C, the indoor temperature of the system does not reach the set temperature. However, with
a system water supply temperature of 36°C and a water flow rate of 5000 kg/h, the indoor temperature can
reach the set temperature, providing suitable indoor thermal comfort. At this point, the system provides
8460 kWh of heating, with a total energy consumption of 3294 kWh, a system COPs of 2.57, and a heat
pump COP of 5.56.

Keywords: Ground source heat pump; phase change thermal storage; thermal characteristics; floor radiant
heating system
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ABSTRACT
Absorption thermal energy storage (ATES) using LiBr-water as working pairs can realize high energy storage
density and efficiency. However, for domestic hot water demands, the temperature lift ability and operatable
temperature range of LiBr-water ATES are still limit under low ambient temperature, such as winter in
Northern China. In order to extend the application of LiBr-water ATES, this research proposes a heat pump
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assisted LiBr-water ATES, which uses heat pump heating or cooling to adjust the ambient temperature into a
proper range for ATES. When discharging for heating or domestic hot water supplication at low ambient
temperature, the heat pump lifts the evaporation temperature of ATES. When charging and discharging for
cooling at high ambient temperature, the heat pump can drop the condensation temperature and absorption
temperature of ATES, respectively. By testing the domestic hot water supplication (65 ºC output) and
refrigeration (7 ºC output) working conditions under high or cold ambient, the results shows that the heat pump
assisted 3-phase LiBr-water ATES can maintain high energy storage density of 190 kWh/m3 and 210 kWh/m3,
respectively. Moreover, a closed cooling tower is added to save the electricity consumption. Then, the
electricity-heat conversion efficiency can achieve 2.22, 1.53, and 1.08 at 10 ºC, 5 ºC, and -9 ºC ambient,
respectively, while the electricity-cold conversion efficiency can achieve 1.46 at 28 ºC ambient. This work is
owing to widen the usage of ATES in different scenarios with low ambient temperature and help the
cooperation between heat storage and heat pump.

Keywords: Thermal Energy Storage, Absorption, Heat Pump, Conversion Efficiency, Experiment

1. INTRODUCTION

Absorption thermal energy storage (ATES) with advantages of temperature lift/drop ability and high energy
storage density (ESD) is considered as a potential widely used energy storage technology in China [1].
However, for ATES in some severe cold or hot ambient, large temperature lift/drop demand conflicts with high
ESD performance while common water-based working pairs suffer from freezing risk, which will limit the
application of ATES in China's diverse climate.

Air-source heat pump (ASHP) can manage temperature flexibly and efficiently [2]. In this research, an ASHP
is used to afford part of large temperature lift/drop demand and adjust the ambient temperature into a proper
range for LiBr-water ATES under cold or hot ambient. It believes that the ASHP assisted ATES can maintain
the high performance of ATES in cold ambient and thereby broaden the usage of ATES in China.

2. HEAT PUMP ASSISTED ABSORPTION THERMAL ENERGY STORAGE

An ASHP assisted 3-phase LiBr-water ATES has been proposed as shown in Fig. 1, in which the ASHP
connects with the heat exchanger in solution tank or water tank of ATES by a switchable water loop. To
save the electricity consumption of ASHP, a closed cooling tower is added to connected with ATES and
parallel with ASHP. It can provide cooling effect and replace ASHP under some ambient.

The setup was tested in a calorimetric chamber to simulate four typical cold or hot ambient as shown in
Table 1. At the cold ambient (conditions 1~3), the heat pump lifts the evaporation temperature of ATES
from ambient temperature to 35 ºC when discharging for supplying domestic hot water while the
condensation heat is released to the ambient by cooling tower when charging. At the hot ambient
(condition 4), the heat pump drops the condensation temperature of ATES from ambient temperature to 15
ºC when charging while the absorption heat is released to the ambient by ASHP when discharging for
refrigeration.
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Figure 1: Experiment setup of ASHP assisted ATES.

Table 1: Experimental conditions and results.

Experimental condition Ambient temperature
(ºC)

Demand ESD of ATES
(kWh/m3)

ECOP of
system

1-summer in cold
region

10 65 ºC
(domestic hot

water)

210 2.22

2-winter in hot region 5 190 1.53
3-winter in cold region -9 190 1.08

4-summer in hot region 28 7 ºC
(refrigeration)

210 1.46

As can be seen in Table 1, when ambient temperature reduced from 10 ºC to -9 ºC, the ESD of ATES for
domestic hot water does not change much, which is mainly due to the same operating temperature of ATES
maintained by ASHP. However, the ECOP of the system decreased significantly because of decreased COP of
ASHP and increased heat loss from system to environment with the reduction of ambient temperature.

3. CONCLUSIONS

The heat pump assisted 3-phase LiBr-water ATES can maintain high energy storage density with acceptable
electricity-heat conversion efficiency when supplying domestic hot water or refrigerating under low or high
ambient temperature, which opens up the possibility of widening the usage of ATES in different scenarios and
cooperating between heat storage and heat pump.
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ABSTRACT
Decarbonizing the heating and cooling system in buildings is crucial for realizing a plus-energy building
with negative carbon emissions. The heat pump is a key strategy for achieving electrified thermal energy
management. This study presents a novel system consisting of air source heat pump (ASHP) paired with
sorption thermal battery (HPSTB) and compares HPSTB with the conventional water heater, which
consists of the heat pump with hot water tank. The time required to reach the required temperature of hot
water is reduced by employing thermochemical energy storage compared to sensible heat storage. The
required storage volume is drastically reduced under the condition of supplying the same amount of heat.
The dynamic characteristics of the sorption thermal battery (STB) are observed using an unsteady dynamic
model employing H2O/LiBr as working fluid. A feasibility study is investigated to compare the
performance of the HPSTB with 16 kg of the solution charged and the conventional heat pump water
heater with 200 L of H2O under the conditions of meeting the same amount of heat demand estimated at
2.3 kWh. The time taken to obtain 90 ℃ of hot water with the HPSTB is estimated at 6000 sec,
representing 71.4 % reduction in the required time compared to using a sensible heat storage. The HPSTB
achieves 214.8 kWh/m3, while the conventional heat pump water heater shows 11.44 kWh/m3, 18.8 times
larger. The HPSTB represents 72.5 % reduction in the required heat input to meet the demand of 2.3 kWh,
indicating that HPSTB is more efficient in energy saving than the conventional water heater.

Keywords: COP, ESD, Heat pump water heater, Sorption thermal battery, Thermochemical energy storage

1. INTRODUCTION

Buildings account for 40% of total energy consumption and 25% of greenhouse gas emissions, highlighting
the need to implement both existing technologies and innovative solutions to reduce CO2 emissions efficiently.
Heat pump water heaters are more energy-efficient than the conventional boilers but face temporal and spatial
disparities between demand and supply, often requiring large hot water tanks that increase system size and
heating time.

STB, which store and supply heat via the absorption and generation processes of refrigerants and solutions,
presents a viable solution through thermochemical energy storage. This method offers a higher energy storage
density (ESD) than sensible or latent energy storage. In the systems of equivalent size, it allows operation with
a minimal amount of working fluid, leading to shorter charging/discharging times and reduced heat
requirements.

This study proposes a novel combined system of ASHP and STB for building heating and hot water supply.
Simulation analysis is conducted to optimize operating points, resulting in increased ESD, shorter heating
times, and reduced amount of required heat input.

mailto:chw000186@korea.ac.kr
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2. Heat pump integrated sorption thermal battery water heater

Fig. 1 shows the configuration of a HPSTB. When there is no demand for hot water, the STB is charged
using heat from the ASHP condenser, which serves as the heat source for the generator. When hot water
demand arises, the STB is discharged by utilizing the heat from the ASHP condenser as the evaporator heat
source. At this time, the water heated in the absorber is supplied as domestic hot water. For the working
fluids of the STB, water is used as the refrigerant, and a 55% concentration lithium bromide aqueous
solution is employed as the absorption liquid.

(a)

(b)

Fig. 1 Schematic diagram of HPSTB (a) Charging process, (b) Discharging process.

Charging and discharging of the STB takes place for 6,000 seconds each. In order to increase the ESD, the
flow rate sprayed from the inlet of the heat exchanger of STB and the flow rate of the secondary working
fluids are set to be the same. When the refrigerant vapor moves from the generator to the condenser, a
vapor-liquid equilibrium state is assumed at the generator outlet.

The performance of a sensible heat storage heat pump water heater and the proposed HPSTB is compared
when providing the same output. The working fluid volumes for the conventional and HPSTB systems are 0.2
m³ and 0.0115 m³, respectively, with ESD of 11.44 kWh/m³ and 214.8 kWh/m³, respectively. The time
required for the HPSTB to heat the hot water is 6000 seconds, a 71.4% reduction compared to the 21010
seconds required for conventional heat pump water heater. The amount of energy needed from the heat pump
condenser to meet the same domestic hot water demand is reduced by 72.5%, with the HPSTB requiring 4.5
kWh compared to 16.34 kWh for the existing heat pump water heater.

(a) (b)
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(c)

Fig. 2 (a) Temperature of heat pump water heater while heating, (b) Temperature of solution tank and outlet
water from absorber of STB, (c) Comparison of ESD and required heat from ASHP

3. CONCLUSIONS

The proposed heat pump integrated sorption thermal battery water heater utilizes a sorption thermal battery
with a high ESD. It was found that the proposed HPSTB system required a shorter charging time and a smaller
amount of heat input compared to the existing heat pump water heaters of the same output scale.
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ABSTRACT
Energy recovery systems are designed for low-temperature storage of grain to avoid energy waste. The
energy recovered can be used for the heat pump dryer in the food industry. However, the non-uniform
internal airflow field still remains a problem for heat pump drying. This paper aims to optimize the uniformity
of air distribution in a heat pump cabinet dryer, in order to improve performance of the drying equipment and
energy recovery efficiency of the energy recovery system by managing the airflow in heat and mass transfer
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areas. In this paper, six heat pump cabinet dryer models are designed based on a traditional dryer model, and
numerically studied through Computational Fluid Dynamics modelling to determine the configuration that
produces the most satisfying airflow uniformity for drying. Experimental validations are performed for both
unloaded operations with perforated and non-perforated pallets, respectively, and loaded operations. The
effects of air velocity, temperature, humidity and heat and mass transfer are analyzed. According to the
simulation results, the configuration with top supply, middle air return, and 4° inclination angle is optimal. It is
also found that the air supply velocity of 1.5-2.5 m/s results in the best air uniformity while the air temperature
has an insignificant influence. A study on the physico-chemical and sensory properties of dried product using
the selected dryer model is conducted. Results show that, with the reformed structure, baffle configuration and
perforated pallets, the heat pump dryer manifests satisfying airflow uniformity and good drying performance,
which can optimize the utilization efficiency of the energy recovery system.

Keywords:Heat Pump Drying, Structural Reconstruction, Air Distribution Optimization, Computational Fluid
Dynamics

1. INTRODUCTION

Combining a heat pump drying system with an energy recovery system can significantly improve energy
utilization efficiency during the drying process, reduce operational costs, and ensure the quality and
consistency of dried foods. This integrated system is not only applicable to food drying but can also be
extended to other drying fields that require high efficiency and energy savings, such as wood, medicinal herbs,
and chemical products drying.

The heat pump drying system plays a crucial role in the food drying industry. It is highly efficient and
energy-saving, environmentally friendly, and capable of recovering and utilizing the heat discharged during the
drying process, thereby improving energy utilization efficiency. Typically, it saves 30-50% more energy
compared to traditional drying methods[1], making it the preferred choice for many food processing
enterprises. However, ineffective airflow management can increase the energy consumption during the
drying process, thereby raising the drying costs of food materials[2].

In a heat pump cabinet drying system, the efficiency of the heat pump and the internal structure of the cabinet
dryer have the greatest impact on energy consumption, with structural influence accounting for up to 30% of
the total energy savings of the entire system. The uniformity of air distribution within the dryer is critical, as it
affects both drying efficiency and the quality of the dried products.

2. HEAT PUMP DRYING AND ITS SIMULATION& EXPERIMENTAL STUDY

In a conventional heat pump drying cabinet, the air inlet and outlet are located at opposite ends of the same
cabinet wall, with the heat and mass transfer zone situated between them. In the cabinet dryer, aside from
the trays holding the materials to be dried, there are no other structures, resulting in uncontrolled airflow
drying the materials. This study aims to numerically design and optimize the heat pump cabinet dryer and
conduct experimental validation to draw attention to airflow management in convective dryers for fruits,
vegetables, and other agricultural products. Taking an ordinary cabinet dryer for fruits and vegetables as
the research object, six CFD models were established. The study investigated the uniformity of airflow
distribution in the heat pump cabinet dryer.

Various constructed models were studied to explore the effects of baffle placement, wall inclination angle, and
inlet/outlet positions on the uniformity of airflow distribution in the heat and mass transfer zone. By comparing
the models, it was found that the model with top air supply, middle air return, and a 4° inclination angle of the
side walls (Fig. 1a) achieved the best uniformity in both airflow speed and temperature. The temperature and
airflow speed in the drying area were able to meet the drying requirements effectively (Fig. 1b, c).
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Figure 1: Research on the heat pump drying cabinet: Optimal allocation (a), Simulation of velocity distribution of the
optimal structure model at T=313(b), Simulation of temperature distribution of the optimal structure model at V=2 (c),
Deviations between simulation and experimental results (d), Temperature deviation during no-load experiment (e) and

Shrinkage rate of dried material during load experiment (f).

Unloaded and loaded experiments were conducted on the selected optimal structural configuration. Figure 1d
shows the deviation between the simulation and experimental results, which remained within 10% under
various conditions, indicating a good match between the simulation and experimental results. In the unloaded
experiment, with an inlet air speed of V=2m/s, the temperature deviation within the drying area was within
±0.3% (Fig. 1e), demonstrating good uniformity. In the loaded experiment, the dried materials were evaluated
for quality and sensory characteristics. The shrinkage rate of the products in different locations remained
between 75% and 85% (Fig. 1f), and the smell and taste were good, proving excellent drying uniformity and
effectiveness.

3. CONCLUSIONS

The modified structure of the heat pump cabinet dryer ensures good drying uniformity within its interior.Under
unloaded conditions, when air velocity was 1.5–2.5 m/s, the internal air distribution was more uniform. The
temperature working condition of 313 K yielded the best uniformity. In general, compared to air temperature,
air velocity was found to have more effects on uniformity.
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ABSTRACT
The drying performance of dense tobacco drying room has a significant impact on the drying quality of
tobacco leaves, and the drying quality of tobacco leaves is closely related to the index of airflow in the
drying room. This article adopts the methods of porous media model and regional rotating fan model to
study the velocity and temperature fields inside the drying room, and obtains the distribution pattern of
heat flux field inside the drying room. The research results indicate that the uniformity of the internal heat
flow in the drying room before optimization is poor, with non-uniform coefficients of temperature and
velocity of 0.576 and 0.631. The airflow converges at the air outlet and the back of the drying room,
creating vortices. The experimental results and simulation calculation results fit well, with an error within
10%. By optimizing the box structure, the uniformity of heat flow organization inside the dense tobacco
curing room was ultimately improved, and the non-uniformity coefficient was increased to 0.701, which
was 6% higher than the original structure, thereby improving the drying quality of tobacco leaves in the
curing room.

Keywords: Tobacco Drying ,CFD, Numerical Simulation ,Structural Optimization
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ABSTRACT
The performance of an air source heat pump drying (ASHPD) system varies significantly compared to
other heat sources for the heat pump, and its performance is strongly influenced by ambient temperature.
This study experimentally evaluated the thermal performance of an air source heat pump drying system
with waste heat recovery for operating at 20 C to -10 C ambient temperature environments in open,
semi-closed and fully closed configurations.

The results show that waste heat recovery enhanced the evaporator temperatures by 1.5 C and 9.4 C in
the semi-closed and fully closed configurations, respectively, leading to the heating capacity increase of
6.7% and 30.7%. Consequently, the overall coefficient of performance (COP) improved by 4.2% and
16.9%. However, due to higher condenser pressure, the fully closed configuration was limited to operate at
10 °C to -10 °C ambient temperature range. Nonetheless, decreasing ambient temperatures resulted in a
pronounced COP degradation of 29.6% and 29.7% in open-loop and semi-closed configurations and 19.9%
in the closed-loop configuration.
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The results from this study emphasise the importance of waste heat recovery in enhancing HPD system
thermal performance, crucially addressing COP degradation in cold ambient conditions. It also stresses the
impact of air-loop configuration on HPD system efficiency, suggesting fully closed configurations for
colder seasons or climates and open or semi-closed configurations for warmer seasons or regions. These
insights facilitate the optimisation of HPD system design and operation across varying environmental
conditions, promoting energy efficiency and sustainability in drying processes.

Keywords: Heat pump drying, waste heat recovery, ambient temperature, thermal performance, COP
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ABSTRACT
Drying is a very important part in the field of agriculture, which requires a lot of energy. The air
temperature and humidity control is the focus of attention in crop growth, which is also an important
dimension to measure the quality of the crops. Current drying methods in the agricultural including
electric heating and air source heat pump, while the electric heating can lead to high energy consumption,
and the air source heat pump may not reach the ideal temperature when the environment is harsh. In this
paper, the reverse Brayton air cycle drying system is proposed to get high temperature and low humidity
air quickly by adjusting the pressure ratio. Meanwhile, an improved reverse Brayton air cycle drying
system with a water cooler is proposed to improve the system drying efficiency. When the compression
ratio is 3.0 and the environmental air temperature is 28 ℃, the temperature of air supplied to crops of the
system with the water cooler can reach 63.7 ℃, and the humidity content of the air supplied to crops is
0.0075 kg/kgDA. Furthermore, the total dehumidification rate of the improved system can reach 9.35 g/s,
which is improved by 1.49 g/s compared with the reverse Brayton air cycle drying system. The
dehumidification energy efficiency of the improved system can reach 0.82 kg/(kW.h), which is improved
by 0.1 kg/(kW.h) compared with the reverse Brayton air cycle drying system. The reverse Brayton air cycle
drying system for agricultural application can ensure the stability of the drying process, reduce energy
consumption and environmental pollution, and achieve the sustainable agricultural development.

Keywords: Reverse Brayton air cycle, Drying system, Agricultural drying, Dehumidification, Pressure
ratio.

1. INTRODUCTION

Drying is considered one of the most effective methods for preserving food in agricultural storage [1]. In
developing countries like India, sun drying is the most commonly used method for drying agricultural
products. Many scholars have made significant advancements in drying technology, developing a range
of highly efficient, energy-saving, and environmentally friendly drying equipment [2]. The integration of
the reverse Brayton cycle with drying allows for increased drying efficiency while reducing energy
consumption, thereby achieving energy conservation and environmental protection goals. This paper
proposes two drying systems based on the reverse Brayton cycle, which use compressor adjustments
toachieve high-temperature, low-humidity air, thus regulating the temperature and humidity of
agricultural products.
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The system
An improved system

The system
An improved system

The system
An inproved system

2. REVERSE BRAYTONAIR CYCLE DRYINGSYSTEMS
In this paper, a drying system based on the reverse Brayton air cycle is presented in Fig. 1(a), which
consists of a compressor, a heat exchanger and expander, and a motor. High temperature and low
humidity air is obtained quickly by adjusting the pressure ratio. Meanwhile, an improved reverse
Brayton air circulation drying system with the addition of a chiller is proposed. Compared with
thissystem, we proposed an improved drying system with the addition of a chiller, as shown in Fig. 1(b),
where we added a chiller behind the heat exchanger so that the system heat dissipation can reach a
thermal equilibrium.

(a) (b)

Figure 1: Schematics of reverse Brayton air circle drying systems: (a), original system(b), an improved system.

65 0.016

0.014
60

0.012

55
0.010

50
0.008

45
1.8 2.0 2.2 2.4 2.6 2.8 3.0

Pr

0.006
1.8 2.0 2.2 2.4 2.6 2.8 3.0

Pr

(a) (b)

10

8

6

4

2

0

1.8 2.0 2.2 2.4 2.6 2.8 3.0

Pr

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

The system
An improved system

1.8 2.0 2.2 2.4 2.6 2.8 3.0

Pr

(c) (d)

Figure 2：Relationship between pressure ratio and system performance parameters: (a), outlet temperature(b),
outlet humidity (c),G (d),DEE.
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The relationship between the system pressure ratio and the export air temperature is shown in Fig.2(a), as the
pressure ratio increases the export air temperature of the system continues to rise, the pressure ratio of 3.0, the
improved system export air temperature of 63.7 ℃, the original system export air temperature of 64.8 ℃ is not
much difference, both reach high temperature status. Fig. 2(b) shows the relationship between the pressure
ratio and the moisture content of the outlet air, at the air temperature entering the system is 28 °C, the moisture
content of the outlet air of the improved system is 0.0075 kg/kgDA at the pressure ratio of 3.0, which is
reduced by 0.002 kg/kgDA compared with the original system. as shown in Fig. 2(c), at the entering air
temperature of 28° C, the moisture content of the outlet air of the improved system is 0.0075 kg/kgDA.
compressor, the dehumidification rate (G) of the two drying systems showed an increasing trend as the
pressure ratio increased from 1.8 to 3.0. When the pressure ratio reaches 3.0, the G of the conventional system
reaches 7.86 g/s, and the G of the improved system reaches 9.35 g/s, which is an improvement of 1.49 g/s
compared with the original system.

The relationship between the pressure ratio and the dehumidification energy efficiency (DEE) of the drying
systems is shown in Fig. 2(d), where the DEE of the two drying systems firstly increases and then decreases
with the increase of the pressure ratio from 1.8 to 3.0 at an air temperature of 28 °C entering the compressor.
At a pressure ratio of 3.0, the DEE of the original system reaches 0.72 kg/kW.h, and that of the improved
system reaches 0.82 kg/kW.h, which is an improvement of 0.1 kg/kW.h compared to the original system,
indicating that the improved system has higher dehumidification energy efficiency compared to the original
system This indicates that the improved system has higher energy efficiency of dehumidification compared
with the original system.

3. CONCLUSIONS

For the existing drying technology, two drying systems based on the reverse Brayton cycle are proposed
in this paper. The effects of pressure ratio and inlet air temperature, cold source temperature on the system
performance are studied, and the system COP, G and DEE are also compared. and for different crops, the
drying end working conditions required by different crops are analysed, and the results of the analyses show
that:

(1) The two drying systems based on the reverse Brayton air cycle proposed in this paper can quickly get the
air supplied to the crops for high temperature drying by adjusting the pressure ratio, comparing with the
traditional electric heating and air source heat pump drying methods.

(2) The use of chiller can be utilised to dissipate heat by contacting water with the air, so that the humidity
content of the air supplied to the crops can be reduced. When the humidity is 0.0075 kg/kgDA at an inlet
air temperature of 28 °C and a pressure ratio of 3.0, the air supplied to the crops for drying has a lower
humidity content compared with the original system, which indicates that it has a better drying effect.

(3) Higher G and DEE of the improved system, when the pressure ratio is 3.0, the G of the improved system
can reach 9.35 g/s, which elevates the total dehumidification rate G by 1.49 g/s compared with the original
system; the DEE of the improved system can reach 0.82 kg/kW.h, which is elevated by

0.1 kg/kW.h, which is more conducive to obtaining high-temperature dry air to supply crops for drying.
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ABSTRACT
At present, the commonly used clothes dryers are based on electric heating and air source heat pump
dehumidification, but small-scale household clothes dryers are still mainly electric heating, which has large
energy consumption. The semiconductor heat pump has the advantages of simple structure, low noise, and
high heating coefficient under the condition of small temperature difference. In order to improve the energy
efficiency and portability of small-scale household clothes dryers, three semiconductor heat pump drying
systems (a closed system combining semiconductor and electric heating, a closed system combining two
semiconductor heat pumps, and an open system with heat recovery) are developed in this paper. The theoretical
models of drying systems are established, and air temperature, humidity, moisture content of the three systems
are analyzed under different working conditions. Meanwhile, the energy consumption of the three systems is
evaluated based on the semiconductor heating COP and the whole system heating COP. It is found that the
COP of the open system with heat recovery is the highest, which can reach 2.184. The semiconductor
heating COP of the closed system combining two semiconductor heat pumps is 1.5. The overall heating COP
of the closed system combined with semiconductor and electric heating is about 1.082. Among the three
semiconductor heat pump drying systems, only the closed system that combines semiconductor and electric
heating uses electric heating for auxiliary heating, the closed system that combines two semiconductor heat
pumps has the most complex structure, and the open system with heat recovery has the simplest structure. In
conclusion, the application of semiconductor heat pumps to the optimization of small-scale household clothes
dryers has good environmental benefits and contributes to the energy saving of household appliances.

Keywords: Drying, Semiconductor heat pump, Clothes dryer, COP, Waste heat recovery

Efficiency Analysis and Optimization of Heat Pump Systems for Urban
Sludge Drying: A Comparative Study of CO2 and R134a Circulation
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ABSTRACT
Urban sludge is a sub-production of sewage water treatment, which has been an inevitable issue for
environment management. It is very necessary to heat sludge up to a high temperature before recycling and
landfill. In this paper, we presented four kinds of heat pump systems for sludge drying and compared the
features of different systems. Next, based on the numerical model in Dymola, we calculated the working data of
the four systems. With the contrast of the calculation results, it is obvious to find that cascade structure can
improve the efficiency of heat pump system because the circulation makes full use of the heating capacity of
CO2 heat pump. Moreover, we concluded the most appropriate utilizing occasion of the four systems and the
advantages of CO2 and R134a cascade system. Also, the reasons of these phenomena were analyzed from two
aspects: enthalpy- moisture factors and thermal-dynamic factors. Finally, it can be seen that cascade structure of
CO2 circulation and R134a circulation has excellent efficiency when working condition requires lower moisture
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content of sludge at outlet, which results from not only the balance between temperature and moisture content of
drying air but also the appropriate working conditions provided by cascade structure. The analysis and results in
this paper can be regarded as a good application guide for trans-critical CO2 heat pump circulation, which
contributes to the promotion of trans-critical CO2 heat pump in this research and technical region.

Keywords: Sludge Drying, Carbon Dioxide, Heat Pump, Thermal-dynamic factors.
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ABSTRACT
In this study, the operational conditions and the thermal performance of a semi-closed heat pump drying (HPD)
system using R134a refrigerant were experimentally investigated in the laboratory at varied ambient
temperatures to assess its applicability in the South African climate. The ambient temperatures were controlled
and examined from 20 C to -10 C at increments of 10 C.

The results show that the ambient temperatures play a significant role in the operating conditions and the
thermal performance of the semi-closed heat pump drying system as the ambient temperature decrease resulted
in the decrease of the suction pressure, the discharge pressure, and the compression ratio by 57.1%, 64.6%, and
17.3%, respectively. Furthermore, due to the refrigerant density significantly dropping with the decrease in
ambient temperature, the refrigerant mass flow rate decreased by 54.9% from 0.0175 to 0.079 kg/s,
consequently reducing the coefficient of performance (COP) of the heat pump drying system by 29.7% from 3.7
to 2.6.

The significant degradation of the COP of the semi-closed HPD in cold ambient conditions emphasises the
impact of air-loop configuration on the thermal performance of the HPD system, suggesting the applications of
semi-closed configurations for warmer regions of the country or warmer seasons.

Keywords: Heat pump drying, ambient temperature, thermal performance, mass flow rate, COP
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ABSTRACT
Nowadays, almost 22% of fruits and vegetables are wasted in the process of post-harvest to
distribution in the world. As the first kilometer construction in cold chain logistics, photovoltaic driven
refrigerated warehouses with ice thermal storage play a vital role to preserve the agri-fresh fruits and
vegetables in rural areas. However, due to the variable ambient temperature, solar irradiance,
adjustable compressor speed and expansion valve opening, such system inherently operates under
off-design operation conditions, resulting in system performance deterioration. In this regard, this
paper designed and built a 2 kW platform of vapor compression refrigeration cycle with ice thermal
storage of which the refrigerate was R410A with a charging amount of 2 kg. The effects of compressor
speed and expansion valve opening on the system temperature, pressure, flow rate, supercooling and
superheating were tested, and thereby the off-design performance with functionality limitations were
revealed. For the test on the effects of compressor speed, the ambient temperature and expansion valve
opening was constant at 26 oC and 80%, respectively. As the decrease of the compressor speed from
1800 rpm to 1000 rpm, the system cooling capacity decreased from 4.7 kW to 2.8 kW, while the COP
increased from 2.4 to 3.05. The optimum operating condition of the system was at 1400 rpm, with the
cooling capacity of 3.9 kW and COP of 2.7. For the test on the effects of expansion valve opening, the
compressor speed and the ambient temperature was constant at 1400 rpm and 11 oC, respectively. As
the decrease of the expansion valve opening from 100% to 70%, the system cooling capacity
decreased from 4.25kW to 1.78kW, and the COP decreased from 3.1 to 1.3. The optimum expansion
valve opening was 100%. The research enables to give a guidance for the control strategy of system
under off-design operation conditions.

Keywords: functionality limitations, ice thermal storage, Off-design performance, refrigerated warehouses
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ABSTRACT
The work aims to develop a thermodynamics model of a drying system powered by trans-critical CO2 heat
pump and obtain the optimal working condition. The thermodynamic model couples the CO2 cycle and the
air cycle. And the program data was compared with experimental data, with errors within an acceptable range,
verifying the correctness of the model. Based on the model, The temperature, enthalpy, relative humidity and
moisture content of air in the drying cycle are calculated, as well as the temperature, pressure and enthalpy of
CO2 in heat pump system. The coupling mechanism between air cycle and CO2 heat pump cycle is explored by
varying the air temperature after condensation and drying. The optimal CO2 discharge pressure in the closed
drying system under different working conditions is obtained. The results shows that the system has an optimal
operating condition. Furthermore, the thermodynamic parameters of the closed drying system under typical
process are obtained. The thermodynamic model developed provides a theoretical basis for construction of the
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closed drying system (the lectotype of fans, heat exchangers, compressors, etc.) and development of system
control methods.

Keywords: Heat Pump Drying, Closed Drying Cycle, Trans-critical CO2 System, Energy Efficiency Analysis.
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ABSTRACT
In order to improve the penetration rate of renewable energy in the integrated energy system, this paper
establishes a solar non-direct expansion heat pump system, and adopts a multi-objective non-simultaneous
dynamic optimization strategy to improve the comprehensive performance of solar transcritical CO2 heat pump
with phase change heat storage system in the energy charging process. At the same time, photovoltaic and
photothermal are used to increase the temperature on the evaporator side of the heat pump, thereby improving
the energy efficiency of the heat pump and providing some of the electric energy required for the operation of
the heat pump. The dynamic model of the integrated system was established using Dymola, and the
performance of the heat pump was studied by selecting suitable phase change materials. In addition, a
single-objective optimization strategy based on the model is established to optimize the geometric parameters of
the system and the multi-objective non-direct dynamic optimization strategy is used to obtain the optimal
operating parameters. Compared with the pre-optimization period, the COP of the system after coupling
optimization is increased by 12.5%, and the average heat storage of the system is increased by 13.65%.

Keywords: Solar heat pump, PCM thermal storage, Nonlinear dynamic system model, Structure and control
co-optimization.
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ABSTRACT
In recent years, an increasing number of complex hybrid absorption compression heat pump (HACHP) have been
developed. Assessing the potential of these systems, particularly in terms of their optimal operating conditions, has
become a critical metric. However, due to the unique structural characteristics of HACHP systems, multi-objective
optimization algorithms face numerous challenges in practical applications. This research has designed and
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implemented a multi-objective optimization framework specifically for HACHP systems to establish a universal
optimization method. This framework is capable of handling more than three optimization objectives and addresses
several common issues encountered during the optimization of heat pump systems, such as identifying implicit
constraints between variables, thoroughly exploring the solution space, and managing sudden changes in objective
values. Through this framework, decision-makers can effectively balance conflicts between various objectives and
select solutions that best meet their needs and priorities.

Keywords: HACHP, Multi-objective optimization, NSGA-III, Algorithm

1. INTRODUCTION

To achieve greater temperature rises while obtaining better system performance, hybrid absorption-compression
heat pump (HACHP) presents a highly promising configuration. Currently, the combination methods of vapor
compression heat pump (VCHP) and absorption heat transformer (AHT) sub-cycles in HACHPs mainly include
direct coupling and thermal coupling. In direct coupling, the compressor is directly integrated into the absorption
cycle. Kim et al.[1]directly connected the compressor between the generator and absorber, significantly expanding
the temperature range of the heat pump for industrial waste heat recovery, achieving the goal of replacing a 90°C
hot water boiler with a waste heat recovery heat pump. In terms of thermal coupling, Zhang et al.[2] achieved a
three-stage absorption-compression heat pump by coupling the condenser of the VCHP with the evaporator and
absorber of the AHT, resulting in a temperature rise of up to 150°C when the input heat source temperature was
30°C.

Although combining VCHP and AHT is an effective method for achieving higher temperature rises and ensuring
overall performance in heat pump systems, this combination also significantly increases the complexity of the entire
system. This presents several challenges in the optimization practice of hybrid heat pump systems: managing the
complex interdependencies between decision variables, identifying non-dominant solutions near the boundaries, and
addressing the impact of abrupt changes on optimization accuracy.

Therefore, this paper designs a multi-objective optimization framework suitable for identifying optimal operating
conditions in hybrid heat pump systems. Through differential evolution optimized symbolic regression (DEOSR),
inequality expressions are generated to describe the interdependencies of system variables. Secondly, the designed
diverse population initialization (DPI) method ensures that the initial population is broadly and uniformly
distributed throughout the entire constrained feasible space, avoiding concentration in certain local areas during the
search process. To address the abrupt changes, gradual convergence mutation (GCM) method is designed. In the
early iterations, the mutation rate is high, allowing for extensive exploration of the solution space. As the
evolutionary process progresses, the algorithm gradually reduces the mutation rate, enabling finer search precision
in the later stages of optimization, thus mitigating the impact of the mutation phenomenon on the algorithm's results.

The multi-objective optimization framework designed in this paper can serve as a decision-support tool to evaluate
the technical, economic, and environmental potential of newly designed HACHP systems. This method not only
helps to understand the interrelationships between decision variables and optimization objectives but also reveals
the potential correlations between optimization objectives. This framework provides strong support for the design
and optimization of hybrid HACHP systems, ensuring optimal performance in all aspects.

2. METHODOLOGY

In the field of multi-objective optimization, the Genetic Algorithm (GA) has been enhanced into the Non-dominated
Sorting Genetic Algorithm (NSGA)[3] by implementing non-dominated sorting and crowding distance calculations
for offspring selection. The improved version, NSGA-II[4], introduces an elite preservation mechanism, significantly
enhancing the algorithm's performance and efficiency, making it a standard in multi-objective optimization. When
considering more than three objective functions, NSGA-III[5] is a better choice due to its use of reference points,
which improves exploration in high-dimensional objective spaces, offering higher efficiency and accuracy for more
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complex multi-objective optimization problems. However, applying the NSGA-III method to practical hybrid heat
pump systems still presents numerous challenges.

To address this, the DEOSR method is designed for the data preprocessing step, quantifying the constraints between
variables in the form of inequalities. Additionally, DPI and GCM are used in the NSGA-III algorithm for initial
population generation and mutation operations, respectively. This multi-objective optimization framework can be
applied to optimize operating conditions of various hybrid heat pump systems.

2.1 DEOSR

Symbolic regression[6] is a method used to find the optimal function form to describe data within a predefined
space of mathematical expressions, variables, and constants. However, due to the random generation of
constants in symbolic regression, it is often challenging to find the optimal constant values. Therefore, DEOSR
method was designed to assist symbolic regression in searching for the optimal coefficient values within the
expressions. After testing the performance of different differential mutation operators, an improved mutation
operator based on DE/rand/2 was selected.

3 1 2 3 4v ( )i r r r r rx F x x x x     (1)

where xr1, xr2, xr3, xr4 are distinct individuals randomly selected from the population, and F is the scaling factor.
In the practical application of hybrid heat pump systems, decision variables can be categorized into free
independent variables (FIV) and constrained independent variables (CIV). The value space for FIVs constitutes
a continuous rectangular domain referred to as the independent feasible space (IFS) for each variable.
Conversely, the values of CIVs are restricted by the values of FIVs. Utilizing the DEOSR methodology, these
constraint relationships can be articulated as inequalities, as demonstrated in Eq.2.

1 1 2 2 1 2( , ) ( , , )FIV FIV FIVn CIV FIV FIV FIVnf x x x x f x x x   (2)

Compared to 'black-box' machine learning methods, DEOSR can explicitly derive specific inequality formulas
between variables. This data preprocessing step ensures that subsequent optimization algorithms search within
defined boundaries, which is crucial for the convergence and accuracy of the algorithm's results.
2.2 DPI

In the NSGA-III algorithm, obtaining a uniformly distributed initial population can significantly enhance
population diversity, expand the coverage of the search space, and reduce the likelihood of converging to local
optima. This approach aids the optimization algorithm in efficiently exploring the entire space during the early
stages, quickly identifying potential solutions to the optimization problem, and improving global search
efficiency.

To address this issue, the DPI algorithm was designed to reduce the number of sample points required to
generate a uniform initial population under the inequality constraints calculated by the DEOSR method. When
the number of generated sample points is set to m, the n FIVs in the HACHP will construct an m×n matrix A,
where each column of A is a random permutation of the numbers from 1 to m. Subsequently, a matrix B of the
same dimensions is constructed, where each element is an independently distributed random number from the
interval (0,1). The elements of the sampling matrix S are determined by the following equation:

��� = �−1(
��� − ���

� )

F-1 denotes the inverse function of the cumulative distribution function, where for a uniform distribution,
F-1(x)=x. Subsequently, the elements of each row in matrix S are used to calculate the corresponding
k-dimensional CIVs under given conditions. For the CIVs, the following independent procedure is carried out:
Arrange matrix � in ascending order based on the range of values. Then, starting from the first row, randomly
sample within the corresponding range. After each sampling, calculate the new value's grid index. If the new
value is in the same grid as any existing value, repeat the sampling process.
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This method ensures that the selected sample points satisfy the unique constraint relationships of each hybrid
heat pump system. Moreover, it guarantees that the initial population generated is uniformly distributed across
the entire value space, even with a limited number of sample points.

2.3GCM

In HACHP, due to the presence of abrupt changes phenomena, the population requires smaller mutation rates in
the later stages of iterations to achieve fine-tuned exploration by the algorithm. Therefore, the proposed GCM
method in this paper allows for a relatively high mutation rate in the early stages of iterations, facilitating

thorough exploration of the solution space. As iterations progress, the mutation rate gradually decreases,
enabling more detailed searches within the optimal solution space. The mutation rate pm is adjusted to control
the number of individuals undergoing mutation, and the mutation strength b is modulated to control the extent
of mutation. The ratio of the current iteration count t to the total number of iterations T is used to vary the
mutation rate over time. The control formula is as follows:

max (1 / )

min (1 / )

( ( ) ( )) (1 )  rand<0.5

 ( ( ) ( )) (1 )  rand 0.5

b

b

t T

t T

x p x p rand

x p x p rand






   
  




(3)

2.4MULTI-OBJECTIVEOPTIMIZATION FRAMEWORK

In order to identifying optimal operating conditions of the HACHP system, this paper employs a mathematical
modeling approach to transform the designed HACHP into a functional model. This model is capable of
producing corresponding target outcomes based on varying input conditions. The inputs to this functional model
are divided into two parts: control variables and decision variables. Control variables are declared prior to
modeling to initialize components and typically remain constant throughout the modeling and optimization
process. These usually include compressor efficiency, solution physical properties, and heat exchange
temperature differences. Decision variables are key inputs during the optimization process, directly influencing
the model's outputs and acting as independent variables. The output variables of the model typically include
system performance indicators (such as coefficient of performance, exergy efficiency, second law efficiency,
etc.), system output power, and mass flow rates.

Fig.1 illustrates the workflow of the multi-objective optimization framework. Starting with the construction of
the HACHP system, it is then transformed into a corresponding functional model through mathematical
modeling. In the preprocessing stage, the DEOSR method is used to establish inequality constraints among
decision variables. Utilizing these constraints and predefined variable ranges, the DPI algorithm generates a
uniformly distributed initial population, totaling N individuals. Subsequently, an offspring population Qt is
generated through crossover and GCM operations. This offspring population Qt is then merged with the parent
population Pt to form population Rt. Through non-dominated sorting and the reference point mechanism applied
to Rt, the best N individuals are selected to form the next generation parent population Pt+1. After the iteration
process concludes, the individuals in the final population P will constitute the Pareto optimal set for the system
across all objectives. To find a single solution that simultaneously optimizes all objectives, this paper employs a
weighted approach. By assigning weights to each objective variable, multidimensional objectives are
transformed into a composite objective function. Thus, through the method of weighted summation, a unique
optimal point can be identified on the Pareto frontier.
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Figure 1: Flowchart of the multi-objective optimization framework

3. CASE STUDYAND RESULT

To validate the applicability of the proposed method in HACHP, this paper applies the designed multi-objective
optimization framework to a typical thermally coupled HACHP system, as shown in Fig.2. Considering the
system's design objectives and application scenarios, this case study selects temperature as the decision variable,
including ambient temperature Tenv, waste heat temperature Twas, coupling temperature Tcou, and output
temperature Tout. The choice of target variables focuses on two crucial performance indicators in the heat pump
system: system efficiency and thermal load. However, as there is no unified method for calculating system
efficiency in hybrid heat pump systems, this paper employs three different methods of efficiency calculation:
COP based on virtual work, second law efficiency based on thermodynamics, and exergy efficiency. For thermal
load, the output thermal load Q is chosen as the target variable for investigation.

Figure 2: The schematic diagram of the thermally coupled HACHP system
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Figure 3: Non-Dominated Solution Set Scatter Matrix for Four-Dimensional Objective Variables of the System

The results of the multi-objective optimization for the system are shown in Fig.3. In this figure, the red lines
represent the Pareto frontiers between two objectives, the green line represents the regression line for two
positively correlated data sets. The histograms along the diagonal indicate the distribution density of the
solution set for each objective variable. This comprehensive visualization helps in understanding the system’s
performance across multiple criteria. Due to the simultaneous consideration of multiple objective functions, the
non-dominated solution scatter plot does not form a single curve (when variables are negatively correlated) or a
single point (when variables are positively correlated), but rather spans an area. This area reflects the complex
interactions and diverse optimal solutions among the various objective variables.

When two objective variables exhibit negative correlation, improvement in one lead to deterioration in the other.
The Pareto frontier (represented by the red line) obtained through multi-objective optimization delineates the
optimal solution set between these variables, where any point on this curve represents a solution set that cannot
be simultaneously improved upon for both objectives. For instance, in the non-dominated scatter plot of COP
versus Q, a COP of 3 corresponds to a Q value of 55 kW, indicating that at a COP of 3, the system can achieve a
maximum output heat power of 55 kW. Conversely, when Q is 55 kW, the maximum achievable COP is 3.
Through the Pareto frontier, decision-makers can select the optimal solution that best fits their needs. When two
variables are positively correlated, improvement in one will simultaneously enhance the other, thus reducing the
Pareto frontier to a single point. This point represents the optimal solution that simultaneously achieves both
objectives. For example, in the scatter plot of COP versus exergy efficiency, the Pareto frontier point shows a
COP of 3.45 and an exergy efficiency of 0.73, indicating this is the unique optimal solution, eliminating the
need for decision-makers to choose among multiple optimal solutions. When equal weighting is applied to
simultaneously optimize four variables, the results yield a COP of 3.3, exergy efficiency of 0.76, Second Law
efficiency of 0.6, and thermal load Q of 51 kW. When only a subset of variables, such as COP and Q, the results
indicate a COP of 2.58 and a thermal load Q of 68 kW. At this combination of COP and Q, the values of 0.66 for
exergy efficiency and 0.55 for Second Law efficiency, as identified on the Pareto front, represent the optimal
values achievable under the specific condition.

Additionally, Fig.3 can be utilized to verify the correctness of the designed system’s performance calculation
method. The graph displays that the output heat load Q exhibits a negative correlation with three different
performance parameters, which substantiates the rationality of the COP calculation method based on virtual
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work to a significant extent. Interestingly, in the non-dominated scatter plot of COP versus second law
efficiency, there exists a very short Pareto frontier curve, yet over the majority of the value range, COP and
second law efficiency show a positive correlation. However, as COP approaches its maximum value, it begins to
show a negative correlation with second law efficiency, forming a very short segment of the Pareto frontier. This
phenomenon may arise because second law efficiency represents the irreversible losses in the system. For a
specific HACHP, there is an upper limit to the degree of irreversibility. Therefore, as the second law efficiency
approaches its maximum within the optimization algorithm, any further increases in COP lead to significant
declines in second law efficiency.

4. CONCLUTION

This paper successfully develops a multi-objective optimization framework by integrating the specially
designed DEOSR, DPI, and GMC algorithms with the conventional multi-objective optimization algorithm
NSGA-III, and applies it to the optimization of a typical thermally coupled HACHP system. The DEOSR
algorithm can explicitly express the restrictive relationships between variables in the system using clear
inequalities, while the DPI algorithm is capable of generating an initial population that uniformly covers the
entire irregular value space of the variables and significantly reducing the number of required sampling points.
The GMC algorithm refines the search process as the number of iterations increases. The constructed
multi-objective optimization framework addresses several common challenges encountered when applying
multi-objective optimization algorithms in complex HACHP systems, such as how to clearly articulate implicit
constraints between variables; how to thoroughly explore the solution space to prevent missing extreme values
near the boundaries common in heat pump systems; and how to handle sudden changes in objective values.
Additionally, this framework adopts the reference point mechanism from the NSGA-III algorithm, thus
removing the limitations on the number of objectives, unlike NSGA-II (which is typically limited to three or
fewer objectives).

The non-dominated solution set obtained through this framework consists of solutions where no single solution
outperforms others across all objectives, and each solution is optimal in at least one objective without showing
complete inferiority in others. This type of solution set provides decision-makers with an effective means to
balance conflicts between different objectives and choose the solution that best meets their specific needs and
priorities. For example, in the case study presented in this paper, when prioritizing COP and Q, the optimal
operating conditions for the system were found to be a COP of 2.58 and Q of 68 kW, with an exergy efficiency
of 0.66 and a second law efficiency of 0.55. At this point, the corresponding decision variables for the system
were Tenv at 28.3℃, Twas at 69.7℃, Tcou at 87.1℃, and Tout at 163.2℃.
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ABSTRACT
In order to accurately predict the indoor temperature of buildings, this study adopted the lumped parameter
method to establish a building thermal resistance-capacity (RC) model. Corresponding differential equations
were derived, and then the model was identified using genetic algorithms, resulting in accurate modeling of the
RC indoor thermal response. The average absolute error and R2 of the temperature in the RC model test set were
0.14°C and 0.99, respectively. Effective short-term prediction can be achieved using the adjusted RC model,
with an R2 of 0.71, providing a basis for optimizing control of the building energy system. Comparing with
neural network MLP based black box model and XGBoost based black box model, less data samples are
required for the indoor temperature prediction based on the RC gray box model. This paper also discussed the
applicability conditions of black box and gray box models. It is necessary to choose appropriate modeling
methods based on practical applications and considering factors such as model complexity, prediction accuracy,
and interpretability.

Keywords: Indoor temperature prediction, Thermal resistance-capacity (RC) model, Genetic algorithm,
Modeling.
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ABSTRACT
An accurate prediction of power output is critically important for energy planning, optimization, and system
performance evaluation in open absorption heat pumps and heating networks. With the development of
data-driven modeling technology, extracting information from historical data has become widespread in the
field of data-driven modeling. Feature engineering is a key factor in improving the performance of prediction
models. Adding input features for different day patterns resulting from varying working situations and weather
conditions can help enhance prediction accuracy. Traditionally, pattern labeling primarily focuses on finding a
day similar to the prediction day based on the calendar or other information, such as weather conditions. The
most intuitive approach for dividing historical time-series power output into patterns is clustering; however, the
pattern cannot be determined before the output is known. To address this problem, this study proposes a novel
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power output prediction framework integrating an early classification algorithm that uses a stochastic algorithm
to create an early input feature representing the scale of future power output for the prediction days.

Additionally, a flexible feature selection strategy is introduced to tailor the proposed prediction framework to
different practical scenarios of open absorption heat pumps. The proposed framework was validated using
metered data from a practical open absorption heat pump case in Jilin province, China. The results demonstrate
that the early labeling approach produces satisfactory prediction accuracy and significantly improves the
prediction performance of the LightGBM model.

Keywords: Open absorption heat pump, Power output prediction, Data-driven modelling, LightGBM
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ABSTRACT
The proliferation of smart sensors and cost-effective computational technologies has significantly advanced
modern heat pump units, which are now equipped with numerous sensors generating extensive data daily.
Despite the abundance of data, its utilization remains largely limited to real-time visualization and error alerting,
with billions of entries each month underutilized by manufacturers. This study introduces data-driven models
designed to harness this underexploited data along the data-information-knowledge-services pathway. Data
resources are classified into two categories: high-quantity but low-quality measured data, and high-quality but
low-quantity data, alongside non-measured catalog data. Data preprocessing techniques prepare this data for AI
application, following which, tailored models are developed for different data types. Machine learning models
such as ANNs, XGBoost, and Polynomial regression are employed for abundant, low-quality data, all models
with RRMSE under 10%. These models can serve as soft-sensors, reducing costs and enhancing smart control,
fault detection, and network planning. Conversely, for high-quality but scarce data like laboratory results,
transfer learning models are developed with RRMSE under 7%, especially useful for evaluating heat pumps
with new refrigerants or components. In scenarios devoid of measurements, catalog data supports the modeling
process through an iterative cycle combining polynomial regression models from various sub-components,
providing preliminary estimates of heat pump performance. Because these models are primarily black-box,
obscuring underlying physical processes and complicating system fault diagnosis, the study addresses this
limitation by developing semi-empirical models (with RRMSE between 20% to 35%) that offer deeper insights
and improved diagnostic capabilities.

Keywords: heat pump, data driven, machine learning, semi-empirical model
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ABSTRACT
A reliable multiple degrees of freedom model is the foundation for optimizing the design of high-temperature heat
pump(HTHP) under variable operating conditions, accurately evaluating specific architectures and formulating
rapid response control strategies. However, for mechanism models, namely white box models, they are mostly
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based on specific parameter assumptions under specific operating condition, resulting in low accuracy. The
data-driven models, also known as the black box models, require large-scale data for training and give poor
extensibility in most cases. Therefore, hybrid model (HM) of the HTHP endowed with both accuracy and
extensibility is established by coupling the black box models and the white box models. Additionally, white box
models mainly include evaporator and condenser models established by the lumped parameter method, adiabatic
compression and isoenthalpy expansion processes. The black box model is used to predict the isentropic efficiency
of compressor by GA-BPNN, which is trained by experimental data. By introducing the Geyser Algorithm (GEA)
as a solver, the efficient convergence issue of multiple degrees of freedom for inlet and outlet temperatures and flow
rates on the heat source and heat sink has been solved. The results showed that among the 11979 HTHP
configurations involved, 93.5% could converge within 50 iterations under the convergence condition of absolute
error of total heat transfer area less than 0.1 m2.

Keywords: High-temperature Heat Pump, Hybrid Modeling, Multiple Degrees of Freedom, Variable Working
Conditions

1. Introduction

High temperature heat pump (HTHP) has been widely accepted as an effective approach for decarbonizing
energy-intensive industries, thus, becoming the main subject of many researchers. Indispensably, a reliable model of
the HTHP system should be established, which is an important foundation of system design, optimization and
operation. Therefore, great efforts have been made to investigate the HTHP modeling methods.

So far, the HTHP modeling method can be generally categorized into two types, that is, the white box model(WBM)
based on thermodynamic mechanism and the black box model(BBM) based on the data-driven algorithm.

The WBM is the most common and productive method for HTHP model. Dai et al. analyzed the sensitivity of the
newly configured heat pump system by establishing a dual evaporation temperature with an injector model,
indicating that there was an optimum emission pressure to maximize the coefficient of performance[1]. Wang et al.
have analyzed the thermodynamic performance of an innovative jet rotary compressor air source heat pump by
utilizing an empirical numerical model. The results indicated that compared with the air source heat pump using a
conventional single-stage rotary compressor, the proposed injection structure could increase the heating capacity
and COP by 23.1-28.2% and 4.5-8.1%, respectively[2]. Verdnik et al. have established a thermodynamic model to
investigate the influence of operating parameters on a high temperature heat pump, which was capable of raising the
waste heat in the 40 to 60 oC range to temperature between subcritical 110 oC and transcritical operation 160 oC[3].

For data-driven models based on machine learning algorithms, namely the BBM, Kong et al. established an
artificial neural network model for predicting the mass flow rate of R290 in a direct expansion solar-assisted heat
pump system using R290, suggesting that over 97% of the predicting results were consistent with the experimental
data, with a maximum deviation of 10%[4]. Esen et al. delved into the potential of artificial neural networks in
forecasting the performance of horizontal ground coupled heat pump systems.The results showed that the most
suitable number of neurons in the hidden layer was 7 and that the root mean square error (RMSE) value was 1%[5].
Park et al. utilized both multiple linear regression (MLR) and artificial neural networks (ANN) to establish a model
for predicting the hourly performance of ground source heat pump systems. They found that the prediction errors of
MLR and ANN were 3.56% and 1.75%, respectively [6].

Generally speaking, BBM gives significant advantages in accuracy and simplicity in handling complex and highly
nonlinear relationships over the WBM. Instead, WBM is obviously superior in model extensibility and
interpretability. Therefore, the exploration of the hybrid modeling method balancing the strengths of BBM and
WBM tends to be essential and meaningful, while there are few studies about that, especially rare in HTHP
modeling. Herein, by adopting BP-ANN, which is used to predict the isentropic efficiency, and mechanism models
of the main HTHP components, a hybrid model(HM) with multi-degree of freedom is established. Additionally, a
new meta-heuristic algorithm-GEA is adopted to solve the hybrid model. Specifically, it endows the HM with
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impressive convergence efficiency and reliability, especially for the working conditions with their freedom degrees
to be more than 1.

2. METHOD

The basic principle of the multi-degree of freedom hybrid model (MDFHM) is shown in Fig.1. It can be figured out
that the model mainly consists of two parts, which are the hybrid model of HTHP and GEA. In addition, the
characteristics of the above mentioned MFD are reflected in that two arbitrary parameters out of the heat sink and
heat source’s mass flow rate (mhs, mhsi), inlet temperature(Tin, hs, Tin,hsi) and outlet temperature(Tout, hs, Tout,hsi) are
only required.

Fig. 1 Flowchart of the MDFHM

2.1 White box model of compressor

The WBM of the compressor, which allows for the calculation of the working fluid mass flow rate (mr) by inputting the
compressor displacement (Vh), volumetric efficiency (ηv) and rotation speed (r), is shown as Eq.1. In Eq.1, v stands for the
specific volume corresponding to the working fluid state at the compressor inlet. In addition, the working fluid adopted in
this study is R245fa.

60
v h

r
V rm
v


 (1)

Eq.2 is used to calculate the isentropic efficiency(ηs) of the compressor, which is a key parameter to evaluate the
compressor performance. Moreover, ηs is also adopted as the connected parameter between the BBM and WBM by
determining the compressor outlet state of the working fluid.

,out s in
s

out in

e e
e e







(2)

where ein and eout represent the enthalpy values at the compressor inlet and outlet. The eout,s stands for the enthalpy value at the
compressor outlet after the isentropic compression process.
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2.2 White box model of the heat exchanger

The heat exchangers involved in HTHP are evaporator and condenser, where the heat exchange processes are phase-change
transfer and non-phase-change transfer processes. As for the phase-change transfer process, the lumped parameter method
is utilized by segmenting process into 50 microelements with equal heat transfer capabilities. For clarity and simplicity, the

equations involved and the detailed explanations are listed in Table 1. Notably, the type of the evaporator and condenser is
the plate heat exchanger and the heat dissipation is neglected.

Table 1 Equations involved in the heat exchanger WBM

No. Parameter Equation Specification

(3)[7] Heat transfer area
m

QA
U t

 


Q - Heat rate
U - Overall transfer coefficient
Δtm - Log mean temperature difference

(4)[7] Overall transfer coefficient
ch hh

U 11
1







hh、hc - Convection heat transfer
coefficents for the hot side and cold
side
δ - Thickness of plate
λ - Thermal conductly of plate

(5)[7] Hydraulic diameter of flow
channel )(2

4
bW

WbDh 
 W - Channel width

b - Channel spacing

(6)[7] Mass velocity through the
plate channels

r
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N b W


 

Nch - Number of the plate channels

(7)[9] Reynolds number


hGD
Re η - Viscosity of fluid

(8)[9] Prandtl number

pcPr cp - Specific heat of fluid

(9)[8] Nusselt number of the
single-phase flow
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Nu β - Baffle angle of plate heat exchanger

( β=30o)

(10)[7] Convection heat transfer
coefficent hD
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(11) Vapor quality
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evap / eliq - Enthalpy of saturated steam /
liquid
eout,cd - Enthalpy of the working fluid at
the condenser outlet

(12)[10] Nu of working fluid in
condenser

3/1
l

4.0 PrRe118.4 eqcdNu  Reeq - Equivalent Reynolds number
Prl - Prandtl number of saturated liquid

(13)[7] Equivalent mass velocity
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ρl / ρv - Liquid / Vapor phase density of
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q -Average heat flux of the region
rfg - Enthalpy of evaporation of working
fluid
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2.3 Black box model of isentropic efficiency

In most of the HTHP WBMs, the ηs is mostly empirically determined as a constant, which deteriorates the accuracy,
especially when it comes to the variable operating conditions. It mainly results from the complex and highly nonlinear
relationships between the isentropic efficiency and many operating parameters, which challenges the mechanism modeling
based on thermodynamic relationships. Therefore, BBM based on the BP artificial neural network model optimized by
genetic algorithm (GA-BPANN) is adopted to explore the feasibility for ηs prediction.

By employing the evaporation pressure(Pevp), condensation pressure(Pcd), overheat degree(Δt) and the mass flow rate(mr) as the
input parameters and ηs as the output parameter, the number of neurons(Nneu) in the hidden layer is determined by Eq. 16 [12]. To
evaluate the prediction performance, RMSE is employed(Eq.17).

neuN m n a   (16)

 





 

n

i ii yy
n

RMSE
1

21
(17)

In Eq.16, m and n stand for the number of input and output variables, which is set to be 4 and 1, respectively. Parameter a
is a random integer ranging from 1 to 10, and it is commonly determined by test.

2.4 Geyser Inspired Algorithm (GEA)

Geyser Inspired Algorithm (GEA), which was first proposed by Mojtaba Ghasemi et.al in 2023, is an new innovative
metaheuristic optimization algorithm[13]. Inspired by the periodic bursts of geysers, it is dedicated to uncovering the most
effective solution in complicated search spaces.

As shown in Fig.1, the algorithm involves the following steps :

1) Generate the initial population randomly and specify initialization parameters such as population size and maximum
number of iterations.

2) Calculate the individual fitness degrees within the initial population.

3) Iteration of dormant phase: conduct a local search on the neighborhood of the current best solution to improve the
quality of the solution.

4) Update location by Levy flight.

5) Iteration of Eruption phase: the decision to erupt is made by assessing the likelihood of an eruption, where one or more
individuals will be chosen at random to make substantial jumps in the solution space, preventing them from getting stuck in
a locally optimal state.

6) Examine the quality of the newly devised solution, select outstanding individuals from the current population, and build
the following generation populace.

7) Check if the convergence condition is satisfied or if the iteration time is equal to the preset maximum value.

Eq.18 shows the convergence condition, where A′evp, Aevp and A′cd, Acd are the calculated, input heat transfer areas of the
evaporator and condenser, respectively.

cdcdevpevp AAAAE  (18)

3. RESULTAND DISCUSION

3.1 Performance analysis of the BBM

In total, 364 groups of experiment data have been adopted as the training and testing set of the BBM. Fig.2 shows the
relationships between ηs and Pevp, Pcd, Δt, mr. It can be figured out that the variation range of ηs is from 0.641 to 0.900.
Additionally, the relationship between ηs and single operating parameter is rather obscure, which reveals the complexity of
ηs prediction by WBM and the unreasonability of considering it as a constant in the modelling process.
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Fig. 2: The relationships beween ηs and Pevp, Pcd, Δt, mr

To guarantee the BBM prediction accuracy, the performance of GA-BPANN with different Nneu and different ratios of
training set to testing set(Rtr:te) is investigated and analyzed, which is shown in Fig.3. Firstly, when Rtr:te =9:1 and 8:2, it can
be seen that the performance is rarely affected by Nneu with the maximum and minimum values of RMSE to be 0.0328
(Nneu=11) and 0.009 (Nneu=9), 0.0324 (Nneu=9) and 0.0113 (Nneu=11), respectively. For Rtr:te=7:3 and 6:4, it is evident that
the prediction performance tends to be more sensitive to Nneu with the maximum RMSE to be 0.2679 (Nneu =12, Rtr:te=6:4).
Therefore, a conclusion that the size of the training set in this study, which is 364, is sufficient can be drawn. Moreover, it
is noticeable that when Nneu =7, all the RMSE values are below 0.02 and are kept stable.

Fig. 3: Comparative results of GA-BPANN under different Nneu and Rtr:te

The prediction results corresponding to the cases that Rtr:te=9:1 are shown in Fig.4. It can be figured out that the varying
trend and predicting values are well-matched with the experimental results. Consequently, it is proved that reliable
prediction accuracy can be expected from BBM.
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Fig. 4: Predicted outcomes for the Rtr: te=9:1 circumstance

3.2 Performance analysis of the MDFHM

To evaluate the robustness and convergence accuracy of the MDFHM, conditions with variable heat source inlet
temperatures (Tin,hs=50,55,60℃) and mass flow rates(mw=25,30,35,40,45,50m³/h) are taken into consideration. For each
condition, the performances corresponding to different HTHP configurations that the heat exchanger areas(Aevp, Acd) are
from 10 m2 to 210 m2 with their step size to be 20 m2 and compressor rotation speed is from 1000 r/min to 3000 r/min with
the step size to be 200 r/min are calculated. In other word, 1331 HTHP configurations are included in each working
condition, that is, 11979 HTHP configurations in total. The preset parameters involved in the MDFHM are listed in Table 2.

Table 2 Preset parameters involved in the MDFHM

Component Parameter Value Algorithm Parameter Value

Compressor

Volumetric
efficiency 0.9

GEA

Population size 80

Displacement 1452m³/h Max iterations 50
Rotation speed 1000-3000 r/min Convergence condition E ≤ 0.1m2

Heat
exchanger

Channel angle 30°
Plate Spacing 2.3×10-3m

BPANN

Training Frequency 100
Plate Width 0.611m Learning rate 0.1

Plate thickness 0.8×10-3m Training Target 0.00001
Material 316 stainless Steel Transfer function Trainlm

Evaporator
outlet over heat

degree
3℃ Number of hidden layer

neurons 7

Heat source
Inlet

temperature 50-60℃

GA

Evolutional generation
number 100

Mass flow rate 25-50 t/h Population size 10

Heat sink

Inlet
temperature 95℃ Cross probability 0.4

Target
temperature 100℃ Mutation probability 0.2

Fig.5 demonstrates the convergence results corresponding to different heat source mass flow rates and the translucent plate
represents the critical value of convergence condition(E ≤ 0.1m2). Statistically, there are 11, 21,79,87,194 and 144
calculation cases failing in convergence for mw=25,30,35,40,45 and 50m³/h within 50 iterations, respectively. That is to say,
a convergence proportion of 93.29% can be achieved for 7986 calculation cases under different heat source mass flow rates.
Additionally, the mean E’s value of the convergence cases is 0.062 m2.
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Fig. 5: The convergence results corresponding to different heat source mass flow rates

Fig.6 shows the convergence results of 3993 HTHP configuration calculation processes under different heat
source inlet temperatures. Generally, it can be seen that vast major of the cases involved can converge within 50
iterations. To be specific, there are 74,80 and 87 cases failing in convergence for Tin,hs=50, 55 and 60℃,
respectively. It denotes that 93.96% of the 3993 HTHP calculation processes can converge. Moreover, the mean
E value corresponding to the convergence cases is 0.062m2.

Fig. 6: The convergence results corresponding to different heat source temperatures

Objectively, the convergence condition (E ≤ 0.1m2) is somehow stringent, especially for the HTHP
configurations with relatively large Aevp and Acd (the maximum value of the heat exchanger area is 210m2).
Consequently, the convergence proportion of all the configurations involved can be as high as 93.50%. So,
considerable robustness and convergence accuracy can be expected from the MDFHM, regarding the 11979
calculation samples and demanding convergence condition.

4. CONCLUSION

Through the analysis of the MDFHM performance, conclusions can be drawn as follows:
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(1) GA-BPANN is qualified for the exergy efficiency prediction with Pevp, Pcd, Δt and mr as the input
variables. Additionally, when Nneu=7, it shows a relatively impressive and stable prediction performance with
the RMSE values below 0.02.

(2) The MDFHM can realize a convergence proportion of 93.50% in the 11979 HTHP configuration calculation
processes with E≤0.1m2 as the convergence condition and the maximum number of iterations to be 50. So,
considerable robustness and convergence accuracy can be expected from the MDFHM.
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ABSTRACT
Heat pump has attracted plenty of attention as a highly efficient new energy technology, which has been proven to
be an energy-saving strategy for building heating. To better align the heating capacity of heat pumps with the
thermal needs of buildings, predicting the heat output has become a pivotal challenge. Compared to physics-based
models, the black-box models offer advantages such as simplicity in modeling, readily available parameter data, and
broad extension. However, the intricate interplay among internal components often leads to diminished prediction
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accuracy when relying solely on partial known external inputs. Moreover, to enable more precise control of heat
pump operation, multi-step forecasting is deemed essential as a foundation for smart control. This study presents a
novel approach: a component-level neural network model guided by physical principles. By leveraging historical
operational data, this model aims to forecast the real-time heating capacity of air-source heat pumps over multiple
steps. Specifically, the proposed model dissects the heat pump system into distinct subsystems, including the
compressor, condenser, and evaporator. Each subsystem is individually modeled, with inputs and outputs
determined by theoretical knowledge. Based on the model, the accuracy of multi-step predictions using the
recursive approach is investigated. Validation against actual operational data reveals promising results: under a
24-hour prediction horizon, the Mean Absolute Percentage Error (MAPE) using our approach is 0.13, demonstrating
robust consistency. These findings underscore the potential of proposed model to facilitate further advancements in
energy-saving control strategies and beyond.

Keywords: Physics-Guided Neural Network; Heat Pump; Multi-Step Prediction; Recursive Approach

1. INTRODUCTION

Considering the significant role buildings play in global energy consumption, optimizing heat pump performance is
paramount for enhancing overall energy efficiency and reducing environmental impact. Heat pumps, as a leading
solution in energy-efficient technologies for building heating systems, necessitate precise alignment of their
capacity with buildings' thermal demands. Therefore, the ability to forecast heat output with precision becomes
imperative. Implementing multi-step forecasting not only enhances operational efficiency but also lays the
groundwork for sophisticated smart control mechanisms. By integrating advanced predictive techniques, building
operations can be optimized in real-time, contributing significantly to energy conservation and sustainability goals.

2. PHYSICS-GUIDEDHEAT PUMP NEURAL NETWORK

In order to reduce the complexity of the modeling process, enhance the interpretability of the model, and expand
the generality of the model, this paper proposes a component-level heat pump model based on Back-propagation
neural network, including three subsystems: compressor, condenser, and evaporator[1].

The modeling process, as shown in Figure 1(a), is divided into two steps:

(1) establishing the inputs and outputs of the three subsystems based on physical knowledge and training them
separately with historical operational data;

(2) determining the initial inputs of the heat pump system. Except for ambient parameters (outdoor temperature
and indoor temperature) and control parameters (compressor operating frequency and electronic expansion
valve opening), the inputs of the subsequent subsystem are determined by the outputs of the previous
subsystem.

The description of each step of the system is shown in Figure 1(b), where the expansion valve is considered an
adiabatic process, and the connections between components are considered ideal, without considering energy
losses. The initial input of the system is set to the condenser inlet refrigerant enthalpy value, and the output of
the system is the heat pump heating capacity, i.e., the difference in refrigerant enthalpy between the condenser
inlet and outlet.
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Figure 1(a). The proposed method flowchart.
(b). The schematic of proposed heat pump system.

The advantages of the proposed method mainly include:

(1) simplifying complex theoretical models into black-box models with inputs and outputs determined by
physical knowledge, thereby enhancing model generalization while preserving the rationality and accuracy of
the physical model.

(2) Owing to the fewer inputs and outputs of individual subsystems and the ability to train multiple subsystems
in parallel for each sampling data, significant training time is saved, which enables real-time updates of the
model while ensuring higher control accuracy.

(3) The heat pump system only requires inputting the initial condenser inlet refrigerant enthalpy value to
achieve multi-step open-loop prediction, offering a promising starting point for integrating modern control
methods, such as model prediction control.

3. CONCLUSIONS
The proposed method achieves a Mean Absolute Percentage Error (MAPE) of 0.13 for a 24-hour prediction
horizon, demonstrating high reliability. These outcomes highlight the potential of the proposed model to
enhance energy-saving control strategies and extend its benefits to other areas.
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ABSTRACT
As an efficient and clean heating technology, air-source heat pump (ASHP) offers a compelling alternative to
fossil fuel combustion, and using mixed refrigerants in ASHP has been confirmed as an effective approach to
improve heating efficiency at low ambient temperature. However, existing mixtures used in ASHP do not fully
satisfy all aspects of safety, environmental friendliness and efficiency. In this study, with a global warming
potential (GWP) below 7 and non-flammability, the binary mixture of CO2 and trans-1,1,1,4,4,4-
hexafluoro-2-butene (R1336mzz(E)) was simulated in a compound ASHP water heater to investigate its
seasonal performance during wintertime. Based on genetic algorithm, the performance of heating water from
50℃ to 75℃ was parametrically optimized, with multiple operating variables being globally regulated. This
ASHP using CO2/R1336mzz(E) achieved a higher coefficient of performance (COP) than that using traditional
refrigerants at the ambient temperature ranging from -30℃ to 10℃, with an improvement in Heating
Seasonal Performance Factor (HSPF) exceeding 10%. Exergy analysis showed that the low irreversible loss of
throttling was believed as a main reason for such energy performance improvement. Furthermore, by a
sensitivity analysis, the influence of CO2 concentration on heating performance was found to be the greatest
among operating parameters, indicating that concentration regulation was crucial for achieving high
efficiency in a thermodynamic system using mixture. The results in this study were compared and discussed
with existing studies as well. This study contributes to: 1) providing a safe, eco-friendly and efficient option
for the exploration of heat pump working substance; 2) delivering a design and analysis guidance for ASHP
evaluation during the wholewintertime.

Keywords: heat pump, mixture, optimization, regulation, eco-friendly, heating performance.
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ABSTRACT
As the proportion of renewable power continues to increase and the pursuit of carbon neutrality, heat pump
technology has drawn significant attention. This is due to its ability to recover low-grade heat energy and
efficiently convert electricity directly into heat energy, thus achieving heat multiplication. Presently, traditional
heat pumps are widely utilized in medium and low-temperature applications, such as space heating and hot
water generation. However, their application in high-temperature fields remains relatively limited. Specifically,
when it comes to supplying high-temperature heat, two primary challenges emerge: firstly, the difficulty in
obtaining waste heat resources of sufficient temperature, and secondly, the significant decrease in efficiency
when using low-temperature heat sources under conditions of large temperature rises. This decrease in
efficiency is particularly evident in scenarios involving high-temperature steam supply based on air heat
sources.Practical experience demonstrates that by integrating heat pumps with water vapor compression,
efficient steam supply can be realized even under conditions of large temperature lifts over 100. Nevertheless, in
practical operations, the comprehensive influence mechanism of the thermodynamic performance of the water
vapor compression process and the performance of the heat pump remains unclear within the current system
configuration. In particular, there is still theoretical ambiguity when it comes to determining the intermediate
temperature and optimizing the performance coupling between the water vapor compressor and the heat pump
system. This necessitates a deeper exploration of the optimization potential and boundaries of its
thermodynamic efficiency.Therefore, the focus of this paper is to analyze how to strike a balance between the
thermodynamic energy efficiency of different stages and determine the optimal thermodynamic performance of

mailto:hongzhiyan@hebut.edu.cn
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the heat pump coupled with water vapor compression under variable operating conditions. The ultimate goal is
to enhance overall energy efficiency. Furthermore, this paper aims to comprehensively evaluate the economic
viability of this approach, with the objective of providing theoretical backing and practical guidance for the
steam supply technology utilized in large temperature lift heat pumps.

Keywords: Heat pump, Large temperature lift, Thermodynamic optimization, Steam generation.
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ABSTRACT
Conventional high-temperature heat pump systems for steam production utilize multi-stage compression
systems to reuse low-grade thermal energy. However, the significant temperature and pressure differences
between the heat source and heat production lead to considerable energy losses in the compression and
expansion processes. This study proposes the use of a two-stage heat recovery and flash vaporization process in
a two-stage compression heat pump system. By using a flash vaporization heat exchanger, part of the refrigerant
is used to reheat another part of the refrigerant after flash vaporization before entering the compressor,
improving the system's COP and reducing energy consumption. This paper employs a multi-variable simulated
annealing algorithm to calculate the optimal COP of the system and verifies it through experiments. The
performance of different high-temperature heat pump systems at various steam production temperatures is
compared and analyzed. The results show that under the same production conditions, the new system has a COP
that is 14.28%~17.92% higher and a exergy efficiency that is 16.82%~22.54% higher than that of the traditional
two-stage compression heat pump system.

Keywords: High-temperature heat pump, Two-stage compression, Heat recovery, Flash vaporization process,
COP, Exergy Efficiency.
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ABSTRACT
Water vapour high-temperature heat pump combines the environmental friendliness of natural water and the
energy-saving of heat pump, which fully exerts the performance advantages of water work in the field of
high-temperature heat pumps. The water spray cooling is more effective to ensure the long-term safety and
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stability of the unit and efficient operation. The article analyzes the possibility of building a reverse Carnot
cycle in the heat pump system, as well as the main problems faced, and theoretically confirms that in the
process of water vapour compression into the working chamber continuously sprayed low enthalpy liquid water
to achieve quasi-saturated compression of water vapour, which is not only able to effectively reduce the exhaust
superheat at the end of the compression but also conducive to the improvement of the overall performance of
the system. The theoretical analysis and experimental investigation of the effects of suction superheat and the
number of liquid injection cooling on the system performance was carried out. It was concluded that the
existence of suction superheats is not conducive to the improvement of the system performance, and the
increase in the number of liquid injections is favourable to the system performance. However, when the
water-injection times are more than 5, the improvement of the system performance will be very slow. When the
suction superheat was 20°C, the COP decreased by 1.45%-1.54% compared with no suction superheat, and
when the water-injection times reached 30, the COP increased by 3.10%-3.73% compared with one-time
water-injection. The experimental results also indicate that more water injection times are better for the system
performance. Besides, when the injected water is greater than the required maximum, the system performance
will no longer vary with the injected volume.

Keywords: High Temperature Heat Pump, Quasi-saturated Compression, Performance Study, Experimental
Investigation.
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Xi’an, 710049, China, * Corresponding Author E-mail: yl.zhao@mail.xjtu.edu.cn

ABSTRACT
High penetration of renewable power leads to a reduction in the installed capacity of thermal power plants in
China. Due to the intermittency and randomness of these energy, thermal power plants are needed to meet
higher flexibility and deeper peaking requirements frequently. This work proposed a novel energy storage power
plant based on a high-temperature heat pump system integrated with a thermal power plant, and focused on the
impact of high temperature heat pump system on an energy storage plant. Simulation models validated by
comparing the simulation results with the design data of the thermal power plant are developed to evaluate the
thermodynamic performance of the energy storage power plant. In the charging process, the condensed water is
chosen as low temperature heat source for the heat pump system, and the molten salt is chosen as the heat
storage medium to absorb the heat from the high-temperature heat pump system. During the discharging
process, the heat stored inmolten salt is released to heat feedwater and then produce live steam. The peaking
depth and design parameters of the high-temperature heat pump system are obtained by using the optimization
algorithm. The equivalent round-trip efficiency, peaking depth and the thermal energy storage capacity are
obtained under different heat storage parameters, and the thermodynamic performance of the energy storage
power plant can be enhanced by matching the temperature of the heat source with the high-temperature heat
pump system. This study provides guidance for flexibility enhancement of energy storage power plant and
thermal power plant retrofit.

Keywords: Energy storage power plant, Heat pump, Operation flexibility, Thermal energy storage.
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Application Analysis of Complex High-Temperature Heat Pump in
Petroleum Process

Qizixia(a), Renfulei(a), Fannana(b)
(a) Qingdao Haier Air Conditioning Electronics Co., Ltd.

Qingdao, 266101, China, qizixia@haier.com

ABSTRACT
This paper conducts in-depth research on the use of air source high-temperature heat pumps in petroleum
oil-water separation processes, aiming to explore the advantages of this system in energy conservation,
environmental protection, and low-carbon energy utilization. The article mainly discusses overview of the
complex high-temperature heat pump, the advantages and disadvantages of using the heat pumps in petroleum
processes, the design of the heat pump system, and the actual operating effects. Through Haier's analysis and
calculation of the oil-water separation process and heat pump unit in an oilfield in Shaanxi, theoretical support
is provided for the optimization of the system, then process transformation has been carried out in this oilfield ,
the original electric boiler turn to high-temperature heat pump, the energy-saving performance of the system in
this process was verified through the actual operating effects. On this basis , we make further exploration of the
feasibility of using complex high-temperature heat pump in other processes in petroleum process.

Keywords: high-temperature heat pump, oil-water separation processes, COP,

Performance analysis of an air source high temperature heat pump
steam system with large temperature rise
Xudong Ma, Yanjun Du*, Yuting Wu, Biao Lei

MOE Key Laboratory of Enhanced Heat Transfer and Energy Conservation, Beijing Key Laboratory of Heat
Transfer and Energy Conversion,Beijing University of Technology, Beijing, 100124, China,

duyanjunx@hotmail.com

ABSTRACT
High-temperature heat pump steam systems offer a promising alternative to coal-fired boilers. For obtaining
larger temperature rise, a high-temperature autocascade heat pump steam system (AHTHP) with steam injection
technology is proposed by utilizing low-temperature air for high-temperature steam production. The paper
comprehensively evaluates the interactions between system components and the potential for performance
enhancement by using advanced exergy analysis methods, based on conventional approaches for evaluating the
performance of heat pumps. The results indicate that the AHTHP is capable of efficiently harnessing
low-temperature air ranging from 0-20°C for the production of high-temperature steam, while also
demonstratinga substantial reduction in compressor discharge temperature. These results can provide theoretical
guidance for the design and optimization of high-temperature heat pump steam systems.

Keywords: High-temperature heat pump, Autocascade heat pump, Advanced exergy analysis, Large
temperature rise.
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Innovative internal Cooling Thermodynamic Cycles for
High-temperature heat pump Thermal Management

Jiatong JIANGa, Fan JIa, Bin HUa, Ruzhu WANGa,*, Hua LIUb, Yu ZHOUb

(a) Institute of Refrigeration and Cryogenics, Engineering Research Center of Solar Power & Refrigeration,
Shanghai Jiao Tong University, Shanghai 200240, China

(b) SKL of Air-Conditioning Equipment and System Energy Conservation, GREE Electric Appliances, INC.
Zhuhai 519070, China

ABSTRACT
High-temperature heat pumps (HTHPs) represent a highly effective means of achieving low-carbon industrial
heating, emerging as a significant area of research under the dual carbon goals. However, a major challenge
impeding the widespread adoption of HTHPs is the degradation of electronic components and lubricants during
sustained high-temperature operation, which compromises the safety and stability of the units. Consequently,
ensuring reliable thermal management of HTHPs is critical for their broader application and promotion. The
traditional method of post-condensation throttling cooling, effective for medium- and low-temperature heat pumps,
becomes inadequate as the heat source temperature of HTHPs rises, proving applicable only for conditions where
evaporation temperatures remain below 70°C. The alternative approach of using external cooling units demands
additional space and results in energy losses within the system. To address these limitations, this paper proposes an
innovative internal cooling cycle. This cycle employs throttling cooling of the evaporator refrigerant followed by
vapor injection with enthalpy increase, achieved through high-pressure fluid ejection from the condenser. This
method accommodates high heat source conditions with evaporation temperatures exceeding 70°C and utilizes the
higher-pressure refrigerant from the ejector for enthalpy-increasing vapor injection, thereby enhancing system
efficiency by 1.2% to 4.2%.

Keywords: High-temperature heat pump, Thermal management, Coefficient of performance

1. INTRODUCTION

Thermal management is a crucial factor that restricts the long-term safe and stable operation of current HTHP units.
While external cooling systems offer a wider range of adjustment, they not only add to the system configuration but
also result in energy waste. Built-in cooling systems typically rely on the heat source temperature. As the heat
source temperature of the HTHP increases, the internal throttling cools the refrigerant to a temperature below the
evaporation pressure, preventing it from returning to the evaporator via pressure difference. This necessitates the use
of an additional refrigerant pump, which consumes extra power. To address this issue, this paper proposes a new
internal cooling scheme based on the principle of the ejector for conditions with higher heat source temperatures.
This scheme utilizes the pressure difference to drive refrigerant flow, significantly enhancing the long-term safe
operation of HTHPs under elevated temperature conditions.

2. INNOVATIVE INTERNALCOOLING THERMODYNAMIC CYCLE

To meet the thermal management requirements of HTHPs with higher heat sources, an internal cooling
thermodynamic cycle combining throttling and ejection was proposed, as shown in Fig. 1. A portion of the
refrigerant liquid is driven by gravity from the bottom of the evaporator through the EV1 throttle, achieving a
cooling temperature lower than the evaporation temperature. This cooled refrigerant is used for cooling motors,
lubricating oils, etc., and undergoes evaporation in the process. Simultaneously, another stream of fluid is driven

by gravity from the bottom of the condenser into the ejector, serving as the ejector fluid to entrain the cooled
refrigerant vapor. These fluids mix in the mixing chamber and enter the diffuser chamber, where the pressure
increases. The gas-liquid two-phase refrigerant at the outlet enters the gas-liquid separator, with the gas pressure
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being higher than the compressor's suction pressure, which can be used to increase the enthalpy of the gas. The
saturated liquid is throttled by EV2 and then flows back to the evaporator.

(a) System diagram (b) logp-h diagram

Figure 1: Throttling and ejection cooling system

Maintaining the throttled refrigerant below 70°C is critical for effective cooling. Direct throttling leads to higher gas
content and lower refrigerant latent heat, necessitating greater flow rates (3.48 kg/s at 70°C source and 150°C
condensation). Subcooling after the condenser increases refrigerant latent heat, reducing flow rates by 45%
compared to direct methods. Throttling-ejection cooling, operational above 70°C, achieves temperatures as low as
35°C, suitable for variable frequency drives. This scheme optimizes refrigerant latent heat and minimizes flow rates,
as shown in Fig. 2(c), highlighting tailored cooling solutions for efficiency in high-temperature heat pumps.

(a) Internal throttling cooling system (b) Large subcooling cooling (c) Throttling and ejection cooling system

Figure 2: Heating latent heat comparison

3. CONCLUSIONS

Effective thermal management is vital for high-temperature heat pumps. Three internal cooling methods—direct
throttling, subcooling after condensation, and throttling-ejection—were compared. Direct throttling requires
high refrigerant flow rates but is limited above 70°C. Subcooling reduces flow rates by 45%. Throttling-ejection
accommodates temperatures over 70°C and achieves cooling to 35°C, ideal for variable frequency drives.
Continuous vapor injection enhances COP by 7% at 90°C to 2.8% at 150°C. These findings emphasize tailored
cooling strategies for efficiency and operational reliability in industrial applications.
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Experimental investigation of a multi-energy complementary absorption
heat pump applied for combined cooling and heating in distributed

regions
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ABSTRACT
In the process of carbon neutrality, the comprehensive utilization of clean and renewable energy, including solar,
geothermal and biomass, is a potential solution to the low-carbon cooling and heating in distributed areas with
weak power grids, such as countryside and suburban. In this paper, an absorption heat pump system with
multi-energy complementary was built to provide cooling and heating with large temperature range of -20 to
100℃. Solar energy was collected through an evacuated tube collector, where heat conduction oil was used as
the heating medium, and a gas boiler was adopted to further heat the oil through natural gas or biogas
combustion. Heat collected in the oil circulation was used to drive an ammonia-water absorption heat pump, to
meet the cooling and heating demand in distributed areas. Environmental test of the system was performed in
Jinan, and during the whole testing period the solar thermal ratio could reach 35%. Through gas proportional
regulation, all-weather stable energy supply was achieved. Moreover, a wide range of concentration adjusting
was realized by level control of solution tank, so that the system can operate efficiently in a wider temperature
zone. It was found that the COP of cooling reached 0.30-0.43 at -20℃, and 0.70-0.78 at 7℃, with cooling water
temperatures varies from 30 to 20℃; and the COP of heating reached 1.40-1.90 at 45℃, and 1.35-1.56 at 80℃,
with evaporation temperature varies from -15 to 20℃. It was showed that by introducing solar thermal driving
and ambient energy recovery, the proportion of renewable energy of the system was over 50%, demonstrating
significant carbon reduction potential in distributed areas away from the centralized cooling or heating network.

Keywords: Absorption Heat Pump, Multi-energy Complement, Combined Cooling and Heating, Renewable
Energy, Carbon Emission Reduction

Potential of applying a novel trans-critical CO2 cycle with multi-heat
recovery for combined cooling and heating in the ice rank
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Beijing 100864, China

(c) Ningbo University of Technology
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ABSTRACT
Heat pump systems have made a critical aspect for the waste heat recovery, but the remarkable cyclicality and
diversity of heat recovery in various industrial fields such as ice rinks weaken the superiority of the system in
the design and regulation stages. Therefore, in this paper, a novel trans-critical carbon dioxide cycle with
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multi-heat recovery is proposed, integrating parallel compression and ejector to enhance the system
performance in the widetemperature range. Firstly, the experimental platform and simulation model of the
system are established, and the operation and design scheme of the system are optimized based on heat
exchanger network, cycle performance, and economy. Subsequently, an efficient and innovative strategy is
developed based on the data-driven model, which can switch the heat exchange network combination and
regulate operation parameters in terms of timeliness according to operation environment result in flexibility in
responding to changes. Finally, the effectiveness of the system and strategy are further validated through
practical testing in the ice rink. The results indicate that the system has improved the coefficient of performance
(COP) by 11.8%~28.2% in different application scenarios compared with the basic carbon dioxide cycle.
Besides, the evaluation of annual performance proves that the modified strategy is an energy-efficient choice
and can gain 15.3%~17.3% annual energy saving for different cities and weather conditions. The proposed
system and strategy present a promising solution to meet heating/cooling supply that is worthy of popularization
and application in multi-heat recovery.

Keywords: Heat pump; Heat recovery; Carbon dioxide; Data-driven; Ice rink.

Design and Operational Optimization Low Carbon Integrated Energy
System between Data Centers and Buildings based on Heating Pump

Songjie Wang(a), Xiaojie Lin(a)(b), Long Jiang(a), Wei Zhong(a)(b)
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ABSTRACT
Developing green Data Centers Integrated Energy system (DC-IES) plays a crucial role in achieving energy
conservation and carbon reduction goals in China. However, existing research mainly focuses on renewable
energy generation and electrochemical energy storage, with limited attention to the coupled design of
Electric-Hydrogen-Cooling-Heating for DC-IES under green energy utilization. Therefore, this paper proposes a
DC-IES that integrates photovoltaic-wind power generation with hydrogen systems, which can provide the
necessary energy for the servers, chillers and other equipment, serving as energy conversion device to the meet
different energy demand of data centers. Additionally, to enhance system flexibility and energy efficiency, the
proposed system employs heat pumps to recover waste heat from the data centers, and utilizes a vaporizer to
recover the cold energy from liquid hydrogen. It also utilizes batteries for energy storage and emergency devices
under special conditions. To optimize the operation of DC-IES, this study uses Carbon Emissions, Economic
Viability, Power Use Effectiveness (PUE), and Exergy efficiency as indicators to compare and analyse the
effects under different schemes, and analyses the characteristics of energy flow distribution under different
operating conditions. The results indicate that DC-IES has significant advantages in reducing PUE, decreasing
carbon emissions, and enhancing economic benefits. This study primarily provides insights for the design and
operational optimization of DC-IES, promoting the sustainable transformation of data centers.

Keywords: Data Centers, Heat Pump, Waste Heat Recovery, Cold Energy Recovery, Integrated Energy System.

1. INTRODUCTION
As the traditional industries integrate with cutting-edge technologies such as cloud computing, big data, and
artificial intelligence, a new era of the digital economy has commenced globally. Data centers, as key components
of the global information infrastructure, play a critical role in driving various digital industries[1]. Research indicates
that the global data center rack market is expected to grow from USD 4.4 billion in 2022 to USD 6.6 billion in 2027,
with a compound annual growth rate of 8.7%. By 2025, the energy consumption of data centers is projected to
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account for 3.2% of the global total carbon emissions. However, the energy consumption and environmental issues
arising during the full lifecycle of data centers are becoming increasingly prominent[2]. Consequently, optimizing
the energy efficiency of data centers and reducing carbon emissions[3] have gradually attracted the attention of
scholars and governments.

Heat pumps play an important role in the recovery and utilization of waste heat in data centers, significantly
enhancing energy efficiency and environmental sustainability. Data centers generate substantial amounts of waste
heat through their operations, traditionally released into the environment as a byproduct of cooling processes. By
integrating heat pumps, this waste heat can be recovery, either to heat the facilities during colder months or to
provide hot water for nearby buildings and industrial parks[4]. For [5]

Therefore, this paper proposes a DC-IES that integrates photovoltaic-wind power generation with hydrogen systems,
which can provide the necessary energy for the servers, chillers and other equipment, serving as energy conversion
device to the meet different energy demand of data centers and building.

2. THE PLANNINGOFWASTEHEAT RECOVERY SYSTEMBETWEEN DATA CENTERS
AND BUILDINGS
To address the high energy consumption issue between data centers and buildings, this paper proposed a
bi-level planning method for low carbon integrated energy system, the framework of this study is depicted in
Figure 1. And the main innovations of this research are in the following three aspects.：

1. Coupling Heat Pump Technology: Recovery waste heat from data centers, enhancing DC-IES efficiency.

2. Leveraging of Liquid Hydrogen Cold Energy: Heat pumps recovery the waste heat from hydrogen fuel cells.

3. Bi-Level Planning Method: The upper level allocation model for heat pumps, and the lower level optimizes
scheduling for DC-IES.

Figure 1: Framework of the waste heat recovery system planning between data centers and buildings
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3. CONCLUSIONS

This paper proposed a bi-level planning method a low carbon integrated energy system that facilitates waste heat
recovery between data centers and buildings based on heat pumps. The results indicate that DC-IES has significant
advantages in decreasing carbon emissions, enhancing economic benefits and flexibility. This study primarily
provides insights for the design and operational optimization of DC-IES, promoting the sustainable transformation
of data centers.
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ABSTRACT
In typical airport facilities such as bird repellent rooms, which are situated away from the energy station,
traditional heating and cooling methods like gas boilers are predominantly used. These systems are
characterized by low energy efficiency and high carbon emissions and operational costs. This paper introduces a
renewable energy multi-energy complementary system, comprising air-source heat pumps, soil-source heat
pumps, and phase-change energy storage underfloor heating technology, tailored for airports in severe cold
regions. This system aims to fulfil the indoor environmental needs of personnel and the demand for domestic
hot water. A simulation model is established using TRNSYS, and experimental validation is performed to assess
the system modules and critical parameters. The findings reveal that the phase-change thermal storage floor
significantly influences indoor temperature control during heating and substantially reduces temperature
fluctuation amplitudes. Regarding the air-ground source heat pump coupling system, it is observed that the
average Coefficient of Performance (COP) increases with the heat pump's start/stop temperature increment,
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while the soil temperature decreases as the start/stop switching temperature rises. Specifically, when the
start-stop switching temperature reaches -21°C, the soil temperature decreases by approximately 0.11°C after
one year of operation. Economically, the most efficient system configuration during the lifecycle involves
operating one ground source heat pump and three air source heat pumps simultaneously with a load-bearing
ratio of 3.15, whereas the lowest carbon emissions are achieved with one ground source heat pump and two air
source heat pumps in operation. Annually, this system conserves around 19,600 kg of standard coal, marking a
25.3% reduction compared to traditional gas boilers and electric cooling systems. Additionally, it reduces CO2

emissions by 48.41 tonnes, SO2 emissions by 0.39 tonnes, and soot by 0.2 tonnes annually, highlighting its
superior economic performance and environmental benefits.

Keywords: Multi-energy Complementary System, Airport annex, Heat Pumps, TRNSYS.
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ABSTRACT
To improve the comprehensive performance of the heating system in a plant factory, reduce operational costs,
and address short-term overload issues in the local power grid, a integrated energy system has been designed.
This system integrates the operation of a CO2 air source heat pump and a ground-source heat pump, coupled
with energy storage. The system has been designed with four operational modes: CO2 air source heat pump
mode, ground source heat pump mode, combined operation mode of CO2 air source and ground source heat
pumps, and energy storage heating mode. Firstly, based on the equivalent thermal parameter model, the heat
demand of the plant factory is analyzed. On this basis, an optimal control strategy for the coupled operation of
CO2 heat pump and ground source heat pump is proposed by adopting the regional energy balance control
method, taking into account the influence of key parameters such as peak and valley hours of electricity
consumption, return water temperature, and ambient temperature on the system performance. Then, the
operational and economic performance of the system under multi-mode is predicted and optimized. At the same
time, an operation strategy is proposed in which the system releases energy during the peak hours of electricity
consumption and stores energy during the trough hours, which balances the fluctuation of the grid load. The
results indicate that the optimised system improves the integrated heating efficiency by 11.2% and reduces the
operating cost by 9.6% when compared to the CO2 air source heat pump system operating alone. Additionally,
the peak-to-valley ratio of the system's load-use hours decreased by 36.5%, mitigating short-term overloading of
the local power grid and enhancing the stability and reliability of the power system.

Keywords: CO2 air source heat pump, Ground source heat pump, Thermal energy storage, Peak-to-Valley Ratio;
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ABSTRACT

Industry production process generally consumes a large amount of steam, and a huge amount of low-grade waste
heat generated is directly released to the environment, in order to effectively utilize this waste heat and improve the
energy efficiency of production process. This paper proposes a waste heat recovery system based on a water-source
heat pump for temperature and humidity control of the production environment. The validated process model of the
system was developed in TRNSYS and parameter evaluation was carried out to analyse the energy performance.
The simulation results of the parametric study show that the combined system is capable of recovering waste heat
with an 81.5% efficiency and replacing the original steam heat and humidity control system to meet the production
requirements of the production space of 26 °C and 60% relative humidity. The findings of this paper provide a
scientific basis for the use of low-grade waste heat recovery for heat and humidity control in the built environment,
and offer theoretical and technical guidance for engineering practice.

Keywords: Heat Pump, Waste heat recovery, Exergy, Energy consumption analysis, Economic analysis

1. INTRODUCTION

With the rapid development of the economy, the depletion of fossil energy and the deterioration of the ecological
environment have become a common crisis faced by the whole world, which is difficult to effectively resolve.
Improving the efficiency of traditional energy utilization and increasing the proportion of clean energy utilization
has become a consensus for the energy development of various countries. According to data published by the
International Energy Agency[1], the industrial sector accounts for over 30% of global energy consumption. In
industries such as pharmaceuticals and tobacco, over 50% of energy consumption is used for environmental
temperature control and water heating, and a considerable amount of low-grade waste heat is discharged dissipated
into the atmosphere by condensing heat[2-4].Thus, this inefficiency highlights the urgent demand for waste heat and
clean energy utilization methods to reduce system energy consumption while ensuring energy demand of the
facilities[5, 6].

A significant amount of research has been done on low-grade waste heat recovery from industrial sector for energy
system efficiency gains. The methods developed in previous research have mainly focused on waste heat recovery
and reuse through direct or indirect heat exchange[7-10]. Zan et al.[11] proposed is a new adsorption ventilation
system that combines air thermal conditioning with indoor air cleaning. The system utilizes the adsorption potential
of desiccant materials for moisture and gaseous pollution to achieve dehumidification and cleaning of indoor air,
aiming to improve indoor air quality and reduce energy consumption for building ventilation. Liu et al.[12] analyzed
two condensation heat regeneration desiccant systems and conducted experimental studies on heat pump-assisted
conditions, which showed that the use of high-temperature chilled water above 14 degrees Celsius to control the
indoor thermal environment was more stable and energy consumption was reduced by 58 ％ . Seo et al.[13]
proposed a compact heat pipe heat exchanger to study its potential for waste heat recovery under low-grade heat
sources, and experimental results show that the thermal performance of the new heat pipe structure has been
improved by at least 1.8 times. Tang et al.[14] for condensing heat recovery type precision air conditioning
performance research, respectively tested and analyzed the compressor frequency, air volume and cooling water
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flow four key parameters on the performance of the system, the results show that by the condensing heat recovery,
the performance of this type of precision air conditioning system performance changes are relatively complex.

Traditional industrial air conditioning systems typically use electric heating or heat generated from the consumption
of fossil fuels, resulting in high energy consumption and significant pollution[15-17]. Zhang et al.[18] proposed a
split-range control strategy for temperature and humidity independent control system, temperature is kept constant
by chilled water flow rate control and humidity is kept constant by dynamically adjusting the chilled water
temperature, minimizing energy consumption. Jia et al.[19] proposed a condensation heat waste heat recovery for
solid desiccant regeneration of the system, which uses a heat pump evaporator to control the temperature of the
supply air, and the desiccant regeneration is provided by the condenser, and the performance and characteristics of
the heat pump-assisted drying system have been investigated through experiments and simulations. Yu et al.[20]
proposed a ground source heat pump driven constant temperature and humidity air-conditioning system, which uses
part of the condensation heat for system reheating and the other part is discharged to the soil for storage and reuse,
experimental and simulation results show that the system reduces the operating cost by 55.8 ％ and 48.4 ％

compared with the traditional air source system and chiller with boiler system. Wang et al.[21] proposes a system in
which groundwater is led into an air handling unit(AHU) for fresh air treatment, with lower-temperature
groundwater pre-treating the air, followed by temperature and humidity regulation, which greatly reduces the energy
consumption of the system.

As low-grade waste heat is usually rejected to the ambient, if it could be reused, it can significantly reduce the
energy consumption of the system. Xu et al.[22] proposed a two-stage absorption heat pump system to recover
low-grade waste heat, which was experimentally investigated by reducing the wastewater temperature from 45.0°C
to 15.9°C, thus achieving waste heat recovery, while the experimental prototype heated water to 52.5°C for
domestic heating application. Yu et al.[23] studied the waste heat recovery air source heat pump system and
proposed a new evaluation model for this type of system, results show that the novel waste heat recovery heat pump
system yield 18.9％ higher in COP and only 2.1％ increase in total cost. Tan et al.[24] for the low-grade waste heat
recovery system, the heat pump, steam turbine, and organic Rankine cycle are modeled by Aspen Plus, under the
condition of warming up 10-30℃, performed a comparison of energy efficiency and economic benefits, results
showed that the heat pump for the best choice of waste heat recovery.

A summary of existing research shows that the study of low-grade waste heat recovery systems for condensing heat
is still in primary stage, this type of low-grade waste heat is widely distributed and in large quantities, with great
potential for recovery and reuse. Therefore, this study focuses on a novel type of condensing heat recovery coupled
solar system to reduce the AHU system thermal supply for increasing the integral energy efficiency, Analyzed and
discussed in terms of energy consumption, exergy and technical economics.

2. METHODS

This paper explores a new solution to improve the overall energy efficiency of a building by using chiller
condensation waste heat as a heat pump heat source and coupling solar energy to achieve the replacement of the
heating end of a conventional AHU. The research focused on a factory building in Hangzhou, which generates a
large amount of low-grade condensing heat daily due to production demands. The research aims to reduce the
building's space heating requirements by utilizing waste heat and solar energy. Through parametric analysis, the
research identified an optimized design based on key performance indicators such as economy, energy and
environmental impact. Specifically, the condensing heat from the chiller unit was lifted to a higher temperature
level by the heat pump, mixed with solar heat, and reused to raise the ventilation system reheat, thus
eliminating/reducing the need for a post-heater to raise the supply air temperature of the building. Therefore,
this research uses TRNSYS software to perform transient simulations to determinate the optimal design between
the AHU and the components. Figure 1 illustrates the simulated system in TRNSYS and the interaction between
the components.
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Figure 1: Developed TRNSYS model of the waste heat recovery

2.1 Combined system description

This work investigated the potential of reducing energy consumption by replacing the air reheat unit in the AHU via a
waste heat recovery system. Figure 2 provides a brief view of the integrated system consisting of the building, the AHU
and the waste heat recovery system. The heat collected by the solar thermal system is gathered in the thermal storage tank
which supplies the air reheat in the AHU in case of sufficient illumination. Once the outlet water temperature fails to meet
the requirement of the air reheat temperature, the water source heat pump unit is turned on, and the condensation heat from
the chiller unit is lifted up to the temperature level and then gathered in the water tank.

Figure 2: Schematic illustration of the waste heat recovery
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2.2 Transient system simulator

Transient simulations were conducted to evaluate the performance of the entire system and its components. The simulation time
span is more than one year and the simulation data is derived from the climate data of Hangzhou, China. For this purpose,
TRNSYS (Transient System Simulation Tool), a well-known software for transient simulation of energy systems, was used,
which calculates the energy and mass balance equations for each component of the simulation in order to evaluate the overall
performance metrics defined. The building heating demand is investigated for two scenarios with waste heat recovery system
and gas heating, and the total cost and environmental impact are studied. Table 1 details the main components of the system and
their corresponding TRNSYS models.

Table 1: System components of the corresponding TRNSYS type.

Component Type Description
Chiller 666 This component simulates a vapor compression water-cooled

chiller and relies on external data to determine the performance
of the chiller.

Water source heat
pump

927 This component simulates a single-stage heat pump. The heat
pump regulates one stream of liquid by either absorbing energy
from another stream (heating mode).

Solar collector 1b This component simulates the transient performance of liquid
solar collectors (or collector arrays)

Heating coil 140 This component simulates air heating coil with internally
controlled bypass damper to maintain outlet air temperature
above the inlet air temperature and below the user-specified set
point temperature.

Humidifier 641 This component simulates an adiabatic humidifier whose outlet
air state is determined by the energy balance.

Building 88 This component simulates a certain area that may be affected
by infiltration, ventilation, skin loss, internal heat/mass gain
and interaction with adjacent areas.

3 EVALUATIONMETHONDS

3.1 Energy consumption evaluation

A package

3.2 Exergy analysis

A package

3.3 Economic evaluation

For waste heat recovery systems, the unit heating cost Cs consists of unit energy cost Cec and unit non-energy cost Cnc[25].

4.ANALYSISAND DICUSSION

The proposed WSHE can independently handle sensible and latent loads at the same time, which opens up the
possibility of achieving ultrahigh efficiency for a broad range of temperature- and humidity-control
applications.

4.1 Design parameters

4.2 Thermodynamic perfection analysis
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4.3 Energy consumption analysis

4.4 Economic analysis

5. CONCLUSION
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Optimising steam generating heat pump integration in industries:
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ABSTRACT
Steam has been widely used as an energy carrier in industrial processes. As the world aims for decarbonisation,
steam generating heat pumps serve as potentially sustainable alternatives to conventional boilers for producing
steam at low to medium temperatures (below 300°C). Despite the commercial availability of steam generation
heat pumps for temperatures up to about 250°C, an understanding of these technologies is essential for
optimising their integration into industrial processes. This study investigates the performance of various steam
generating heat pumps, including open- and closed-cycle, as well as cascaded systems, for producing steam
ranging from 160°C to 300°C, utilising heat sources from ambient to 120°C. The findings reveal how the type
of working fluids and boundary conditions such as waste heat temperature and heating demand, affect the
performance of different steam generating heat pump technologies. Consequently, guidelines are provided to
assist industries in selecting the most suitable heat pump technology, tailored to meet their specific demands.

Keywords: Steam generating heat pump, mechanical vapor recompression, thermal vapor compression, COP.
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ABSTRACT
CO2 refrigeration is considered the optimal approach for the development of refrigeration technology in the
context of carbon peaking and carbon neutrality. This paper presents the design and construction of a CO2

two-stage compression refrigeration system with vapor-injection. The effects of the evaporating temperature,
discharge pressure of the high-pressure stage compressor, outlet temperature of intercooler and frequency of
high-pressure stage compressor on the two-stage compression refrigeration system were investigated. The
experimental results showed that the performance of this system was more influenced by the evaporation
temperature than the outlet temperature of the intercooler. And when the evaporation temperature increased
from -28°C to -20°C, the system COP increased by 23.9%. The system COP reached a maximum value of 1.78
at a high pressure of 8.4 MPa. As the frequency of the high-pressure stage compressor increased, the COP of the
system showed a trend of increasing and then decreasing, and the COP reached its maximum value of 1.73 at a
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compressor frequency of about 52Hz. This study guides the application of CO2 two-stage compression
refrigeration system for actual use in the cryogenic cold chain.

Keywords: CO2 two-stage compression refrigeration; vapor-injection; COP; discharge temperature
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Tsinghua University,
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ABSTRACT
The differences in the distribution of people and their dwell times within architectural environments give rise to
various practical usage scenarios for buildings and result in significant variations in the energy consumption of
lighting, air conditioning, and other building service systems. Understanding the distribution of people can also
enhance the efficiency of work and living spaces, enabling the optimization of workflows, improvements in
spatial layouts, or adjustments to heat pump and other equipment configurations to boost efficiency. In the
current architectural environment, obtaining data for typical scenarios typically relies on manual on-site surveys,
which limit the scope and temporal dimension of the research, can easily influence activities and scenarios
within rooms, and make it difficult to determine the precise locations of people in actual usage scenarios.

Our research team previously proposed a non-contact personnel positioning system utilizing binocular vision
cameras, which enables accurate, real-time, and continuous acquisition of indoor personnel positioning
information. This system combines binocular cameras with personnel recognition algorithms to obtain indoor
personnel distribution information over long periods, typically measured in weeks. Utilizing big data analysis
methods on this basis, we can derive typical personnel usage patterns and locations of personnel stays within
measured spaces. Through clustering, typical indoor usage scenarios and their distribution proportions can be
identified. Leveraging this technology, our team conducted continuous real-time indoor personnel positioning
data collection for over 10 days in six typical buildings. Through cluster analysis of over a hundred million lines
of personnel positioning data, we identified five typical scenarios and proportions of personnel distribution in
small to medium-sized public spaces. Our findings revealed that the average occupancy rate of public spaces
surveyed was less than 50%, and the proportion of actual design scenarios occurring within these spaces was
less than 30%. This research method and its results can provide fundamental data for indoor heat pump design,
intelligent construction, and energy-efficient operation of indoor environmental service systems.

Keywords: Machine Vision, Actual Usage Patterns, Typical Scenarios, Energy Efficiency, Personnel
Positioning System.
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Advanced control strategy of ground-source heat pump
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ABSTRACT
Ground source heat pump (GSHP) systems have gained significant attention in recent years for space heating
applications. In traditional GSHP control strategy, the supply water temperature and flow rate are typically
maintained constant, which is inefficient and may decrease user thermal comfort under part load operation. In
order to optimize GSHP power consumption, this study aimed to minimize unnecessary power consumption in
circulating pumps under variable load operation by employing an advanced load-predictive control strategy. The
load-side return water temperature was fixed in this advanced control strategy, and the load-side optimal supply
water temperature and flow rate were determined through a performance map, while the source-side optimal
flow rate was computed iteratively because the soil heat transfer rate was not possible to explicitly predict.
Using a typical office building located in Xi’an as a case study, a transient GSHP simulation model was
developed in TRNSYS and WAS validated by the experimental data. Based on the simulation model, the
load-predictive control strategy was numerically studied to investigate the energy-saving potential. Through the
modulation of supply water temperature and flow rate, the advanced control strategy demonstrated a noteworthy
energy-saving of 11% compared to the traditional control strategy.

Keywords: Ground source heat pump, Control strategy, Water flow rate, TRNSYS.
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ABSTRACT
This article studies the finite-time thermodynamic optimization of indirect sewage source heat pump systems.
Taking a hotel in Beijing as an example, the operation of the system in winter was investigated, and relevant
data were collected, including sewage temperature, hot water preparation temperature, heat supply, energy
consumption, and COP performance coefficient. Then, the indirect sewage source heat pump system was
optimized using finite-time thermodynamics, considering heat leakage, thermal resistance, and irreversibility of
the cycle. Based on this, a sewage source heat pump cycle model was constructed, and the objective function
was optimized using the Lagrangian multiplier method to study the proportional relationship between various
heat transfer areas under optimal conditions for the heat pump's heating performance coefficient. The
relationship between various parameters was also studied under the condition of minimizing the total heat
transfer area of the heat exchanger. Finally, the optimization results were verified through specific examples.

mailto:qiansuxin@xjtu.edu.cn


2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

７９

This article uses TRNSYS software to build a simulation model of the indirect sewage source heat pump system,
simulating the original system and the optimized system separately, and analyzing the changes in hot water
temperature, heat supply, energy consumption, and COP produced by the two systems. The results show that the
optimized system has improved hot water temperature, heat supply, and COP by 11.78%, 28.33%, and 18.42%
respectively, with a total heat supply 26.50% higher than the original system and energy savings of 14.41%. It
can be seen that the comprehensive performance of the optimized system has been improved, and the
optimization effect is significant.

Keywords: Sewage source heat pump system, Finite time thermodynamics, TRNSYS simulation

1.INTRODUCTION
With the increase in the total number of buildings in China, the energy consumption of their operation has also
intensified, resulting in a large number of environmental pollution problems that persist. The sewage source heat
pump system can effectively save energy, and urban sewage has the potential to be used as a heat pump cold and
heat source due to its stable temperature. Therefore, recycling low-grade energy such as sewage can effectively
solve the energy supply and demand problems in various regions. In northern China, most rural and urban areas
use fossil fuels such as coal, oil, and natural gas to obtain heat for winter heating, but the extensive use of fossil
fuels can cause serious environmental problems, so the contradiction between heating and environmental
protection is difficult to resolve at this stage. In northern China, the climate is cold and there is a lack of suitable
heat pump cold and heat sources. The emergence of sewage heat energy makes up for this gap. The temperature
of urban sewage remains basically stable throughout the year, and the operating efficiency of sewage source
heat pump systems in both winter and summer is higher than traditional air conditioning, with less energy
consumption and significant comprehensive benefits.

2. Research content
Based on the research progress of sewage source heat pump system optimization at home and abroad, this
article focuses on the following aspects:
(1) Simulation and building experimental platforms are currently the most common methods for heat pump
research, but these methods neglect the monitoring of specific engineering operating conditions and lack
realistic support. The conclusions drawn are not rigorous, so this study conducted field tests on existing
demonstration projects of heat pump systems to understand the changes in relevant parameters during the
operation of indirect sewage source heat pump systems, and analyzed the experimental data to draw some
conclusions, providing a basis for further research on indirect sewage source heat pump systems.

(2) Utilizing the theory of finite-time thermodynamics, establish a steady-state irreversible cycle model for
indirect sewage source heat pump systems, paying attention to the effects of thermal resistance, heat leakage
losses between heat sources, and internal irreversible losses in the cycle. Under given thermal loads and other
fixed parameters, optimize the model to study the optimal relationship between the main design parameters and
performance parameters of the system when the objective function (coefficient of performance and minimum
total heat transfer area) is optimized.

(3) Utilize TRNSYS software to conduct simulation studies on unoptimized and optimized systems. Compare
and analyze the changes in hot water temperature, system heat supply, system energy consumption, and system
COP for both systems to determine the optimization effect.

3.CONCLUSIONS
Compared with the original system, the optimized system has improved hot water temperature, heating capacity,
and COP, and the total heating capacity is 26.50% higher than the original system, resulting in a 14.41% energy
saving. Therefore, it can be seen that the comprehensive performance of the optimized system has been
improved, and the optimization effect is significant.
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ABSTRACT
With the expansion of air source heat pump (ASHP) space heating scale from household to million square
meters level, ASHP array had become the main form of site layout. However, the cold and wet island effect
(C-WIE) was easily formed in the center of the ASHP array, and current research mostly focused on the single
cold island effect (CIE), ignoring the wet island effect (WIE). This paper relied on three ASHP array space
heating projects and used field test method to explore the characteristics and influence of C-WIE from ASHP
array. The results indicated that the C-WIE was widely present and coupled with each other, and was affected
by many factors such as ambient temperature and humidity, power on ratio, array scale, and surrounding barrier.
The long-term test results showed that the average C-WIE intensities of the center unit in array were 0.8℃ ~
5.5℃ and 3.2% ~ 17%, respectively. The heating performance loss coefficient of C-WIE for the center unit was
0.06 ~ 0.32, and COP was decreased by 7% ~ 33%. This study has important guiding significance for
improving the operating energy efficiency of ASHP array.

Keywords: Air source heat pump array; Cold island effect; Wet island effect; Field test.
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ABSTRACT
The floor heating system using air-cooled heat pumps as the heat source is a new and effective economic
strategy to replace coal-fired heating. With the widespread application of this system, the overall energy-
saving optimization control of the system has become an important research content to achieve carbon peak and
carbon neutrality goals. This study establishes a neural network model based on actual data, taking into account
the goals of energy conservation and human thermal comfort. Under certain environmental temperature and
humidity, solar radiation intensity, and building orientation, the optimal pump frequency and chilled water
supply temperature are obtained through an optimization algorithm. Compared with the unoptimized working
conditions, the system using the optimization strategy can maintain indoor temperature between 19.5-20.5℃and
achieve an energy-saving rate of 15.3%. This study can achieve energy-saving optimization while ensuring
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human thermal comfort, providing an effective solution for the low-carbon development of air-cooled heat
pump with floor heatingsystem.

Keywords: Air-cooled heat pump, Floor heating system, Energy saving optimization control
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ABSTRACT

Radiant combined with convection systems are favored for providing a heating environment with good air quality and
comfort, coupled with high heating efficiency. However, one kind of temperature of hot water is sent to different
heating terminals, leading to inefficient utilization of thermal energy and exergy loss. Due to the significant
differences between the radiant and convective terminals, a novel dual-temperature district heating substation system
employing one absorption heat pump and two heat exchangers is proposed to meet the different heating demands and
reduce the water temperature of the primary network as much as possible. Results showed that at the designed
primary supply water temperature of 90℃, the return water temperature of the primary network could be reduced to
19.9℃ over the whole heating season, and the coefficient of performance of the system can reach 8.26. Compared to
schemes of single-temperature district heating systems with a heat exchanger or with an absorption heat exchanger,
the proposed system can reduce the return water temperature of the primary network by 12.8°C to 9.1°C. Additionally,
the primary network water flow rate can be reduced by 9.03% and 29.42%, respectively, while the coefficient of
performance (COP) can be increased by 38.6% and 41.9%, respectively.

Keywords: Dual-temperature, District heating substation, Absorption heat pump, Return water temperature

1. INTRODUCTION

Creating an energy-efficient, comfortable, and healthy heating environment is an important aspect of ensuring the
quality of people's lives and promoting energy-saving and carbon reduction in buildings. Radiant combined with
convection systems are favored for providing a heating environment with good air quality and comfort, coupled with
high heating efficiency[1]. However, due to the significant differences between the radiant and convective terminals,
one kind of temperature of hot water is sent to different heating terminals, leading to inefficient utilization of thermal
energy and exergy loss[2]. Therefore, the development of a dual-temperature district heating substation is essential to
study to meet the different heating requirements of different terminals, reduce heat transfer losses, improve the
system efficiency, and increase the heating capacity of the primary network[3-5].

In this study, a dual-temperature district heating substation with an absorption heat pump(AHP) and two
exchangers(1AHP+2HX), which utilizes primary network water as the heat source to produce two different
temperatures of water to separately supply heat to the radiant floor heating(RFH) and fresh air handling unit(FAHU).

2. SCHEME OF THE DUAL-TEMPERATURE DISTRICT HEATING SUBSTATION

2.1 The system principle

A novel dual-temperature district heating substation system has been proposed recently as shown in Fig.1 (a). The primary
network hot water sequentially passes through the generator, high-temperature hot water heat exchanger, low-temperature
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hot water heat exchanger and evaporator, and then returns to the power plants. On the secondary side, the return water of
RFH is divided into two parts. One part is heated by the absorber of AHP, while another part is heated by the
low-temperature heat exchanger. Similar to the radiant floor heating, the return water of FAHU is also divided into two
parts. One part is heated by the condenser of AHP, while another part is heated by the high-temperature heat exchanger.

When the outdoor temperature is relatively low, the system adjusts the circulation flow rate of the solution and changes the
proportion of the return water entering the heat exchangers and absorption heat pumps to meet the changes in heating loads.
However, when the outdoor temperature is high the absorption heat pump is switched off, and only two heat exchangers are
activated for heating, as shown in Fig.1(b).

Figure 1: Schematics of dual-temperature district heating substation system with one absorption heat pump and two heat
exchangers: Mode 1 (a), Mode 2 (b).

2.2 Performance of the dual-temperature district heating substation

Taking an office building in Beijing as an example of system design. The heating load of FAHU and RFH is 2224.73 kW
and 5225.71 kW, respectively. With a primary network water supply temperature of 90°C, the return water temperature of
the primary network can be reduced to 19.1°C. The designed primary network water flow rate is 25.1 kg/s. The primary
network and secondary network water flow rates and temperatures of the system under design conditions are shown in
Fig.2.

Figure 2: Schematics and specific design parameters of 1AHP+2HX system.
Fig.3 (a) and (b) respectively illustrate the variation of supply and return water temperatures for RFH and FAHU in
the primary and secondary networks when quality regulation is adopted. According to Fig.2(a), in Mode 1 operation
of the system, the supply water temperature of the primary network decreases linearly, while the return water
temperature remains almost constant. When the system switches to Mode 2 above the outdoor temperature of 7°C,
the return water temperature of the system increases because it cannot decrease below the return water temperature of
RFH due to the limitations of the heat exchanger. As the primary network's supply water flow rate remains constant,
the supply water temperature of the primary network increases accordingly. Fig.3 (b) reflects the variation of supply
and return water temperatures for RFH and FAHU in the secondary network when the quality regulation is adopted.
The proportion of mass flow rate of secondary network water entering the absorption heat pump and heat exchanger
changes to adapt to the variation of building load according to the different ambient temperatures. Meanwhile, both
the supply and the return water temperatures of the secondary network decrease.
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Figure 3: The operational performance of the 1AHP+2HX system and its comparison with other systems: Temperature of
the primary network (a), Temperature of the secondary network (b), Thermodynamic comparison of different schemes over

the entire heating season (c), Waste heat recovery and COP of three schemes (d).

Fig.3(c) and (d) respectively present a comparison between this system and two single-temperature heating systems using
heat exchangers and absorption heat exchangers, respectively. Compared to schemes of single-temperature district heating
systems with a heat exchanger or with an absorption heat exchanger, the proposed system can reduce the return water
temperature of the primary network by 12.8°C to 9.1°C. Additionally, the primary network water flow rate can be reduced
by 9.03% and 29.42%, respectively, while the coefficient of performance (COP) can be increased by 38.6% and 41.9%,
respectively. Due to the 1AHP+2HX system's primary network return water having the lowest temperature and minimum
flow rate, it recovers more waste heat from the exhausted steam in the power plant. Therefore, it achieves the highest
equivalent COP.

3. CONCLUSIONS

To address the inefficient utilization of thermal energy and exergy loss caused by using a single-temperature heat
source to heat FAHU and RFH in the radiant combined with convection systems, a dual-temperature district heating
substation, namely 1AHP+2HX system, is proposed. This system uses the primary hot water as the heat source and
provides higher temperature water for FAHU and low-temperature water for floor heating. Under design conditions,
it can reduce the return water temperature of the primary network to 19.1°C. Compared to two single-temperature hot
water schemes using heat exchangers and absorption heat exchangers, the proposed system can respectively reduce
the return water temperature of the primary network by 12.8°C to 9.1°C, decrease the primary network water flow
rate by 9.03% and 29.42%, and increase the COP by 38.6% and 41.9%. This scheme provides a reference for
designing district heating systems with different heating demands.
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ABSTRACT
Hydrogen is being considered as one of the main options to decarbonise space heating. One of the key
advantages is the possibility of seasonal energy storage using underground caverns. However, a disadvantage of
using hydrogen is that when combusted in boilers, only ~60% of the energy that went into making it reaches a
house in the form of low-temperature heat for space-heating.

Electrical heat pumps are the other low-carbon solution being considered. Heat pumps can deliver up 4x the
amount of energy they consume. However, the current electricity grid (in the UK) does not have the capacity to
support their widespread use. The upgrades and reinforcements required to ‘electrify domestic space-heating’
and enable the electricity grid to take on the gas network’s duty are not feasible due to the extremely high costs.

This paper presents a novel concept called High-Performance Hydrogen-Powered Heat-Pump (HP3), which
combines the best attributes of heating by hydrogen combustion and electrically driven heat-pumping. HP3
systems are thermo-mechanical systems that blend a heat-engine and a heat-pump to deliver a large quantity of
low-grade heat using a small amount of high-grade (high temperature) heat from the combustion of H2 or
another clean fuel.

Initial calculations show that the system can achieve attractive performance levels with realistic operating
parameters. Considering an ambient temperature of -9°C and flow/return temperatures of 55/35 °C, respectively,
the system could see a CoP of ~2.4.

One of the main design challenges is to achieve a high isentropic efficiency in the expander(s) of the heat engine
section, which is key to achieve a high overall CoP. The work carried out thus far has revealed that the design
of these turbomachines simplifies as the output of the system increases. This indicates that HP3 systems are
better suited for district heating systems (>200 kW).

Keywords: Space Heating, Low-Carbon Heating, Hydrogen Boilers, Heat-Driven Heat Pumps, Hybrid Heat
Pumps, COP
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ABSTRACT
Air is a readily available and renewable source, but its efficient utilization for industrial heating is hindered by
the significant temperature mismatch between the low-grade air source and the high-temperature industrial
demand. Heat pumps can elevate the source temperature from low to high levels. However, there is still a
significant knowledge gap in achieving output temperature exceeding 90°C when the input source is below
30°C. While there are some preliminary studies on air-source heat pumps operating in the mentioned
temperature range, they have yet to distinguish the respective coupling temperatures required for different
cascaded components. Therefore, the optimal cascade configuration between various sub-cycles has not been
established, and the full efficiency potential remains untapped. To address the identified limitations, in this work,
an advanced cascade mode is proposed and applied to the air source compression-absorption heat pump
(CAHP). The novel cascade method allows independent control of the coupling temperature in different
branches as needed, facilitating an optimal cascade configuration between various subloops. Consequently, the
operating efficiency of CAHP is optimized. Simulation results show that the proposed cascade mode reduces the
exergy destruction of CAHP by 6.3% compared to the existing mode. Moreover, it always achieves higher
efficiencies in the studied conditions, with a maximum increase in the coefficient of performance and exergy
coefficient of performance by 16.2% and 19.2%, respectively. Under ambient temperature of 10°C to 30°C and
an output temperature of 100°C, the improved cascade CAHP exhibits an increase in heating capacity, ranging
from 51.8% to 336.4% higher than the existing mode. These advantageous features contribute to achieving
cleaner industrial heating with air source heat pumps.

Keywords: Absorption heat pump; Ionic liquid; Compression-absorption cascade; Efficiency optimization;
Industrial heating
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ABSTRACT

Direct air capture (DAC) processes meet challenges in considerable heat demand. The method of integrating
heat pumps shows excellent potential for low-grade heat utilization. This study aims to introduce and design a
flexible DAC system with the superiority of enhancing adsorption capacity and reducing heat consumption. It
utilizes the concept of synergetic cooling and heating achieved by the air-source heat pump. To investigate the
performance of the integrated system, different refrigerants are screened to be compatible with working cycles
of DAC using LEWATIT VP OC 1065, and the combination of numerical modelling and multi-objective
algorithm is proposed to optimize productivity, purity, and energy efficiency of the DAC outputs. The results
indicate that the concept can maximize cycle capacity up to 1.3 mmol·g-1 and eliminate 36.2 % of the required
sensible heat demand. The heat transfer rate significantly affects productivity, and the purities are sensitive to
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levels of operating pressures. The interaction of operating parameters, including purge velocities, temperature
differences and step durations, are also investigated to demonstrate the applicability of the synergistic strategy.
The Pareto fronts provide suggestive design parameters of DAC configured in various regional meteorology. It
is proved that the productivity is enhanced to 452.1 kg·day-1 in a year and achieves an average heat consumption
of 2.1 MJ·kg-1 when applied in Hangzhou. Furthermore, the adsorption step requires an additional 30-75 min to
reach the equilibrium status, showing the trade-off between kinetics and energy consumption should be
carefully balanced in the proposed system.

Keywords: Direct Air Capture, Heat Pump, Process intensification, Adsorption, low-grade heat
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ABSTRACT
Split air conditioning at high temperatures is not conducive to condensation heat dissipation, resulting in
reduced cooling efficiency. Sky radiative cooling and evaporative cooling, as low-carbon emission passive
sustainable cooling techniques, are integrated with air conditioning condensers by many scholars in direct or
indirect ways to optimize condensation heat dissipations. However, the uncertainty of climatic conditions and
the limitations of cooling power hinder their practical application. To address this issue, a novel three-source
passive condenser cooling scheme integrating sky radiative cooling and evaporative cooling has been proposed
for split air conditioning. A distribution parameter mode has been established and verified using MATLAB. The
impact of outdoor and indoor temperatures, irradiation, relative humidity, and wind speed on the
thermodynamic parameter change and steady performance of the system are discussed in detail. The simulation
results indicate that the energy consumption of the system has been effectively reduced, and the refrigeration
capacity exhibits higher stability in response to outdoor environment variations. The coefficient of performance
under various outdoor boundary conditions has increased by 7.45% to 25.10% compared to traditional split air
conditioning. The study confirms that the novel three-source passive condenser is adaptable to various outdoor
environments, further expanding the application of passive cooling in the field of air conditioning.

Keywords: Sky radiative cooling, Evaporative cooling, Split air conditioning, Energy efficiency
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FABSTRACT
Heat pump technologies play a significant role in building energy saving and emission reduction. Combing the
opposite characteristics of the electrical and absorption heat pumps, a hybrid-energy heat pump can be applied
for flexible solar cooling. In this work, refrigerant/ionic liquids are proposed as novel working fluids for
efficient hybrid-energy heat pump and overcoming its crystallization problem. A time-dependent model of
hybrid-energy heat pumps has been established based on the mass/energy conservation and verified with high
accuracies. The optimum working fluid is screened among the several ionic-liquid-based alternatives:
NH3/[MMIM][DMP] achieves the highest electrical COP of 20.4 at an inlet driving source temperature of 90 °C.
For different types of refrigerants, the cycle performance is in the order of: NH3 > HFC > HFO. Compared with
NH3, fluorine refrigerants have higher technical maturity in the electrical sub-cycle, and there will be no toxicity
and explosivity problems. The dynamic simulation results show that a higher absorption-side refrigerant ratio is
preferred in hotter conditions owing to the higher efficiency and less electricity consumption of the absorption
sub-cycle. The electrical COP with an absorption-side refrigerant ratio of 0.8 is 33.1% higher than that with an
absorption-side refrigerant ratio of 0.6. This study focuses on the performance improvement and stable
operation of the novel hybrid-energy heat pump for solar building cooling.

Keywords: Heat pump, Hybrid cycle, Ionic liquid, Solar cooling, Energy efficiency.
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ABSTRACT
Compared with the physical phase change process, some chemical reactions have more potential in low-grade
heat thermal management, storage, and utilization due to the relatively more significant physico-chemical
thermal effects. The reversible decomposition of ammonium carbamate (AC) into NH3 and CO2 is such a
reaction suitable for low-grade heat utilization. A novel chemical heat pump based on the reversible reaction of
AC (AC-CHP) was established. It has advantages in efficiency and environmental friendliness over
conventional compression heat pump. Heat exchanger-reactor is one of the most important components, which
significantly impacts the performance and even the feasibility of AC-CHP. The coupled chemical reaction of
AC, heat and mass transfer complicate the process in the reactors. The research on AC-based heat
exchanger-reactor is still insufficient. The heat transfer characteristics of the reactor under the working
condition of the heat pump is in lack. In this study, a coil-type heat exchanger-reactor is designed, and its
performance is experimentally investigated based on a prototype of AC-CHP. AC is used in the form of a
solution by dissolving the solid AC in solvent ethylene glycol to realize continuous cycle operation and promote
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the reaction process. The reversible reaction takes place outside the coil pipe. This study focuses on the heat
transfer characteristics of the heat exchanger-reactor of the decomposition reaction. The temperature distribution
of the reactor was investigated. The average temperature at the upside, middle and downside of the reactor is
determined as the characteristic temperature. It is found that the decomposition reaction of AC can enhance the
heat transfer of the heat exchanger-reactor because of the endothermic thermal effect and disturbance of bubbles
generated during the decomposition of AC. The results can provide guidance for the reactor design and
operation optimization of the chemical heat pump or other technologies based on AC.

Keywords: Heat exchanger-reactor, Heat transfer, Chemical heat pump, Reversible reaction, Ammonium
carbamate, Experimental investigation.
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ABSTRACT
Subway stations play a crucial role in urban transportation. Their enormous energy use offers significant
energy-saving potential. However, there is a lack of detailed energy models for calculating the overall cooling
load of subway stations and evaluating their energy conservation potential. This study mainly established a
cooling load evaluation model for ventilation and air-conditioning system based on actual operational data and
field test data from a subway station in Shanghai, China. This model takes into account passengers, infiltration
wind, mechanical fresh air and equipment, etc. The model allows for the calculation of the station's hourly
overall cooling load by inputting parameters such as hourly passenger flow, temperature and humidity of
outdoor air and average train departure density, etc. Furthermore, several energy-saving methods were applied
to evaluate the energy conservation potential of the subway stations. The model serves as an effective way to
evaluate energy consumption and provide guidance for actual energy-saving retrofit projects for subway
stations.

Keywords: Subway station, Cooling load, Energy conservation potential.
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ABSTRACT
Heating decarbonisation is one of the most important areas of low-carbon energy system transition to mitigate
global climate change. Both China and Sweden predominantly use district heating systems for covering heating
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demands in urban built environment. Although both countries share the same transition goals to reach carbon
neutrality in the district heating sectors, variations in energy supply, business models, network configurations,
heating terminal systems, and other technical or economic factors between the two countries create varied
challenges and opportunities for the district heating transition under different contexts. An in-depth study and
comparison of China and Sweden’s heating decarbonisation pathways can reveal key issues of heating system
transition and may provide useful lessons for similar regions. For instance, low-grade waste heat is expected to
become the dominant heat source for district heating systems in China due to widespread industries producing
waste heat in Northern China, while the abundance of nuclear and hydro power as well as woody resources in
Sweden tends to shape its decarbonized district heating sector based on electrification and biomass. District
heating in Sweden has transformed into a free market since 1996, while district heating is provided as public
welfare in China still much supported by governmental subsidies. Therefore, a comparative view to present and
discuss how socio-techno-economic factors have influenced the design and implementation of transitional
pathways in the two countries is helpful to promote mutual understanding and provide lessons learnt for district
heating practitioners in both countries. In this paper, we will firstly compare the overall technical and market
conditions of district heating in China and Sweden. Similarity and difference in technical modes of combined
heat and power production and generic policy framework between China and Sweden will be discussed.
Notably, the roles of heat pumps in district heating transition will be discussed, especially considering the more
significant use of large-scale centralized heat pumps in Sweden. This paper aims to show challenges and
opportunities of district heating’s zero-carbon transition in China and Sweden with an international and holistic
perspective and provide insights for transition pathway design.

Keywords: District heating, heat pump, comparative view, China, Sweden.
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ABSTRACT
Water source heat pump has a broad application prospect in the field of renewable energy. In this paper in
Nanjing the data variations in a water source heat pump central air conditioning energy system near Yangtze
river was researched. Based on the annual operation data of one energy station in 2023, the energy consumption,
power, comprehensive energy efficiency ratio and the change of the host pressure change data in the heating and
cooling season was analyzed. The results show that the cooling season system energy consumption is higher
than the heating season, it is found that the comprehensive energy efficiency ratio in cooling season presents a
steady rising trend, while in heating season the volatility of comprehensive energy efficiency ratio is strong. By
analyzing the pressure data of the heat pump host evaporator and condenser, it is found that the pressure of
mainframe one fluctuates too much during the operation, which may affect the stable operation of the system
and cause the increase of energy consumption. By optimizing the system control strategy, improving equipment
configuration and strengthening maintenance measures, the comprehensive energy efficiency ratio of the system
will be improved and can be stabilized between 4.2 and 4.5. The research results in this paper provides strong
support for its efficient operation, energy saving and emission reduction of the water source heat pump.
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ABSTRACT
In order to achieve the goal of "carbon neutrality" and promote the development of clean energy technologies, it
is necessary to improve the utilization rate of renewable energy. Currently, the main solar energy utilization is
photovoltaic power generation. However, the photoelectric conversion efficiency is only 16% to 20%, and the
power generation efficiency will decline as the temperature increases. In this paper, the micro-cogeneration
system of solar photovoltaic/thermal PV/T module coupled with air source heat pump is studied. Basis on
improving the efficiency of solar photovoltaic power generation, solar thermal resources are effectively used
combined with air source heat pump to supply hot water to buildings. The micro-cogeneration system was
established in winter in Fuzhou city and the experiment was conducted. The preliminary results show that:
When the air source heat pump is operated alone, the average COP of the system can reach about 3.5. When the
PV/T component is combined with the air source, the COP of the system can reach 5.37. The operation
efficiency of the PV/T system is higher than that of the air source heat pump system alone, and the average
thermal power of 16 PV/T plates is 12 kW. The average power generation is 5.12kW, the hot water generated
does not need secondary heating, and the average water temperature of the thermal storage tank can reach
46.8℃, which can directly meet the needs of domestic hot water users. TRNSYS was used to build a model to
simulate the thermal power, generation power, compressor power and COP of the coupled system in winter. The
simulation results are close to the measured values, which proves the accuracy of the model. The coupled
system can realize the cogeneration and economic low carbon operation in the building. Generally, this system
has a good application and promotion value for energy efficient buildings.

Keywords: Solar energy; PV/T; Air source heat pump; COP; System simulation

1. INTRODUCTION
The main utilization of solar energy includes photovoltaic power generation. Crystalline silicon solar cells are
an important mode of solar energy utilization, and their photoelectric conversion efficiency is usually
16%-20%[1]. In terms of energy consumption nationwide, the energy consumption of building operation is about
800 to 1 million tons of standard coal, accounting for about 25% of the total social energy consumption. The
emissions of pollutants from coal burning in China's construction field account for more than 20% of the total
emissions of pollutants[2]. In order to reduce the temperature of the photovoltaic module, and at the same time,
the excess heat can be extracted and used, the heat generated by the module is collected, and the overall
performance is improved, and the cooling channel is integrated on the back of the photovoltaic module, that is,
the solar photovoltaic/thermal integrated module system [3].PV/T systems are currently mainly divided into three
forms, which are air cooled, liquid cooled and refrigerant[4], PV/T system using liquid as working medium has
the advantages of stable thermodynamic performance and high average efficiency, and has been widely studied
and applied at present.

2. PV/T SYSTEMCOUPLED SOLARHEAT PUMP
The micro-cogeneration system is mainly composed of four parts, including an air source heat pump, a heating
water tank, a heat storage water tank and a PV/T photovoltaic photothermal module. The combined heat and
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power system generates photoelectric effect by absorbing solar radiation through photovoltaic photovoltaic
panels, so that electricity and heat can be produced simultaneously. The electricity produced by the system is
stored through the connected battery, the heat is carried away through the medium circulation in the plate,
compressed into high temperature and high pressure liquid by the compressor, and the heat is transferred to the
heat exchanger.

The PV/T module and air source heat pump are combined to convert the generated low-grade heat energy into
high-grade heat energy and achieve efficient cogeneration.

Figure 1 Schematic diagram of cogeneration system

During the day, when the PV/T heat pump system runs the heating mode, the evaporation plate of the lower
layer absorbs the heat generated by the upper solar photovoltaic module, which can improve the thermal
efficiency of the heat pump system. At the same time, the lower evaporation plate can also play a role in cooling
the panel, so as to improve the comprehensive utilization efficiency of solar energy. To achieve both thermal
energy output and electrical energy output, combine a variety of energy sources together to form a multi-energy
composite system to achieve more efficient energy utilization.

Figure 2 Actual PV/T components
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Figure 3 Actual picture on site

3. CONCLUSIONS
The PVT system is coupled with the air source heat pump. During the test, the maximum COP of the unit is
5.32, the minimum COP is 4.55, and the average COP is 5.22 in good weather. The average COP of the system
was 4.76 under cloudy and rainy conditions. The average COP of the air source heat pump running alone is
3.68.

The average water temperature of the heating water tank is 46.24℃, and the average water temperature of the
storage water tank is 47.56℃, 48.15℃ and 49.45℃ respectively, which can meet the heat demand of users
throughout the day.

This is equivalent to a reduction in CO2 emissions of 11.38 tons per year.
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ABSTRACT
As the application of solar PV systems has been increasing, it is of great significance to develop and investigate
direct current (DC) powered equipment in buildings with flexible operational strategies. The aim of this study is to
analyse the performance of a DC inverter heat pump system for applying in PV integrated building. Firstly, the PV
power fluctuation and demand-side load characteristic were analysed based on a case study building. Then,
numerical models were developed for a reference building. A control strategy of a DC inverter heat pump was
proposed considering both the PV power generation and demand-side heating load. MATLAB/Simulink software
was used for simulation. The results indiate that the proposed control strategy can achieve stable operation of the
DC inverter heat pump, while maintaining satisfactory thermal comfort level of the indoor environment under
fluctuated DC bus voltage. By expanding the setting range of the room temperature, it can significantly affect the
allowable standby time of heat pumps. The duration of standby time of heat pumps can extend to about 20~30% by
reducing the room temperature from Class I ~ II comfort criteria.

Keywords: BIPV; DC inverter heat pump; PV power; Demand side

1. INTRODUCTION

With the continuous growth of energy demand and severe environmental problems, China established the
‘dual-carbon’ goal. Among different sectors, power industry and building sector are the key areas of energy
consumption and carbon emission [1], and play crucial roles in achieving the ‘dual carbon’ goal. Solar photovoltaic
(PV) has developed rapidly as the most widely used form of renewable energy source (RES) [2]. Building integrated
photovoltaic (BIPV) technology has attracted attention for its ability to reduce energy consumption in buildings and
to reduce CO2 emissions [3]. However, the randomness and volatility of PV system, and the varied of electrical load
of buildings [4], brought uncertainty for application of building equipment [5]. Among different types of HVAC
equipment, heat pumps are energy efficient devices which can be readily to be used in PV integrated buildings. The
traditional heat pump only considers the load-side effects, and neglect the influence of source-side bus voltage.
Currently, there are few theoretical studies and practical applications of heat pump systems suitable for PV
integrated buildings. This paper investigates the performance of a DC heat pump system for application in PV
integrated buildings. The power supply and electrical load characteristics of an actual case building in hot-summer
and cold-winter region were analysed. Experimental study on a DC heat pump was conducted under various
working conditions. Simulations by using MATLAB/Simulink software was carried out to evaluate the performance
of the DC inverter heat pump system under a novel operational strategy.

2. HEAT PUMP SYSTEMWITHNOVELOPERATIONAL STRATEGY

Fig. 1a shows the schematic diagram of the DC inverter heat pump system, which consists of the energy supply
side, the DC heat pump unit, and the load side. The DC heat pump unit is comprised of a compressor, condenser,
expansion valve, and evaporator. Fig. 1b presents the control logic of the DC inverter heat pump which depends
on both DC bus voltage and the indoor temperature setup. When the DC bus voltage exceeds the setpoint, the
compressor operates at a higher frequency and stores the excess energy in the envelope. When the voltage falls
below the setpoint, the compressor operates at a lower frequency and discharges the insufficient energy from the
envelope to meet the user demand.
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Figure 1: Schematic diagram of DC inverter heat pump system composition (a); DC inverter heat pump unit control logic (b);
Power profile of heat pump, DC bus voltage profile, and ambient temperature (c)

When the bus voltage is in normal mode (DC596 V~DC636 V), the PV system generates electricity normally,
and the indoor temperature is set to be within the temperature range of Class I ~ II comfort criteria. When the
bus voltage is in energy-saving mode (DC576 V~DC596 V), the PV power generation is declined, and the
indoor temperature is set to be the lower limit of Class II comfort criteria to provide flexible load for achieving
smoothness of DC bus voltage; when the bus voltage is in over-limit mode (DC636 V~DC656 V), the PV
resource is abundant, and the indoor temperature is set to be the upper limit of Class I comfort level. When the
bus voltage is in overrun mode (DC636 V~DC656 V), the PV resource is extremely rich, and the indoor
temperature is set as the upper limit of the comfort level I criteria. When the bus voltage is in derating mode
(DC500 V~DC576 V or DC656 V~DC676 V), the maximum safe working power for the DC heat pump unit is
combined with the load prediction model to supply enough power for the building.

3. CONCLUSIONS
This paper investigates the operational strategy of DC inverter heat pump system considering the source-side
power supply and load-side electrical load characteristics of PV integrated buildings. A PV integrated buildings
were selected and analysed as case study to obtain the fluctuation characteristics of the bus voltage.
Experimental study was conducted on a DC inverter heat pump unit under variable voltage condition. The
effectiveness of the proposed strategy is simulated by using MATLAB/Simulink software and validated by the
experimental data. The results indicate that the proposed operational strategy for the DC inverter heat pump
system can reach a balance between fluctuated PV power supply and the varied load-side demand in the
reference building.
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ABSTRACT
High Temperature Heat Pumps (HTHP) are seen as promising alternative to technologies relying on fossil fuels
to meet demanding decarbonization targets. HTHPs make most sense in applications that are connected to a
stream of low-grade energy. This paper presents the development and operation of a high-temperature heat
pump (HTHP) system with a target heating capacity of 30kW. The engineering design and test procedure are
introduced. Initial performance data was obtained with a HTHP breadboard system. Based on the results the
design was refined and implemented in a HTHP prototype unit that has been evaluated at different conditions.
One of the aims of the study was to obtain experimental data obtained from an operation period 6 months in
length resembling actual field operation experience. This was done to obtain important conclusions with respect
to reliability of the technology and possible performance degradation effects. The prototype HTHP recovers
waste heat from an 80°C heat source to produce low-pressure steam at 120°C and higher, thus providing at least
a 40°C temperature lift. It uses a single-stage design approach featuring brazed plate heat exchangers and a
scroll compressor. Three different refrigerant options have been evaluated, including R245fa, R1233zd(E), and
R1336mzz(Z). While it was possible to meet the target COP of 3.6 at the design condition with all fluids
included in the study, the two low-GWP refrigerant options performed substantially better. R1233zd(E) resulted
in a peak COP of more than 4.5. Due to the shape of the two-phase dome R1336mzz(Z) required control of
compressor discharge superheat instead of suction superheat.

Keywords: High Temperature Heat Pump, Steam Generation, Low-GWP Refrigerant, Energy Efficiency,
Long-term Operation
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ABSTRACT
As society grows and the population expands, the demand for energy is on the rise. A promising solution to this
challenge lies in utilizing subway source heat pump technology to harness shallow geothermal energy for
cooling or heating. This innovation transforms shield tunnels into energy-efficient conduits, addressing the
pressing issue of energy demand. However, the thermal effects of heat exchanger operation on tunnel structures
require further investigation.

In this study, using the COMSOL Multiphysics software, we explore the heat exchange performance of the
Capillary Heat Exchanger (CHE) in energy tunnels and the resulting structural responses of shield tunnel
segments under typical cooling and heating season conditions.
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Our findings reveal the outstanding performance of precast CHE in energy tunnels. A single-ring energy tunnel
can achieve cooling capacities of 601.62W and heating capacities of 466.28W during the cooling and heating
seasons, respectively. The corresponding heat transfer efficiencies are 63.46W/m² and 49.19W/m². During the
cooling season, the operation of the CHE results in tunnel segment elongation, while during the heating season,
compression is observed. The maximum tensile and compressive stresses generated during these seasons are
within safe limits, being 0.60 MPa and 0.73 MPa for heating and 0.56 MPa and 0.87 MPa for cooling.
Importantly, these stresses remain well below the compressive limit of C50 concrete, with tensile stresses
accounting for 33% and 23% of the axial tensile strength, during cooling and heating seasons, respectively.

Overall, under the design conditions of the heat pump unit and once the heat exchange between the CHE and the
tunnel stabilizes, the impact on the structural integrity of the shield tunnel appears to be minimal.

Keywords: Energy tunnel, SSHPS, Thermal-structural coupling characteristic, CHE

1. INTRODUCTION
According to the data released in the "Annual Development Research Report on Building Energy Conservation in
China 2022" [1], in 2020, the energy consumption during the operational phase of buildings in China was 1.06
billion tec, accounting for 21.3% of the total national energy consumption. The carbon emissions were 2.16 billion
tons of CO2, approximately 21.7% of the total national carbon emissions [2].

Against this backdrop, the importance of promoting clean energy heating becomes increasingly prominent. Shallow
geothermal energy, as a type of clean energy, mainly utilizes the heat energy from the Earth's interior through
technologies like heat pumps to achieve centralized heating. Shallow geothermal energy has advantages such as
renewability, high efficiency, energy conservation, and environmental friendliness. It not only reduces energy
consumption and environmental pollution but also improves heating efficiency and comfort.

The waste heat within subway tunnels, as a form of shallow geothermal energy, has also received widespread
attention. Academician Qihu QIAN [3], a member of the Chinese Academy of Sciences, recipient of the highest
international science and technology award, and professor at the Army Engineering University, clearly stated at the
"Geothermal Energy Development and Utilization with Earth Energy Storage Systems" seminar: "We should
strengthen research and utilization efforts on 'tunnel energy' to turn waste heat in tunnels into sources for heating
and cooling" .

Laying the heat exchange pipeline in underground continuous walls, building foundation piles, and tunnel linings,
and utilizing geothermal heat pump technology to extract shallow geothermal energy, allows the building's
foundation components to become part of an underground energy structure. Among these, the underground energy
structure based on tunnels as foundation components is referred to as an energy tunnel.

Brandl [4] conducted on-site experiments in the Lainz Tunnel in Austria, testing its heat exchange capacity. Through
geothermal heat pump technology, they used energy piles buried in the tunnel as front-end heat exchangers to
provide heating or cooling for a nearby school, further exploring the economic feasibility and viability of installing
heat exchangers in tunnels. Adam and Markiewicz [5] proposed an innovative construction method where they
placed the ground heat exchanger pipes in geotextile fabric, referred to as "energy geotextile." This technique
enables the prefabricated construction of tunnel linings and ground heat exchangers. By employing this construction
method, not only can the waterproofing performance of tunnel linings be ensured, but also protection for the heat
exchange pipeline can be provided, thus enhancing construction efficiency. To further reduce the difficulty of laying
heat exchange pipes and their impact on tunnel structures, the team led by Songtao HU at Qingdao University of
Science and Technology proposed laying capillary heat exchangers (CHE) in the lining of subway tunnels, as
front-end heat exchangers for ground heat pump systems [6]. The capillary front-end heat exchanger extracts waste
heat generated by various equipment in the subway tunnel to provide heating for users, thus this ground heat pump
system is referred to as a subway source heat pump system (SSHPS). These capillary heat exchangers have
advantages such as simple construction method, small footprint, large heat exchange area, uniform heat exchange,
high overall heat transfer coefficient, flexible layout, and easy integration with subway tunnel structures. The
applicability, heat exchange performance, and design parameters of capillary heat exchangers in mining method
tunnels have been validated through scaling experiments, numerical simulations, and demonstration projects.

Currently, shield tunnel, due to its relatively high technical and economic feasibility, is increasingly serving urban
construction in China. Combining capillary heat exchangers (CHE) with shield tunnel segments as front-end heat
exchangers for subway source heat pumps is referred to as shield tunnel energy segments. This can make a
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significant contribution to urban energy conservation, emissions reduction, and sustainable development. However,
the service life of urban tunnels is typically around 100 years, and the thermal stresses generated by the operation of
heat exchangers should not be ignored. Xia et al. [7][8] established a thermal-structural coupling finite element
model for energy tunnels and studied the mutual influence between heat exchangers installed in tunnels and tunnel
structures in cold regions. Zhu [9] analyzed the maintenance process, construction process, as well as stress and
strain changes in tunnel segments during the heat exchange process based on the energy tunnel experimental section
of the Qinghua Garden on the Beijing-Zhangjiakou Railway. Donna et al. [10], based on the energy tunnel section
of Line 1 of the Turin Metro in Italy, studied the stress and strain performance of shield tunnel segments during heat
exchange through on-site experiments. The experimental results showed that the stress and strain generated in the
lining during heat exchange are within an adjustable range.

The research results mentioned above demonstrate that the impact of heat exchangers on tunnel structures during
heat exchange in energy tunnels is relatively small. However, different types of heat exchangers, due to their
different installation forms, may have varying mechanical impacts on tunnel structures during heat exchange.

There are significant differences in structure, physical performance, and construction methods between capillary
heat exchangers and traditional ground heat exchangers. Therefore, one cannot simply infer the heat transfer
characteristics and the structural-mechanical impact on tunnel structures of one type of heat exchanger based on the
other. This study analyzed the thermal-structural coupling characteristics of prefabricated capillary heat exchangers
in energy shield tunnel segments during heat exchange based on a specific engineering project in Qingdao city..

2. MODEL ESTABLISHMENTS
The principle of the SSHPS based on shield tunnel, as shown in Figure 1. The system utilizes capillary tubes
laid inside the shield tunnel segments as front-end heat exchangers, with each shield tunnel segment serving as a
heat exchange unit. Utilizing the reverse Carnot cycle of the heat pump unit, in cooling season, heat is extracted
from buildings and transferred and released into the subway tunnel to achieve cooling. In heating season, waste
heat or residual heat is extracted from the subway tunnel and used for heating buildings to maintain comfortable
temperatures.

Figure 1: Principle of the SSHPS

2.1 Geometric model

The shield tunnel segments are arranged in a 1+2+3 combination, comprising the crown segment (F), adjacent segment (L1,
L2), and standard segment (B1, B2, B3). CHE are prefabricated only in the two adjacent segments (L1, L2) and the two
standard segments (B1, B3) adjacent to the adjacent segments. Therefore, each ring of the shield tunnel contains two
capillary loops on the left and right sides. The main capillary pipes inside the segments are arranged along the
circumferential direction of the tunnel, while the branch pipes are arranged using a non-uniform distribution method.

In this study, the spacing between individual capillary branch pipes inside the tunnel segment is 5mm, and the spacing
between each group of capillary branch pipes is 44mm. The diameter of the CHE branch pipes is 4.3mm with a wall
thickness of 0.85mm. The diameter of the main branch pipe is 18mm with a wall thickness of 2mm. The way of laying
CHE in segments is shown in Figure 2.
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Figure 2: CHE layout

Figure 3: Geometric model of energy tunnel
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Referring to the demonstration project, the inner diameter of the shield tunnel segment is 5.5 meters, the outer diameter is

6.2 meters, and the height is 1.5 meters. The depth of the tunnel top is approximately 15 meters. The shield tunnel segments

in the actual engineering project are assembled in a staggered manner. To reduce computational complexity, this simulation

only considers the case where the top block is located directly above the tunnel. Following the principle of symmetry, only

half of the tunnel segment is considered for calculation, comprising half of the crown segment (F), half of the standard

segment (B2), as well as the adjacent segment (L1) and the standard segment (B1). To minimize the influence of boundary

conditions on the model calculation results, the length and width of the surrounding rock are both set to 75 meters. The

geometric model is established as shown in Figure 3.

2.2 Numerical model

This study utilized the COMSOL Multiphysics finite element software to simulate the heat exchange performance of the

CHE and the structural-mechanical response of the shield tunnel segments under typical cooling season and heating season

design conditions in energy tunnels. The simulations were conducted using the Turbulent Flow Module, Heat Transfer in

Solids and Fluids Module, Non-Isothermal Pipe Flow Module, Solid Mechanics Module, and Beam Module, respectively,

to model the airflow in the tunnel, heat transfer between tunnel air, tunnel segments, and surrounding rock, heat transfer

between CHE and tunnel segments, and tunnel stress.

The research focus of this study is the analysis of the thermal-structural coupling characteristics of tunnel segments in

energy shield tunnels. It explores the heat transfer characteristics of the prefabricated CHE and the structural-mechanical

response of shield tunnel segments during CHE operation, involving several complex coupled physical field problems. To

simplify calculations, the following assumptions are made:

（1） Surrounding rock, lining, and CHE have constant material properties and are isotropic.

（2） Contact thermal resistance is neglected.

（3） The influence of groundwater flow on the heat transfer process is disregarded.

（4） During system operation, the fluid inside the CHE and the airflow in the tunnel remain constant.

（5） The surrounding rock is simplified as a linear elastic model.

（6） Gravity is ignored.

Based on the aforementioned simplifications, the numerical model obtained in this study is as follows:
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Figure 4: Geometric model of energy tunnel

As shown in figure 4, the numerical model is configured as follows:

 The left boundary is set as roller support, allowing only vertical displacement and restricting horizontal displacement.
 The top boundary is set as the ground (free boundary).
 The bottom boundary is set as a fixed boundary, allowing for settlement of the surrounding rock.
 For shield tunnels with more than 4 segments, the "Code for Design of Metro" recommends using a beam-spring

model for calculation [11]. This method considers that the bolted joints of circular lining structures can bear certain
forces, and the deformation of the joints is linearly related to internal forces, treating the joints as elastic hinges.

3. CONCLUSIONS

This study, based on COMSOL Multiphysics finite element analysis software, utilized steady-state numerical
calculation methods to simulate the thermal-structure coupling characteristics of the prefabricated capillary heat
exchanger (CHE) in the energy shield tunnel under design conditions, leading to the following conclusions:

（1）Under the design conditions of the heat pump unit, the system exhibits good heat transfer performance.
When the inlet temperatures are 35°C in cooling season and 6°C in heating season, the outlet water temperatures
of CHE are approximately 32.12°C and 8.22°C, respectively. Each ring of the energy shield tunnel can provide
heat transfer rates of 601.62W and 466.28W in heating season and cooling season, respectively, with heat
transfer efficiencies reaching 63.46W/m² and 49.19W/m².

（2）In cooling season, CHE operation causes the segments to stretching, while in heating season, it leads to
contract of the segments. However, the deformation of the segments is influenced by the surrounding rock of the
tunnel, resulting in compression on the outer arc surface and tension on the inner arc surface in cooling season,
with the opposite occurring in heating season.

（3）Due to CHE operation, the maximum tensile and compressive stresses generated in cooling season are
0.87MPa and 0.56MPa, respectively, while in heating season, they are 0.60MPa and 0.73MPa, respectively. The
compressive stresses are far below the compression limit of C50 concrete, while the tensile stresses account for
33% and 23% of the axial tensile strength, respectively.

（4）The distribution of equivalent stresses reveals that the maximum stress points on the segments are located
at the CHE inlet in both cooling season and heating season, reaching 0.88 MPa and 0.74 MPa, respectively.



2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

１０３

Therefore, the prefabricated CHE in the energy shield tunnel demonstrates good heat transfer performance, with
minimal impact on the tunnel segment. However, caution should be exercised to avoid complete overlap
between the inlet and outlet of CHE on the segments and the positions of maximum tensile stress occurring
during the tunnel construction process.
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ABSTRACT
Microchannel membrane-based absorption refrigeration system (MMARS) has been extensively studied through
simulation, which has shown its potential for providing efficient spacing cooling in a compact size. However,
rigorous experimental verification and cycle performance studies were lacking until this research. In this study,
an experimental setup of the MMARS was constructed, and its cycle performance using H2O-LiBr as working
fluids was investigated under various operating conditions, including inlet heat source temperature ranging from
80°C to 95°C, and inlet cooling water temperature ranging from 22°C to 30°C. The transient experimental
results of the MMARS demonstrated that the system tended to run smoothly after 15 minutes. Driven by a 0.8
kW heat source, the MMARS was able to provide a cooling capacity of 0.32 kW. Steady-state experimental
results revealed that increasing the heat source temperature and reducing the cooling water temperature
facilitated the system reaching the steady state faster, resulting in a higher COP. The highest COP achieved was
0.443, observed at an inlet heat source of 95°C and inlet cooling water temperature of 22°C. It is anticipated that
with careful membrane selection, optimization of MMARS geometries, and refinement of experimental setups
in future studies, even more competitive COP can be achieved. This research has verified the feasibility of the
MMARS under various operating conditions, providing a solid foundation for potential practical applications in
future compact and efficient spacing cooling systems.

Keywords: Microchannel membrane-based, Absorption refrigeration, Cycle performance, COP, Experimental
study
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ABSTRACT

Microchannel heat exchangers are known for their compact construction and efficient heat transfer capacity. It has
an advanced design and has shown excellent performance in a variety of cooling and heating applications in recent
years. However, due to the small size of the channel, the flow resistance increases, and the surface tension effect
increases, which hinders the smooth discharge of fluid. Therefore, it is very important to study the drainage of
micro-channel heat exchanger. It can improve heat exchange efficiency, reduce corrosion, improve the durability
and reliability of equipment, and meet the requirements of modern miniaturization and energy saving. In this study,
the single-fin flat tube structure (excluding the drain in the flat tube) of the single-fin micro-channel heat exchanger
was simulated to analyze the force on the droplet and predict the retention of the droplet on the surface of the fin.
Computational fluid dynamics (CFD) is used to simulate the drainage scene, and the experimental comparison is
verified, and the new image recognition technology is used to try to evaluate the results within a certain error range.
By arranging heat exchangers at different angles, the drainage efficiency in different directions is compared. The
results show that when the heat exchanger is rotated 60 degrees, the remaining water in the equilibrium state is the
most, and when the heat exchanger is rotated 90 degrees, the remaining water is the least. In addition, through the
error analysis of the experimental data, CFD simulation data and image recognition data, it is found that the error in
each angle can be controlled within 21% and 17.5%, which proves the feasibility of this method for auxiliary
verification.

Keywords: Microchannel heat exchanger, Water drainage, Gravity Angle, CFD simulation, Image recognition

1. INTRODUCTION

In the contemporary industrial and technological sectors, microchannel heat exchangers, often defined as heat
exchangers with hydraulic equivalent diameters less than 1 mm, have emerged as a focal point of research in the
field of heat exchange. These exchangers are characterized by their compact structure, cost-effective material usage,
high heat transfer efficiency, broad applicability, and resistance to pressure and corrosion. Demonstrating
exceptional performance in various cooling and heating applications, they are gradually replacing traditional tubular
heat exchangers, marking the next phase in the evolution of heat exchanger technology.

However, the extremely small channel sizes of microchannel heat exchangers increase flow resistance and amplify
surface tension effects, thereby impacting the smooth expulsion of fluids. This is particularly problematic during
regular frosting and defrosting conditions, leading to an accelerated rate of frosting and difficulties in removing
melted frost. Additionally, the expulsion of condensation water becomes challenging when microchannel heat
exchangers operate under humid conditions. These issues are directly related to the equipment's heat exchange
efficiency and durability [3]. Therefore, in the current development of microchannel heat exchangers, investigating
their drainage capabilities, including hydrophobic efficiency and water retention on fins, is crucial.

2. METHODOLOGY

The Fig.1a and Fig. 1b illustrate the three-dimensional structure and fin configuration of the examined
microchannel heat exchanger sample. The fin arrangement within the heat exchanger is characterized by
periodic repetition. To simplify the computational process, the modeling focused on the distribution of residual
liquid in and between individual fins. This experiment explores the drainage behavior of the micro-channel heat
exchanger under standard temperature and pressure conditions, in the absence of wind.
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Figure 1 : Sample and fin structure diagram

In the image recognition process, OTSU method is used for automatic threshold processing. First, the image needs
to be converted to grayscale to reduce complexity. According to grayscale adjustment, the image can be divided
into two parts according to pixels: the air part and the non-air part, where the air part is the part of the pixel below
the threshold value and is displayed as 255, and the non-air part is the part of the pixel above the threshold value and
is regarded as 0. The method of separating the air portion is to select the threshold by the maximum inter-class
variance.

In this study, the drainage experiments of heat exchanger specimens were carried out under the actual conditions
(ambient temperature and pressure, no wind). By comparing with the experimental data, we try to verify the
applicability of the falsifications in the simulation and image recognition and identify the possible errors in the two
processes. The experimental device and the schematic diagram are shown in the Fig.2a and Fig.2b.

Figure 2: Experimental apparatus
3. CONCLUSIONS

The drainage efficiency of microchannel heat exchanger fins is influenced by the contact angle, surface tension,
and gravity. By combining the contact angle between water droplets and the fin surface with the Volume of
Fluid (VOF) model, a predictive model for the drainage performance of the fins can be constructed. This study
not only employed CFD simulations but also utilized image recognition technology for validation, comparing
both simulated and experimental data. The simulation results showed a trend in residual water quantity that
was consistent with experimental data, with an error of approximately 21%, whereas the results from image
recognition had an error of about 17.5% compared to experimental data, demonstrating the effectiveness of the
model in predicting drainage performance.
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High Differential Pressure Expansion Work Recovery in Trans-Critical
CO2 Heat Pumps using a Rotary Gas Pressure Exchanger

AzamTHATTE
Energy Recovery Inc.

San Leandro, 94577, USA, athatte@energyrecovery.com

ABSTRACT
Trans-Critical CO2 heat pumps provide significant thermodynamic advantage over natural gas fired boilers in
terms of energy consumed per unit heat supplied. Additionally, they facilitate transition away from
environmentally harmful HFCs and HFOs towards natural refrigerants with ultra-low global warming potential.
However, the saturation pressure and thus the heat rejection pressure for CO2 is much higher compared to that
for HFCs, resulting in higher compression power requirement per unit heat delivered. This reduces the heat
pump cycle COP. Further, the COP of trans-critical CO2 cycle drops at high load return temperatures due to
excessive production of flash gas. One of the key reasons for cycle inefficiency is the exergy destroyed during
the throttling process over a high differential pressure between heat source and heat sink. To increase the
exergetic efficiency of the cycle, this paper presents some novel heat pump architectures utilizing rotary gas
pressure exchanger (PXG) for high differential pressure expansion work recovery. PXG achieves up to 95%
pressure recovery coefficient using direct fluid-to-fluid contact acoustic pressure exchange between high
pressure supercritical CO2 and low pressure gaseous CO2 . Through these acoustic waves, both the compression
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of low pressure gaseous CO2 and the expansion of high pressure supercritical CO2 is achieved inside the rotating
axial ducts of PXG rotor. The gas dynamics of this trans-critical compression & expansion processes and the
species transport taking place inside PXG’s rotating duct will be described. PXG can compress up to 30% of the
total system mass flow without consuming any external mechanical or electrical energy but only through the
expansion work recovery, thus providing “free compression” for significant portion of the system flow through
the entire differential pressure of the cycle (as much as 70 bar). The paper presents the cycle analyses for several
of the PXG based novel heat pump architectures and compares the energy savings provided by PXG. A case
study on 10 MW scale district heating application using PXG based heat pump and the ocean water as the low
temperature heat source will also be presented. Exergy analysis highlighting second law efficiency improvement
provided by PXG and the experimental data on trans-critical compression-expansion performance achieved by
PXG at conditions relevant to district heating will also be presented. Lastly, the de-carbonization potential of
PXG integrated heat pump systems in Europe and USA will be discussed.

Keywords: Heat Pump, Carbon Dioxide, Trans-Critical, Rotary Pressure Exchanger, Energy Recovery,
Pressure Recovery, Isentropic, Isenthalpic, Compressors, COP, Energy Efficiency.
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ABSTRACT
The core part of the heat pump system is the phase changer heat exchanger, which determines the heat transfer
performance of the whole heat pump system. Cold water phase changer heat exchanger stands out for its
advantages of stable heat transfer temperature, easy access to heat source and large latent heat of phase change.
In order to improve the heat transfer efficiency of the phase changer heat pump system, the factors affecting the
heat transfer efficiency of the phase changer heat exchanger were analyzed by combining theoretical analysis,
experimental verification and numerical simulation, so as to optimize the heat transfer performance of the phase
changer heat exchanger.

Firstly, through theoretical analysis, it is concluded that ice thickness is mainly related to cold water velocity,
temperature and ice related parameters. Secondly, the experimental data are analyzed, and it is found that the
inlet temperature of cold water has little influence on the total heat transfer coefficient and icing condition
within the experimental range, while the inlet flow of cold water has a greater influence on the ice sheet, and the
growth rate of the ice sheet accelerates with the increase of the discharge.Finally, the optimal heat transfer
efficiency condition within the experimental range is obtained through numerical simulation, and the analysis
shows that the influence of cold water inlet flow on the ice sheet is significantly greater than that of the inlet
water temperature, and the decrease of both will lead to the increase of the overall thickness of the ice sheet, but
the decrease of the flow will increase the growth rate of the ice sheet.

The study of phase changer heat exchanger not only lays a foundation for optimizing the deicing device, but
also for improving the heat transfer efficiency of phase changer heat pump system.

Keywords: phase changer heat pump system, phase changer heat exchanger, Ice sheet formation, Numerical
analysis.
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Effect of fin structure variation on performance of finned-tube
heat exchangers in air-source heat pumps

Di MA(a), Qi CHEN(a), Gang YAN(a)

(a) Department of Refrigeration & Cryogenic Engineering, School of Energy and Power Engineering, Xi’an
Jiaotong University

Xi’an, 710049, China, qichen@mail.xjtu.edu.cn

ABSTRACT
The finned-tube heat exchanger exhibits advantages such as excellent heat transfer performance and strong
environmental adaptability, thus it is widely used in dual-purpose room air conditioners for heating and cooling.
Currently, most outdoor heat exchangers for room air conditioners have a tube diameter of 7 mm. To meet the
trend of miniaturization in room air conditioner heat exchangers, there is an urgent need to develop fins suitable
for 5 mm tube diameter finned-tube heat exchangers. This paper establishes a three-dimensional physical model
and mathematical model for the louver fins of 5 mm tube diameter finned tube heat exchangers. Computational
Fluid Dynamics (CFD) software is utilized to simulate the effects of different louver opening angles and tube
spacing on fin performance. Evaluation criteria for fin performance are based on heat transfer and pressure drop
under the same incoming air velocity and pump power. Simulation results indicate that the optimal louver
opening angle for the louver fins is 20°, with an optimal tube spacing of 17.1 mm for the best overall fin
performance.

Keywords: Finned-tube heat exchanger; Heat transfer enhancement; Numerical simulation; Slit Angle; Tube
spacing

Steady-state heat pump performance model including irreversibility in
the heat exchangers and the compressor for R290 and R32

Thomas Meyer (a) , Felix Ziegler(a) , Stefan Elbel(a),
(a) Technische Universitaet Berlin

Berlin, D-10587, Germany, thomas.meyer@tu-berlin.de

ABSTRACT

Heat pumps will be indispensable for providing useful heating power from renewables, when using non-
fossil based electrical energy. It is well-known that the sizing of the heat exchangers plays a crucial role for
achieving high energy efficiency. Nevertheless, the (re-)design of heat exchangers and compressors for the
large variety of refrigerants which, due to environmental and safety regulations, is constantly changing is an
ongoing process. For that reason, a simple steady-state simulation tool has been developed in this study,
providing fast insight into dependencies of heat pump performance. It employs the NTU-effectiveness method
to the heat exchangers and a clearance volume approach to a piston compressor for a single stage heat pump,
working in the present version, with R290 andR32.

For a fixed displacement volume of the compressor, the effects on the power density of different heat
exchanger designs for various rotational frequencies and the two refrigerants are presented and discussed. An
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example is shown below for R290.

Figure 1 - Evolution of the power and the coefficient of performance of the heat pump using R290 as refrigerant
for t0,in=0˚C and t1,in=50˚C.

As can be seen in Fig. 1 for a piston compressor with a nominal volume flow rate of 1.5m3/h and an external
temperature lift of t=50K the heating capacity increases from 0.7 kW at 20 Hz to around 2.2kW at 60Hz
while the COP drops from 3.1 to 2.6 due to the increased pressure ratio at increased heating capacity.

The simulation allows not only for comparison of different compressors and heat exchanger designs but also for
providing more practical insight to the “drop-in” discussion for various refrigerants, namely R32 and R290 in

the current study.

Keywords: efficiency, heat pumps, piston compressor, NTU effectiveness, process design.

Theoretical Study on the Mismatch of Thermal Quality and Heat
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ABSTRACT

Transcritical CO2 heat pumps are attracting more and more attention due to its outstanding environmental
performance, higher heating temperature and excellent low-temperature performance. However, affected by the
unique properties of CO2 in the critical region, improperly set operating parameters can lead to a mismatch of
thermal quality and heat capacity in the heat transfer process of the gas cooler, and consequently have a serious
negative impact on the performance of the system. In this study, we proposed and modified the models of
compressor and gas cooler based on the existing transcritical CO2 water source heat pump water heater. Relying
on the models, the inner details of the heat transfer process occurring in the gas cooler were investigated; the
cooling pressure of CO2 in the gas cooler in relation to the thermal quality and the consequent effect on the
heating temperature of the system were revealed; the heat capacity matching of the heat transfer media on both
sides in the gas cooler and the further effect on the heating performance of the system was studied. This study
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can not only provide an important reference for the theoretical analysis and control strategy of the transcritical

CO2heat pump, but also guide the related simulation and the design of the gas cooler.

Keywords: Transcritical CO2 heat pump, COP, Thermal quality, Heat capacity.

Thermodynamics analysis of the transcritical CO2 heat pump for heating
applications
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ABSTRACT

An experimental transcritical CO2 heat pump system was implemented in Harbin, China to conduct the system
thermodynamic analysis. The effects of regenerator efficiency, high pressure, low pressure, and outlet temperature
of the gas cooler on COP and heating load were investigated. Furthermore, the sensitivity analysis was applied to
ensure the sensitivity degrees of the parameters on COP and heating load. The results show that when the
regenerator efficiency increased from 0 to 0.8, COP increased from 2.7 to 3.3 and the heating load changed from
14.7 kW to 22.6 kW. COP was maximum (4.1) at the high pressure of 10.0 MPa, and the heating load increased
from 20.0 kW to 36.6 kW as the high pressure climbed from 8.5 MPa to 11.0 MPa. When the low pressure
increased from 4.5 MPa to 7.0 MPa, COP increased from 4.1 to 8.0 and the heating load decreased from 33.6 kW to
22.0 kW. When the outlet

temperature of the gas cooler increased from 30 oC to 55 oC, COP decreased from 5.8 to 2.3 and the heating load
decreased from 36.6 kW to 16.9 kW. The improvements of COP and heating load should preferentially increase the
high pressure due to its maximum average sensitive degree of 0.192 on the COP and 4.328 on the heating load.

Keywords: Carbon Dioxide, COP, Heating Load, Thermodynamics Analysis, Sensitivity Analysis

1. INTRODUCTION

Energy plays a significant role in global development and progression, however, fossil fuels emit plenty of
greenhouse gases and air pollution, such as CO2, NOx, SO2, and PM (Particulate Matter), easily causing humans to
sick and extremely harmful to human’s health [1]. To reduce the air pollution, the transcritical CO2 heat pump for
building heating is attracting more and more attention. CO2 is a natural working medium and it has the advantages
of low viscosity, high latent heat, high specific heat [2], non-flammability, nontoxicity, competitive price, zero ODP
(Ozone Depression Potential), and negligible GWP (Global Warming Potential) [3].

Many researchers have studied the transcritical CO2 heat pump to improve its operation efficiency, such as that
Nguyen et al. [4] theoretically investigated the effective effect of the internal heat exchanger on the CO2 direct
expansion ground source heat pump in Canada with the highest COP (Coefficient Of Performance) of 3.66, Wang et
al. [5] experimentally studied the COP of an air source transcritical CO2 heat pump with a TES (thermal energy
storage) for residential heating and the COP were 1.73 and 1.48 with and without TES, respectively, and Velasco et
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al. [6] experimentally performed the COP, compressor energy consumption, and available thermal energy of the
CO2 water-to-water heat pump with a water storage tank to produce domestic hot water by 9 samples, and the COP,
compressor energy consumption, and available thermal energy were in the ranges of 2.5 ~ 4.0, 1.4 ~ 1.5, and 149 ~
159 MJ, respectively. Also, some researchers have proposed novel transcritical CO2 cycles to promote heating
performances, for example, Peng et al. [7] experimentally investigated the COP, heating capacity, and refrigerant
discharge temperature of the transcritical CO2 single-stage and vapor injection heat pumps, indicating that the vapor
injection heat pump had a better heating performance because its COP (2.5 ~ 4.2) was 4% higher, heating capacity
was 7% greater, and refrigerant discharge temperature was 8 ~ 12 oC lower than single-stage heat pump,
respectively, Qin et al. [8] proposed a novel compression/ejection transcritical CO2 heat pump for simultaneously
heating and cooling to improve the evaporator efficiency, and the simulations presented that the system COP was
11.7 when the compressor frequency was 30 Hz and the discharge pressure was 80 bar, and Illan-Gomez et al. [9]
numerically studied the performance of the water source transcritical CO2 heat pump by using dedicated mechanical
subcooling in ten configurations to generate hot water, and the best configuration had a 26% higher COP and 160%
greater heating capacity than the base configuration.

In this study, the thermodynamics analysis of a transcritical CO2 heat pump for heating applications was conducted.
The system performances (COP and heating load) as affected by the regenerator, high pressure, low pressure, and
outlet temperature of the gas cooler were compared and analyzed. The sensitivity analysis was implemented to
obtain the influence degree of the pressures at high- and low-pressure side, and outlet temperature of the gas cooler.

2. Experimental and models
2.1 Experimental system

Fig. 1 presents the photos of the transcritical CO2 heat pump and water-loop system. The experimental system has a nominal
working condition of 7.86 kW and a maximum heating load of 27.1 kW, mainly including a CO2 semi-enclosed piston
compressor from Bitzer, an evaporator, a gas cooler, an internal heat exchanger, a liquid reservoir, a constant pressure valve, and
an expansion valve. The expansion valve is an electrical control valve EX5-U21 produced by Emerson Electric Company. The
inlet and outlet diameters are 16 and 22 mm, respectively, the highest working pressure is 45 bar, and the working temperature
range is -40 ~ 55 oC [10].

(a) Water-loop systems.
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(b) Transcritical CO2 heat pump.

Fig. 1. Photos of the transcritical CO2 heat pump system.

K-type thermocouples were used to measure the inlet and outlet temperatures of the compressor, evaporator, gas cooler, internal
heat exchanger, and expansion valve. The supplied and returned water flow rates were measured by the turbine flowmeter
SDLWGY-40COSSBN, and the power consumption of the compressor was recorded by the three-phase multifunctional power
detector JCYJ-96W3YS. The accuracies of the K-type thermocouple, turbine flowmeter, and power detector were ±0.5 oC, 0.5%,
and 0.2%, respectively.

2.2 Thermodynamic analysis

Fig. 2 illustrates the system schematic diagram of the transcritical CO2 heat pump system. The ground source exchanger and
residential building were replaced by the cold and hot water tanks, respectively, and the cold water tank was sustained at 8 oC
nearly to the ground temperature. The experimental transcritical CO2 heat pump absorbed the heat from the cold water tank by
the evaporator and then heated the hot water tank with the gas cooler.

Fig. 2. Schematic diagram of the transcritical CO2 heat pump system.
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Fig. 3 presents the P-h diagrams of the transcritical CO2 heat pump. The working fluid CO2 was compressed from state points 1

to 2 in the compressor, cooled from state points 2 to 3 in the gas cooler, throttled from state points 4 to 5 in the expansion valve,

and evaporated from state points 5 to 6 in the evaporator. Processes 3-4 and 6-1 were the heat exchanges in the internal heat

exchanger. The high pressure, low pressure, superheat degree, regenerator efficiency, outlet temperature of the gas cooler, and

compressor efficiency were set at first, and other parameters (temperature, pressure, and enthalpy) were obtained by the

software REFPROP according to Fig. 3.

Fig. 3. p-h diagram of the transcritical CO2 heat pump system.

2.3 Model validation

The heat pump parameters and COP at the supplied temperatures of 40, 50, and 60 oC are shown in Table 1. The high pressure,
low pressure, compressor outlet temperature, and gas cooler outlet temperature were obtained from the experimental
measurements. For the experiments, system COP for the supplied water temperatures of 40, 50, and 60 oC were 2.2, 2.3, and 2.4,
respectively, whereas, the calculated COP were 3.1, 3.3, and 3.5, respectively. The differences were because (a) the power
consumptions of two water pumps (rated power 740 W), control unit, turbine flowmeter, and power detector were not reckoned
in the thermodynamic calculation, (b) the temperature measure points were at the outside of the refrigerant pipes, causing that
the temperature errors were high, and (c) the thermodynamic state points were ideal without the operation variations of the
compressor efficiency and regenerator efficiency.

Table 1 Heat pump parameters and COP at different supplied temperatures.

Sup.
temp.
(°C)

High P
(MPa)

Low P
(MPa)

Compressor outlet temp. (oC) Gas cooler outlet temp. ( oC ) Cal. COP Exp. COP

40 7.0 4.0 72 38 3.1 2.2

50 8.0 4.3 89 46 3.3 2.3

60 9.0 4.6 100 56 3.5 2.4
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3. Results and discussion

The regenerator efficiency, high pressure, low pressure, and the outlet temperature of the gas cooler were selected to
compare the system performance variation and analyze the parameter effects. The parameter values are listed in the
Table 2. The regenerator efficiency, high pressure, low pressure, and the outlet temperature of the gas cooler ranges
were 0 ~ 0.8, 8.5 ~ 11.0 MPa, 4.5 ~ 7.0 MPa, and 30 ~ 55 oC, respectively. The sensitivity analysis of COP and
heating load as affected by the high pressure, low pressure, and outlet temperature of the gas cooler were conducted.

Table 2 Parameter variations list.

3.1 Effect of regenerator efficiency

Fig. 4 presents the heating loads and COPs at different regenerator efficiencies. The low pressure, high pressure, outlet

temperature of the gas cooler, compressor isentropic efficiency, and superheat degree were set as 4.5 MPa, 8.5 MPa, 40 oC, 0.8,

and 3 oC, respectively. When the regenerator efficiencies were 0, 0.2, 0.4, 0.6, and 0.8, COP were 2.7, 2.9, 3.1, 3.2, and 3.3, and

heating loads were 14.7, 17.0, 19.0, 20.9, and 22.6 kW, respectively. When the regenerator efficiency increased from 0 to 0.8,

COP increased from 2.7 to 3.3 and heating load changed from 14.7 kW to 22.6 kW. Compared with no regenerator, the heating

load increased by 16.0%, 29.9%, 42.5%, and 54.3%, COP increased by 7.7%, 14.0%, 18.8%, and 22.9% as the regenerator

efficiencies were 0.2, 0.4, 0.6, and 0.8, respectively.

Fig. 4. Heating loads and COPs at different regenerator efficiencies.

Parameter Value

Regenerator efficiency 0, 0.2, 0.4, 0.6, 0.8

High pressure (MPa) 8.5, 9.0, 9.5, 10.0, 10.5, 11.0

Low pressure (MPa) 4.5, 5.0, 5.5, 6.0, 6.5, 7.0

Outlet temperature of the gas cooler ( oC ) 30, 35, 40, 45, 50, 55
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The improvement of the regenerator efficiency can increase the heat obtained before CO2 entered the compressor and improved
the superheat, leading to the increase of COP. The increase in heating load is because when the gas cooler outlet state point 3 is
unchanged, the compressor curve shifted to the right, resulting in an increase in the enthalpy difference of heating load, and thus
more heat was supplied.

3.2 Effect of high pressure

The heating loads and COPs at different high pressures are shown in Fig. 5. The low pressure, outlet temperature of the gas
cooler, compressor isentropic efficiency, regenerator efficiency, and superheat degree were set as 4.5 MPa, 40 oC, 0.8, 0.5, and 3
oC, respectively. When the high pressures were 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0 MPa, COP were 3.2, 3.9, 4.1, 4.1, 4.1, and 4.0,
and heating loads were 20.0, 26.9, 31.2, 33.6, 35.2, and 36.6, respectively. When the high pressure climbed from 8.5 MPa to
11.0 MPa, COP had a maximum value of 4.1 and heating load changed from 20.0 kW to 36.6 kW.

The increase in the heating load was because (a) the higher pressure caused the greater the enthalpy value of point 2, and (b) at
the same supplied temperature, the higher pressure led to the lower the enthalpy value of point 3, finally resulting in a larger
enthalpy difference between points 2 and 3. COP had the best value because the increase rate of heating load was greater than
the increase rate of compressor power consumption, indicating that there is an optimal high pressure that can make the COP
reach the maximum value of the current working condition.

Fig. 5. Heating loads and COPs at different high pressures.

3.3 Effect of low pressure

Fig. 6 presents the heating loads and COPs at different low pressures. The high pressure, outlet temperature of the gas cooler,
compressor isentropic efficiency, regenerator efficiency, and superheat degree were set as 10 MPa, 40 oC, 0.8, 0.5, and 3 oC,
respectively. When the low pressures were 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0 MPa, COP were 4.1, 4.6, 5.2, 6.0, 6.9, and 8.0, and
heating loads were 33.6, 31.2, 29.0, 26.7, 24.4, and 22.0 kW, respectively. When the low pressure increased from 4.5 MPa to 7.0
MPa, COP increased from 4.1 to 8.0 and heating load decreased from 33.6 kW to 22.0 kW.

The heating load decreased and COP increased as the low pressure was increased because the enthalpy of point 2 decreased
whereas the point 3 was not changed, causing that enthalpy difference declined and the heating load decreased. COP cannot
increase indefinitely because (a) the low pressure value needed to be lower than the critical pressure of carbon dioxide 7.38 MPa,
and (b) the decreased heating load was unable to meet the needs of users.
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Fig. 6. Heating loads and COPs at different low pressures.

3.4 Effect of outlet temperature of the gas cooler

The heating loads and COPs at different outlet temperatures of the gas cooler are shown in Fig. 7. The high pressure, low

pressure, compressor isentropic efficiency, regenerator efficiency, and superheat degree were set as 10 MPa, 5 MPa, 0.8, 0.5,

and 3 oC, respectively. When the outlet temperatures of the gas cooler were 30, 35, 40, 45, 50, and 55 oC, COP were 5.8, 5.3, 4.6,

3.7, 2.9, and 2.3, and heating loads were 36.6, 34.5, 31.2, 25.8, 20.3, and 16.9 kW, respectively. When the outlet temperature of

the gas cooler increased from 30 oC to 55 oC, COP decreased from 5.8 to 2.3 and heating load decreased from 36.6 kW to 16.9

kW.

Fig. 7. Heating loads and COPs at different outlet temperatures of the gas cooler.
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The decrease of the heating load was because the enthalpy of point 2 was not changed whereas the point 3 increased, causing
that enthalpy difference declined and the heating load decreased. COP decreased was due to the fact that the heating load
decreased higher than the compressor power consumption increased.

3.5 Sensitivity analysis

The sensitivity analysis of COP and heating load as affected by the high pressure, low pressure, and outlet temperature of the
gas cooler were conducted, as shown in Fig. 8.

(a) High pressure.

(b) Low pressure.

(c) Outlet temperature of the gas cooler.

Fig. 8. Heating load and COP variations at different parameters.

The improvements of COP and heating load should preferentially to increase the high pressure due to its maximum
average sensitive degree of 0.192 on the COP and 4.328 on the heating load, as shown in Table 3.
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Table 3 Sensitivity analysis of COP and heating load.

4. Conclusions

The thermodynamics analysis of a transcritical CO2 heat pump for heating applications was conducted. Some
conclusions were obtained.

When the regenerator efficiency increased from 0 to 0.8, COP increased from 2.7 to 3.3 and the heating load
changed from 14.7 kW to 22.6 kW.

COP was maximum (4.1) at the high pressure of 10.0 MPa, and the heating load increased from 20.0 kW to 36.6
kW as the high pressure climbed from 8.5 MPa to 11.0 MPa.

When the low pressure increased from 4.5 MPa to 7.0 MPa, COP increased from 4.1 to 8.0 and the heating load
decreased from 33.6 kW to 22.0 kW.

When the outlet temperature of the gas cooler increased from 30 oC to 55 oC, COP decreased from 5.8 to 2.3 and
the heating load decreased from 36.6 kW to 16.9 kW.

The improvements of COP and heating load should preferentially increase the high pressure due to its maximum
average sensitive degree of 0.192 on the COP and 4.328 on the heating load.
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ABSTRACT
Carbon dioxide (CO2) is an excellent alternative to conventional refrigerants due to its non-toxic and non-
flammable nature, zero ozone layer impact, and minimal contribution to global warming compared to other
refrigerants. However, its efficiency in warm climates remains a challenge. This article addresses this issue by
experimentally comparing the energy efficiencies of four configurations: a first configuration works with a
parallel compressor, a second configuration works with two internal heat exchangers, a third one with an
economizer and a last one with a flash gas valve.

All configurations were tested in the same conditions. The cooling capacity was varied between 20 and 40
kW, and the ambient temperature was varied between 15 to 38 °C. Coefficients of performance (COP) were
measured under steady-state conditions and compared. Subsequently, the results were used to develop
polynomial regressions predicting the annual COP for each system operating in differentcities.

Steady-state experimental results in transcritical conditions showed a great COP improvement using a parallel
compressor, by more than 15%, compared to the flash gas system. The other configurations showed a COP
improvement by less than 11% compared to the flash gas system at the same conditions. However, the annual
COP (subcritical and transcritical conditions) showed that the parallel compressor configuration does not
always provide the highest efficiencies. This depends on the city's annual temperatureprofile.

mailto:ana.paez@edf.fr
mailto:benedicte.ballot-miguet@edf.fr
mailto:pascal.tobaly@lecnam.net
mailto:benoit.michel@insa-lyon.fr
mailto:remi.revellin@insa-lyon.fr


2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

１２３

The article will provide numerous schemes of configurations, cycles, cities temperature and COP profiles as
well as summarised conclusions.

Keywords: Carbon Dioxide, Parallel compressor, Energy Efficiency, Internal heat exchangers, Refrigeration.
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Abstract
The winter temperature in the northern regions of China is relatively low, and the heating efficiency of traditional
air source systems is low, and it cannot operate normally in severe cold weather. So it is proposed to use
trans-critical CO2 air source heat pumps for winter heating and summer cooling in severe cold areas. The change of
ambient temperature has a great impact on the performance of the trans-critical CO2 air source heat pump system.
In order to study the operating characteristics of the trans-critical CO2 air source heat pump system in cold regions,
TRNSYS simulation software is used to test and analyze key parameters such as indoor and outdoor temperature,
water supply and return temperature, COP and so on. The results show that there is a large difference between the
average supply and return water temperature in the early and middle heating period, but the temperature of supply
and return water in the heating period and the cooling period does not fluctuate much, which indicates that the
heating and cooling effect of the trans-critical CO2 air source heat pump system is better when applied in cold areas.

Keywords: Cold Region；Air source heat pump；COP

1. INTRODUCTION
At present, with the rapid development of China's economy, the aggravation of environmental pollution and the
large consumption of energy have become typical problems in our country. China has been the world's largest
energy consumer since 2010, and coal consumption is the largest part of China's energy consumption. In recent
years, CO2 refrigeration refrigerant has gradually entered people's vision with its good use economy and good
environmental protection. CO2 air source heat pumps first began to develop in Japan, and then were widely used in
European countries. Compared to other heat pump systems, CO2 air source heat pumps have many advantages.

In this paper, TRNSYS simulation software is used to establish the simulation model of the trans-critical CO2

air source heat pump system. The performance of an air source heat pump system operating in a cold area is
simulated, and the changes of ambient temperature, system heat production and cooling capacity, system and
unit input power, system and unit performance coefficient and water supply and return temperature are analyzed

mailto:China,985682156@qq.com)
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in a typical day.

2. STUDY ON PERFORMANCE OF TRANS-CRITICAL CO2 AIR SOURCE HEAT PUMP
SYSTEM
Through the parameter setting of each part of the simulation software model, the annual hourly load of the
building is simulated, as shown in Figure 1.

Figure 1：Hourly load of buildings throughout the year

Taking January 1st as the starting point, the hourly load result of the office building for the whole year is
obtained. The simulation results show that the maximum annual thermal load of the office building is 13.6kW,
the maximum annual thermal load index is 57W/m2, the maximum annual cooling load of the office building is
11.8kW, the maximum annual cooling load index is 49W/m2.

Through simulation software, the environmental temperature in Harbin and the building temperature of an
office building in a year are statistically analyzed, and the simulation results are shown in Figure 2.

Figure 2：Building temperature and ambient temperature

As shown in the figure, according to the statistical results of annual ambient temperature, Harbin is in winter for
a long time and the ambient temperature is low. Harbin is in the summer time is short, the duration of high
temperature weather is short. It can be seen from the curves and values in the figure that the temperature of the
office building can be maintained at about 20 ° C in the heating season and 26 ° C in the cooling season, which
meets the requirements of heating and cooling in cold areas.
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3. CONCLUSIONS

Through the simulation results, it can be found that the use of the air source heat pump in summer can make the
temperature in the building meet the office requirements and meet the comfort of the human body; In winter,
when the air source heat pump is used to heat an office building in a cold area, the building temperature can
reach the set temperature, indicating that the air source heat pump heating system is feasible in the cold area.
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ABSTRACT
New energy vehicles can truly achieve zero pollution and zero emissions, which has become an important
direction for the development of new energy vehicles in the future. At present, the traditional refrigerant Freon,
which is mainly used in the air conditioning system of new energy vehicles, has serious environmental pollution.
PTC auxiliary heating is required for insufficient heat production when running in low-temperature conditions
in winter. Too much energy consumption of the air conditioning system leads to a serious reduction in mileage.
Studies have shown that the maximum range of new energy vehicles running air conditioning, heating, and
cooling devices can be reduced by 40%. Therefore, an efficient vehicle-mounted heat pump air conditioning
system can improve the energy utilization rate of new energy vehicles, ensure the safety and reliability of
batteries, and reduce the impact of heat pump air conditioning energy consumption on vehicle mileage. To solve
the above problems, the natural refrigerant CO2 is used in this paper. The double evaporator heat pump system
is used to realize the cascade utilization of energy. The injector recovers the expansion power to improve the
system efficiency. An CO2 compression/injection dual evaporator heat pump system for hybrid electric vehicles
was proposed. The heat pump system model was established in the dymola platform using Modelica language,
and the performance and energy conversion efficiency of the heat pump system were predicted and analyzed by
simulating the COP and operating conditions of the system under different vehicle driving conditions and
environmental conditions. Through the mathematical model, the system is optimized to improve the efficiency
of the system further and obtain the best operating conditions. The economic feasibility of the system is
analyzed, which provides a reference for the development of the onboard heat pump system for hybrid electric
vehicles.

Keywords: Vehicle-mounted Heat Pump, CO2, Ejector, COP
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Abstract

High-efficiency integrated thermal management systems are crucial for ensuring the safety, comfort, and driving
range of new energy vehicles. In this study, an integrated thermal management system for electric buses was
purposed, the system performances were experimentally investigated in different modes under both heating and
cooling conditions, and the characteristics and regulations were analyzed considering the changes in compressor
speed and electronic expansion valve opening. The results show that the purposed system with the
vapor-injection technology can operate in an ambient temperature range from −25 °C to 45 °C. It provides a
heating capacity of 11.48 kW with a coefficient of performance (COP) of 1.50 at −25 °C/20 °C
(ambient/in-cabin temperatures), and provide 19.40 kW with a COP of 1.73 at −10 °C/20 °C. The optimal COP
of 2.17 (at a compressor speed of 50 Hz) and 1.87 (at 60Hz) correspond the relative pressure ratios of 1.75 and
1.64 at 7 °C/20 °C, respectively. Considering the cooling demand of the cabin and battery, the system can
provide 25.04 kW with a COP of 2.53 at an ambient temperature of 35 °C. This study would provide a data
support for developing automotive thermal management technology.

Keywords: vapor injection; heat pump; integrated thermal management system; electric bus
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ABSTRACT

The combined heating of solar energy and heat pump systems holds profound significance for reducing carbon
emissions. However, issues persist with the discontinuity, instability of solar energy, and the limited application of
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heat pumps in low-temperature environments. By integrating the two and employing phase change heat storage
technology, on the one hand, the use of phase change slurry can reduce the operating temperature of photovoltaic
panels to enhance photovoltaic performance. On the other hand, the heat in the phase change slurry can be directly
utilized to heat the evaporator, raising the evaporation temperature to improve the heat pump's performance. In light
of this research prospect, a solar composite heat pump system based on an evaporative thermal accumulator is
proposed in this paper, with the effects of two heat transfer fluids on the composite system's performance analyzed
and discussed. Experimental results indicate that when water is used as the heat transfer fluid, there is a significant
decrease in temperature during the heat release process, whereas when phase change slurry is employed as the heat
transfer fluid, the temperature drop during the heat release process is smaller. Compared with water, the average
COP of the heat pump using phase change emulsion as the heat carrier is as high as 4.74, and the average power
generation efficiency reaches 20.41%, which is 2.79% higher than the average power generation efficiency of water.

KEYWORDS: Heat pump, Solar energy, Evaporative thermal accumulator, Composite system.

1. INTRODUCTION

As China's economy enters a stage of high-quality development, the demand for heating in industrial and civil
sectors becomes more prominent [1]. Hindered by the uneven distribution of fossil resources, some regions require
long-distance transportation of coal or gas for centralized heating, leading not only to the consumption of large
amounts of fossil energy but also causing serious environmental pollution issues [2, 3]. Heat pumps as a mature
technology that can extract heat from the environment or waste heat with a bit electricity consumption for heating,
have the advantages of high efficiency and environmental friendliness, making them one of effective technical
means to address heating issues [4]. However, heat pumps are susceptible to factors such as fluctuations in heat
source temperature, leading to issues of heating instability and insufficient heating capacity [5]. The integration of
heat pumps with solar energy to form solar composite heat pump systems not only addresses the aforementioned
issues but also enhances the heating performance of the system, offering significant potential for energy saving and
consumption reduction [6].

Therefore, in recent years, research on composite systems has aroused great interest among scholars both
domestically and internationally. Studies have found that despite being compact in structure and having excellent
performance, direct expansion solar heat pumps are still affected by solar radiation intensity, leading to unstable
thermal performance [7]. While series, parallel, and hybrid solar heat pumps have improved system operational
stability, they require large land areas and have complex piping systems [8]. Zhao et al. [9] conducted experimental
research on the relationship between solar radiation and heating temperature, showing that reducing the heating
temperature can significantly improve the heating and energy-saving effects of solar composite heat pumps. Ni et al.
[10, 11] conducted experimental studies on a solar-air source heat pump combined heating and cooling system
based on a triple-tube energy storage heat exchanger under annual working conditions. They found that under
heating conditions, increasing the solar hot water temperature and flow rate can significantly improve the system's
heating energy efficiency. Ji et al. [12] proposed a photovoltaic solar-assisted heat pump system and experimentally
studied its performance. The results showed that the maximum COP of the photovoltaic solar-assisted heat pump for
heating reached 10.4, with an average COP of 5.4. Based on this work, a photovoltaic solar-assisted heat pump
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system with a heat pipe photovoltaic/thermal (PV/T) demonstrated significant performance advantages in terms of
energy and exergy [13].

It can be seen that the photovoltaic-thermal hybrid utilization technology can improve the utilization efficiency of
solar energy and is expected to be widely applied in solar energy conversion and utilization [14, 15]. However, in
previous studies, heat pumps combined with PV/T typically used water or air as the heat transfer fluid [16, 17].
Compared to phase change materials, there are issues such as low heat storage density and poor system compactness,
necessitating the improvement of solar energy utilization and composite heat pump performance through efficient
heat storage/transfer/release technologies. Phase change slurry (PCS), as a latent heat type functional fluid formed
by dispersing phase change materials in water in the form of micro-scale particles, not only exhibits excellent heat
storage/transfer/release performance but also integrates heat storage/transfer/release functions [18, 19]. Applying
PCS as the heat transfer fluid instead of water and air in solar composite heat pump systems increases heat storage
capacity compared to non-phase change fluids. Through effective storage, transportation, and release of solar
thermal energy via slurry flow, it can enhance heat pump heating performance. Additionally, leveraging the
characteristic of constant temperature during the absorption/release process of phase change particles in the slurry
allows PV/T to operate in a suitable temperature range, thereby improving photovoltaic performance [20]. Therefore,
this paper proposes a solar composite heat pump system based on an evaporative thermal accumulator. A testing
platform is constructed, and experiments are conducted to explore and reveal the performance advantages of PCS in
increasing solar thermal storage, raising evaporation temperature, and lowering photovoltaic operating temperature.

2. DESCRIPTIONOFTHE PROPOSED SYSTEM

The schematic diagram of the proposed combined heating system is shown in Figure 1a, mainly consisting of a
PV/T system, heat pump system, evaporative thermal accumulator, and circulating water pump. The physical
diagram of the experimental test platform is shown in Figure 1b, which is primarily divided into the refrigerant
loop and the circulating water loop. Before turning on the heat pump unit, circulating water or PCS is heated
through the solar collector and transported to the evaporative thermal accumulator for heat storage. When the
temperature of the water or PCS in the evaporative thermal accumulator reaches a certain value, the heat pump
unit is activated. The refrigerant, throttled after passing through the expansion valve, enters the evaporative
thermal accumulator, absorbing heat from the water or PCS, thereby evaporating into a gaseous state.
Subsequently, after being compressed into superheated air in the compressor, it releases heat to the water tank
(simulating the heating terminal) when passing through the condenser. Meanwhile, the electricity generated by
the solar photovoltaic panels powers components such as the compressor and water pump in the system, with
excess electricity being fed into the grid for additional revenue.
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Figure 1a: Schematic diagram of a solar composite heat pump system based on evaporative heat storage.

Figure 1b: Physical diagram of the solar composite heat pump system based on evaporative heat storage.

As shown in Figure 1c, the evaporative thermal accumulator, composed of an evaporator and a heat storage tank, is
the core component of the system. It consists of continuous bent pipes and cylindrical chambers. Foam plastic is
filled in the chamber interlayers, and the outer shell is wrapped with insulation cotton. Water or PCS is poured into
the evaporative thermal accumulator. Considering that the nominal operating temperature of photovoltaic cells in
the PV/T panels is 25°C [21], the phase change temperature range of PCS should include the nominal operating
temperature of the PV/T panels, i.e., the nominal temperature should fall within the phase change temperature range.
The peak phase transition temperature of octadecane is approximately 28.50°C, and the phase transition temperature
range is approximately 24.30~32.50°C. Therefore, this paper selects octadecane as the phase change materials.
Phase change microcapsules are synthesized using the water phase separation method, and then, using a composite
emulsifier, PCS suitable for PV/T heat pumps is synthesized under laboratory conditions using a "two-step method."



2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

１３０

Figure 1c: Physical diagram of evaporative heat accumulator.

3. PERFORMANCE EVALUATION

As the power component of the system, the compressor's actual power consumption, W (kW), is obtained from the
theoretical power consumption and the electrical efficiency of the compressor:

r 2 1

comp

m (h -h )W=


（1）

in the formula, h1 and h2 are the enthalpy values of the compressor inlet and outlet, kJ·kg-1; the compressor electrical
efficiency ηcomp is the product of the indicated efficiency ηi, mechanical efficiency ηm and motor efficiency ηmt,
which is taken as 0.48 for calculation [22], mr is refrigerant flow rate of the compressor, g·s-1, is given by:
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in the formula, νin is the specific volume of the refrigerant at the compressor inlet, m3·kg-1, ηV is the volumetric
efficiency, and Vth is the theoretical gas transmission volume, m3·kg-1, which is given by the following formula:
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here P2 and P1 are the discharge and suction pressures of the compressor, Mpa, n is the actual speed of the
compressor, r·min-1, and Vp is the cylinder volume of the compressor, m3.
In this system, while ignoring a small amount of losses in the heat transfer process, all the heat released by the
condensation of the refrigerant in the condenser is given to the water in the water tank. Therefore, the heating power
of the heat pump can be calculated based on the heat gain on the water side. As shown in Equation 5:

p w 1 0( )Q c m T T  （5）
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here T0 and T1 are the initial water temperature and final water temperature of the water tank, ℃, mw is the water
flow rate, g·s-1, cp is the specific heat capacity of water, J·kg-1·℃-1.
The thermal efficiency ηth of a solar photovoltaic panel is equal to the ratio of the heat absorption of water Gth (kW)
to the total amount of radiation G (kW), as shown in Equation 6. The electrical efficiency ηel is equal to the ratio of
the solar energyGel (kW) converted into electrical energy to the total radiationG (kW), as shown in Equation 7.
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here m is the mass flow rate of water, g·s-1, cpw is the specific heat capacity of water, kJ·kg-1·℃-1, Twout and Twin are
the inlet and outlet temperatures of water, ℃. APVT is the area of the solar collector, m2. G is solar irradiance, W·m-2;
t1 and t2 are the start and end times, s.
In the original setting of the system, the power generated by the PV/T panel will be provided to the compressor and
other components. However, due to cost reasons, the voltage stabilizing effect of the inverter currently used in this
project is average, so this article only discusses the heat pump COPh of this system, that is, the ratio of the heat
pump heating power,Q, and the compressor power consumption,W, as shown in the equation 8 shown.

h
QCOP
W

 （8）

4. RESULTSAND DISCUSSION

4.1. CirculatingMedium:Water

Firstly, verification experiments were conducted using water as the circulating medium between the PV/T and the evaporative

thermal accumulator. Preliminary tests obtained the system's performance during the solar energy supply phase and the heat

pump circulation phase.

Figure 2 illustrates the variation of PV/T panel temperature over time. During the heat storage phase, the temperature of the

PV/T rises significantly. However, as solar radiation intensity decreases substantially, the temperature of the PV/T panel

gradually decreases. Since water enters from PV/T-1, absorbs heat, and exits from PV/T-2, the temperature of PV/T-1 is always

slightly lower than that of PV/T-2. Additionally, the low-temperature medium starts absorbing heat from the bottom of the PV/T

panel and exits from the outlet at the top of the panel. Therefore, the temperature at the bottom of the same PV/T panel is lower

than that at the top. Sudden changes in solar radiation intensity in the figure are caused by cloud cover blocking the sun. The

average solar irradiance during the testing period was 416.38 W·m-2.
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Figure 2: Changes of PV/T panel temperature and solar radiance over time.

Figure 3 illustrates the temperature distribution in the evaporative thermal accumulator when water is used as the heat transfer

fluid in the experiment. During the heat storage process, the temperature gradually decreases from top to bottom in the

evaporative thermal accumulator. The temperature at the highest point (y=85 cm) is the first to respond, while the temperature at

the lowest point (y=6 cm) reacts the slowest. During the heat storage phase, the water temperature in the evaporative thermal

accumulator continues to rise until the temperature difference between each measuring point is small, indicating the completion

of initial heat storage. Subsequently, the heat pump is activated to initiate synchronous heat storage/release experiments. At this

point, while the evaporative thermal accumulator is storing heat, it also provides heating for the heat pump system. As the solar

radiation intensity decreases significantly, the water temperature continues to decrease until the end of the experimental test.

Figure 3: Temperature distribution of working fluid in evaporative regenerator.
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Figure 4 depicts the trends of temperature in the condensate water tank, exhaust pressure, and compressor power. The

initial temperature of the cold water in the tank is 16°C, eventually heated to 60°C, resulting in a temperature rise of

43°C. During the heat storage phase, the temperature of the water tank remains constant. As the heat pump is activated,

solar energy passes through the PV/T, evaporative thermal accumulator, and condenser before entering the water tank,

causing the water tank temperature to continuously rise. Throughout this process, both the exhaust temperature and

compressor power consumption increase gradually with the progress of the experiment, with the exhaust temperature

reaching a maximum of 100.9°C.

Figure 4: Changes of water tank temperature, exhaust temperature and compressor power over time.

Figure 5 illustrates the trends of compressor power and COP over time. As the temperature of the water tank continues

to rise, the compressor power consumption increases accordingly, with an average power consumption of 278.89 W

throughout the entire process. The COP of the heat pump decreases continuously, decreasing from a peak of 4.17 to

2.54, with an average COP of 3.30 for the entire duration.

Figure 5: Compressor power and COP changes over time.
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4.2. Circulating Medium: Slurry

After obtaining the preliminary performance of the system using water as the circulating medium, a further experiment was
conducted using PCS on a day with similar weather conditions (solar radiation, temperature, wind speed) as the day when
water was used. Considering factors such as the flowability of PCS, heat storage performance, and the operating
temperature of PV/T, phase change microcapsule content of the slurry selected for this experiment ranged from 15 vol%
to 25 vol%, with a phase change temperature range of 22-29°C.

Figure 6 illustrates the variation in PV/T panel temperature. Similar to Figure 2, when solar radiation intensity is high, the
temperature of the PV/T panel gradually rises, and when solar radiation intensity is low, the temperature of the PV/T panel
gradually decreases. Comparing the results of the two figures, it is evident that under conditions of high radiation intensity,
whether water or PCS is used as the circulating medium, the corresponding surface temperature of the PV/T panel increases
rapidly. However, when there is a phase change in PCS, the temperature fluctuation range of the PV/T panel is smaller and
shows good temperature stability.

Figure 6: PV/T plate temperature changes with time.

Figure 7 shows the temperature distribution in the evaporative thermal accumulator when PCS is used as the
heat transfer fluid. At the beginning of the heat storage process, the average temperature of the slurry is 21.4°C,
and there is a noticeable temperature stratification phenomenon during heat storage. The low-temperature slurry
flows into the PV/T, absorbs heat, and its temperature increases, causing the phase change microcapsules within
it to undergo phase change. It can be observed from the figure that some phase change microcapsules begin to
undergo phase change at the beginning of the heat storage process, and after the completion of phase change in
the later stage of heat storage, the temperature rises rapidly. Since PCS enters the evaporative thermal
accumulator through the top inlet, the temperature of the slurry at the upper part of the evaporative thermal
accumulator will be significantly higher than that at the lower part. Additionally, due to the large amount of
slurry in the evaporative thermal accumulator and the existence of the phase change process, temperature
stratification occurs within the slurry. As the heat storage progresses, the temperature difference between
different parts of the slurry gradually decreases. After a period of time of heat pump operation, the heat storage
reaches saturation, and the temperatures of different parts tend to be consistent. During the subsequent
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synchronous heat storage/release process, due to supplying heat to the heat pump and the decrease in solar
radiation intensity, the slurry temperature decreases, but this decrease is relatively slow. This is because PCS has
a significant latent heat within the phase change temperature range.

Figure 7: Temperature distribution of working fluid in evaporative regenerator.

Figure 8 illustrates the variations in compressor power, exhaust temperature, and water tank temperature of the
solar-assisted heat pump system using PCS as the heat transfer fluid. Similar to the changes observed in the
water system, as the heat pump operates, the exhaust temperature continuously increases, reaching a maximum
of 118.9°C. The cold water in the water tank is still heated to 60°C, and as the temperature of the cold water in
the tank continues to rise, the compressor power also increases.

Figure 8: Changes of water tank temperature, exhaust temperature and compressor power over time.



2024 China Heat Pump Conference | August 27-30, 2024 | Shenzhen, China

１３６

Figure 9 presents the trends of compressor power and COP. During the heating process, as the temperature of
the hot water in the water tank gradually increases, the compressor power also increases continuously, with an
average power consumption of 313.43 W throughout the process. The COP of the heat pump decreases
continuously, with an average COP of 4.74 throughout the process.

Figure 9: Compressor power and COP changes over time.

In addition, the experimental results using PCS as the circulating working fluid show that due to the phase
change temperature range of PCS, the temperature of the PV cells remains relatively stable, so the electrical
output performance remains stable, and the power generation efficiency remains above 14%. The average power
generation efficiency reaches 20.41%, which is higher than the average power generation efficiency of water of
17.62%.

Comparison between Figure 3 and Figure 7 reveals that regardless of whether water or PCS is used as the heat
transfer fluid, the temperature of the working fluid in the evaporative heat storage during the heat storage phase
continues to rise. However, during the simultaneous heat storage and release when the heat pump is activated,
the temperature of the working fluid in the evaporative heat storage starts to decrease. In the case of water, the
temperature drops significantly to 14.6°C, whereas for the slurry system, the temperature only slightly decreases
to 6.4°C. This difference is primarily attributed to the fact that in the water system, supplying heat to the heat
pump consumes sensible heat of water, leading to a significant decrease in water temperature. Conversely, in the
slurry system, during heat supply to the heat pump, the phase change microcapsules in the slurry undergo phase
change, resulting in the consumption of not only sensible heat but also the latent heat of the phase change
process. Therefore, the overall average temperature of the slurry does not decrease significantly.

In addition, After the PCS was left to stand for 17 hours, the temperature dropped by only 5.1°C compared to
the temperature at the end of the previous day's test. Therefore, the heat storage process was completed in only
70 minutes in this test due to the high initial temperature of the PCS.

5. CONCLUSIONS

This paper proposes a solar-assisted heat pump system based on evaporative thermal accumulator. After
constructing the experimental platform, key parameters of the composite system were explored using water and
PCS as the heat transfer fluids, and the performance of the system with these two fluids was analyzed and compared
preliminarily. The conclusions are as follows:
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(1) When water is used as the heat transfer fluid, the temperature distribution in the evaporative heat storage device
is relatively uniform. During the heat release process, there is a significant temperature drop, with an average
temperature decrease of 14.6°C. In contrast, when PCS is used as the heat transfer fluid, there is a noticeable
temperature stratification phenomenon during the heat storage process in the evaporative heat storage device, and
the temperature drop during the heat release process is smaller, only 6.4°C.

(2) When PCS is used as a heat carrier, the average COP of the heat pump is as high as 4.74, and the average power
generation efficiency of PCS reaches 20.41%, which is 2.79% higher than the average power generation efficiency
of water. It can be seen that using PCS instead of water as a heat carrier in a solar composite heat pump system can,
on the one hand, increase the heat storage capacity compared to water, and effectively store, transport and release
light and heat through the flow of emulsion, which can improve the heating performance of the heat pump; on the
other hand, the temperature of the phase change particles in the emulsion remains unchanged during the
absorption/release process, which can make PV/T operate in a suitable temperature range, thereby improving
photovoltaic performance.
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