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Abstract. In order to improve the utilization of solar energy and to reduce the energy consumption
of an auxiliary heat source, this study investigates a phase change heat storage device for an LPG
vaporization system utilizing solar assisted heat pump (DX-SAHPV). In this study, paraffin was
chosen as the phase change material (PCM). The structure of phase change heat storage device was
determined by the simulation using the Fluent software. The optimal radius of each PCM sphere is
60 mm. The phase change rates and corresponding temperature distributions were also analyzed
during the thermal storage process and the release process, respectively. Finally, an economic
analysis was made to investigate the optimal heat storage capacity of the PCM device.

Introduction

Liquefied petroleum gas (LPG) is generally vaporized from the liquid to the vapor by hot water
generated by electric or fossil fuel-fired water heaters. However, this conventional vaporization has
led to large energy consumption and serious pollutant emissions, which conflicts with Chinese
current energy conservation policies. In order to solve the problem, an LPG vaporization system
utilizing direct-expansion solar assisted heat pump (DX-SAHPV) was proposed and analyzed in [1].
The results show that vaporizing LPG by solar assisted heat pump has a good thermal performance
and is contributed to energy conservation and environmental protection.

However, the DX-SAHPV system still consumes some LPG to produce hot water by an auxiliary
gas-fired water heater under the poor weather conditions. Setting up a thermal storage device in a
solar thermal utilization system can improve its performance [2]. The latent heat storage has many
advantages, such as high heat storage density, constant temperature during the heat storage/release
process and small size, so it iswidely used in solar thermal utilization systems [3,4].

This paper proposes a new DX-SAHPV system with a thermal storage using PCM. The
optimization design of the phase change thermal storage device is carried out as follows: the
selection of PCM, the optimal size of each PCM unit, the structure, the heat storage cycle and the
heat capacity of the heat storage device.

Copyright © 2018, the Authors. Published by Atlantis Press.
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System description

Fig.1 shows the schematic diagram of a DX-SAHPV system with a phase change storage that is
introduced in detail in [5]). There are five operation modes that are listed in Table 1.

Tablel Operation modes of DX-SAHPV with PCM and their operating cinditions

Brief description of mode Operation conditions
The refrigerant circulating processis 1-2-3-5-1; phase change heat If the water temperature in the water tank is
M1 Storage water tank, vaporizer, and auxiliary heat source off, water lower than the lower setting pint, the system
tank storages heat. In case of low gasload, the natural runsin ML,
vaporization capacity of LPG cylinders can
meet the gasload demand. The DX-SAHPis .
If the water temperature in the water tank
The refrigerant circulating processis 1-2-4-5-1; water tank, in working condition when the solar

exceeds the upper setting point and the

M2 vaporizer and auxiliary heat source off , phase change heat storage  radiation intensity is not zero.
temperature of PCM islower than the phase

water tank storages heat.
change temperature, the syssem runsin M2.

LiquidLPG in the cylinders flows the vaporizer and absorbs heat
In case of peak gasload, the natural vaporization capacity of LPG cylindersis not enough to
M3 from the water tank and/or the phase change hot storage water tank
meet the gasload demand. The sysemrunsin M3
to become LPG vapour.

When the heat generated by DX-SAHP isless, and the natural vaporization capacity of LPG
M4 Auxiliary heat source on cylindersand the heat stored in the water tank and phase change heat storage water tank isnot

enough to meet the gasload demand, the sysem runsin M4

Bypass pipe and auxiliary heat source on and two heat storage

M5 When there are faults happening in two water tanks, the sytem runsin M5.
tanks off
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1 collector/evaporator; 2 compressor; 3 first condenser; 4 second condenser; 5 expansion valve; 6 water tank;
7 phase change heat storage water tank; 8 vaporizer; 9 auxiliary heat source
Fig.1 Schematic diagram of DX-SAHPV with PCM

PCM and heat storage cycle

We choose paraffin with 10% expanded graphite as the PCM for DX-SAHPV due to its
advantages in both thermal storage performance and price. Because the system is used to supply
daily gas for residents, aone-day heat storage cycle is applied in this study.
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Structure design of phase change heat storage device

Shape determination of the phase change heat storage device

Comparing with rectangular and spherical, the cylindrical heat storage water tank is more
reasonable and practical, therefore, the cylindrical water tank is used in this system.
The Size Determation of Spherical Heat Storage M odules.

Stainless sted is used as the encapsulation material of spherical heat storage unit because of the
non-corrosiveness for paraffin to metal [6]. In this study, heat storage and release processes of the
spherical heat storage unit under different radiuses have been simulated and analyzed by the
melt/solidification model of Fluent software, respectively, and the heat storage/release time,
temperature distribution and variation of liquid fraction have been obtained.

Fig.2 shows the heat Storage/release time of the spherical heat storage unit under different
radiuses. It can be seen that the heat storage/release time increasing with the increase of radius and
the heat release time is always larger than the heat storage time. This is mainly because that during
the melting process of PCM, the convective heat transfer happening in the outer layer of the unit
enhances the heat transfer between the unit and PCM. It can also be found that the heat storage time
almost increases linearly with the increase of the radius from 30 mm to 60 mm and the slope of the
variation curve increases from 60 mm to 80 mm. In addition, considering some factors, such as the
gpace of the heat storage water tank filled with the spherical heat storage units, manufacture method
etc, the spherical stainless steel unit with the radius of 30mm is selected. When the heat transfer
temperature difference is 3 °C, its heat storage and relaese time are 9200s and 16500s, respecitvely.
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Fig.2 Heat storage/ release time of the spherical heat storage unit under different radius

Table 2 reports the detailed heat storage and release process of an unit with the radius of 60 mm.
It can be seen that the melting rate of heat storage unit is becoming faster and faster, which main
reason is that the convection heat is increasing with the rise of the liquid phase rate. It also presents
that the solidification rate of heat storage unit is becoming faster and faster, which is mainly due to
the fact that the heat conduction is increasing with the rise of liquid fraction. The heat sorage
process was smulated under the assumptions that the wall temperature was constant and the
temperature difference was 3 °C. But, in actual, there is convection heat transfer between the wall
and the PCM and the temperature difference is more than 3 °C. Hence, the storage/release time
should be relatively shorter.
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Table 2 Heat sorage (rel ease) process of a PCM sphere with the radius of 60mm

Hesat storage process Heat release process

the changing liquid phase the changing liquid phase
g gtq P temperature distribution g gtq P temperature distribution
rate rate

Configuration of heat exchanger.

In order to enhance the heat transfer and to facilitate the configuration of the spherical heat
storage unit, the spiral tube heat exchanger is adopted.

Fig.3 presents the schematic diagram of the phase change heat storage device. The refrigerant
enters the collector/evaporator at the given pressure and temperature and is vaporized by absorbing
solar and/or ambient energy. Then the refrigerant vapour at a high temperature passes through the
compressor. Sequentially, the vapor at a high temperature and pressure flows into the phase change
hot storage water tank and releases heat to the water, and then the heat is absorbed and stored in the
PCM. The refrigerant is then throttled by the thermostatic expansion valve and flows back to the
collector/evaporator. At the same time, the water enters the latent heat storage tank after releasing
heat in the vaporizer, and the PCM startsto release heat to heat the water.
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Fig. 3 Schematic diagram of phase change heat storage device

Determination of heat storage capacity of PCM heat storage device

It is very important to determine the heat storage capacity of the PCM heat storage device. It is
mainly because that it has a significant impact on both the economy and the energy efficiency.

Fig.4 shows the annual heat production variation of DX-SAHP and auxiliary heat source in
DX-SAHPV proposad in [1]. It illustrates that the monthly heat produced by the auxiliary heat
source varies from 600 to 3000MJ, the mean value is in the range of 20-100 MJ daily.
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Fig.4 Annual heat production variation of DX-SAHP and auxiliary heat source

The results indicate that a great improvement in both the utilization of solar energy and
DX-SAHP is achieved by the application of phase change heat storage device, and also a reduction
in energy consumption of the auxiliary heat source. The heat storage capacity of the phase change
heat storage device is determined by the heat production of the auxiliary heat source that is in the
range of 20-100 MJ. There is lower investment and higher using rate cost of the thermal storage
device in the smaller heat storage capacity. But the required heating load supplied by auxiliary hest
source is higher, which will lead to the higher operation cost. Considering the investment cost and

operation cost, an economical analysis on the heat storage capacity of the phase change heat storage
tank is taken.

(1) Operation cost which is saved per year is calculated from Eq.(1)

C

OSEax — COF,Eaux - Co- (1)

2011



£

ATLANTIS

PRESS Advances in Engineering Research, volume 120

where Coseanx IS the operation cost of the original system that only use electric water heater as
auxiliary heat source, C, isthe annual operation cost of phase change heat storage tank.

(2) Recovery period is calculated from EQ.(2) [7]:

where C,¢ isthe initial investment cost of phase change heat storage tank.

Fig.5 illustrates the initial investment cost, annual operation cost and total cost of the phase
change heat storage tank under different heat storage capacities. It can be seen that the annual
investment cost gradually increasing with the rising heat storage capacity. The trend that the annual
investment cost increases is relatively small when the heat sorage capacity increases from 20 MJ to
40 MJ, but relatively large from 40 MJto 60 MJ. In contrast, the annual operating cost of the phase
change heat storage tank decreases with the rising heat storage capacity. The reduction of the annual
operating cost is relatively large when the heat storage capacity increases from 20 MJto 40 MJ, but
isrelatively small and nearly declines linearly from 40 MJto 60 MJ.
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Fig.5 Annual investment cost, operating cost and total cost under different heat storage capacities

Table 3 shows the quantitative economic analysis of the heat storage modules of different PCM
storage capacity. We can see that the payback period decreases firstly and then increases with rising
the values of the storage capacity. When the storage capacity is 40 MJ, it has the minimum payback
period of 1.4 years. Therefore, 40 MJ is an optimal capacity value for the heat storage device.

Table3 Economic analysis of the phase change heat sorage tank

Heat capacity of PCM [MJ] 20 30 40 50 60
Annual operating cost savings [RMB Yuan] 1068 1602 2136 2336 2483
Payback period [year] 2.0 1.6 14 15 1.6

Conclusions

In this study, theoretical analysis and numerical simulation on the phase change thermal storage
device for DX-SAHPV are made. The main conclusions are as follows:

2012



£

ATLANTIS

PRESS Advances in Engineering Research, volume 120

1) The spherical water tank is selected as the phase change heat storage device because it is
internally provided with a spiral tube heat exchanger and its temperature distributes uniformly.
Taking into account the heat storage time and the processing technology, 60mm is the optimal
radius of heat storage unit for the spherical thermal storage water tank.

2) The economic analysis is made to determine the heat storage capacity of the phase change
heat storage tank. The phase change heat storage capacity of 40 MJ has the shortest payback period
of 1.4 years.
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