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A new type of electrical storage heater that utilizes latent heat storage and flat micro-heat pipe arrays (FMHPAs) was developed.
The thermal characteristics of the heater were tested through experimentation. The structure and operating principle of the storage
heater were expounded. Three rows of FMHPAs were applied (three rows with five assemblies each) with a mass of 28 kg of
phase change material (PCM) in the heat storage tank. Electric power was supplied to the PCM in the range of 0.2-2.04 kW, and
air was used as heat transfer fluid, with the volume flow rate ranging from 40120 m*/h. The inlet temperature was in the range of
15-24°C. The effects of heating power, air volume flow rate, and inlet temperature were investigated. The electrical storage heater
exhibited efficiencies of 97% and 87% with 1.98 and 1.30 kW of power during charging and discharging, respectively. Application
of the proposed storage heater can transfer electricity from peak periods to off-peak periods, and the excess energy generated by

wind farms can be stored as heat and released when needed. Good economic and environmental benefits can be obtained.
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1 Introduction

The fog and haze in China continue to increase significantly
because of scattered coal burning, straw discharge, and other
forms of heating, which are important sources of pollution,
particularly in winter, in the Beijing-Tianjin-Hebei region
[1,2]. Therefore, searching for a clean alternative energy is
imperative. Electricity is a clean energy, and its application
is free of pollution, noise, and exhaust gas [3].

The Chinese government implemented the “coal-to-elec-
tricity” policy to reduce environmental pollution. The imple-
mentation of the policy in the Beijing-Tianjin-Hebei region
promotes electric heating. The electricity cost for the valley
period is 4.34 cents, which would be reduced to 1.45 cents
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[4,5] when combined with government subsidies.

However, the large-scale use of electricity increases the
negative effect on the power grid during peak periods and
enlarges the difference between peak and valley power loads.
In addition, although the nighttime electricity load is low
in China, power shortages during peak periods have always
been a serious problem [6,7]. China continues to exert
considerable effort to increase wind power development
in Hebei, Zhangjiakou, Inner Mongolia, and other areas.
Meanwhile, wind power and electricity demand exhibit a
reverse and unstable trend. Therefore, the already significant
electricity peak—valley difference in this region will worsen
if all areas use wind power [8-10]. According to relevant re-
ports released by national energy administration, the annual
abandoned wind power reached 497 billion kWh in 2016.
The highest abandoned wind rate observed in Gansu was
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43%, and the lowest abandoned wind rate was 21% [11].
Sufficient storage in a power grid during night valley and
daytime peak periods for village building cooling/heating
can be used to regulate the grid instead of intermediate and
peak generation so that the safety of the grid and the degree
of wind power consumption will be improved [12,13].

The development of cold storage technology for cooling
has been investigated by many scholars, and many projects
have been implemented [14-17]. Although many studies fo-
cused on heat storage [18], studies on building heating are
relatively rare in China. With regard to storage heating, the
application of the electric boiler, which belongs to sensible
heat storage (SHS), is relatively common [19]. However, the
temperature of SHS materials continuously changes and can-
not be maintained at a certain value or range, such that the
thermal energy output is unstable and not conducive for use.
In addition, the low energy density of SHS results in a large
volume of the corresponding device, which is of little value
in industrial application [20].

The phase change materials (PCMs) used in latent heat stor-
age (LHS) possess a high storage density and constant tem-
perature during charging and discharging. Therefore, LHS,
which requires certain devices, possesses the advantages of
reduced size and light weight and exhibits an application po-
tential for thermal energy storage [21,22]. The recent study
of latent heat storage was mainly conducted by way of ex-
perimental measurement and numerical simulation. Lu et al.
[23] studied the heat transfer in molten salt in a cylinder tank
via simulation and experiment to obtain its natural convec-
tion heat transfer in a single energy storage tank. Shang et al.
[24] presented a passive thermal management system (TMS)
for downhole electronics by using phase change material and
heat pipes, and the thermal characteristics of the TMS was
evaluated experimentally. Xia et al. [25] investigated the lig-
uid-solid phase change process of a simple one-dimensional
slab and the obtained results can provide some theoretical
guidelines for the choice of optimal cooling or heating strat-
egy in practical liquid-solid phase change processes. Zhang
etal. [26] proposed a novel non-equidistant helical-coil struc-
ture and investigated the heat storage experimentally; further-
more, the structure was optimized using numerical simula-
tion.

Paraffin-type PCMs are commonly used for LHS because
of their moderate phase change enthalpy, long-term physical
and chemical stability, and repeated phase change, crystal-
lization without the occurrence of subcooling or crystal sep-
aration, low vapor pressure, and low cost [27-29].

Investigations on electrical storage heaters using PCMs
are relatively scarce and commonly focused on methods
using electric heating wires [30,31] or electric heating tubes
[32,33]. However, these approaches often lead to high ther-
mal resistance during charging and discharging processes
and unstable heat transfer between the heating element and
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PCM. Moreover, utilizing natural convection heat transfer
for indoor heating traps heat and results in an increase in the
required PCM temperature. Thus, the application of these
storage devices entails a certain risk, and the promotion of
heat storage is limited.

Considering these issues, this study used a highly efficient
heat transfer component, namely, a flat micro-heat pipe ar-
ray (FMHPA) [34] with enhanced heat transfer fins, to ensure
rapid and efficient heat energy transmission. A novel meso-
low-temperature electrical phase change storage heater using
#52 commercial paraffin wax was developed, and its thermal
characteristics were experimentally investigated. The storage
heater exhibited good thermal performance with high ther-
mal efficiency, high energy storage density, and high and rel-
atively stable discharging power.

In the last part of this study, the novel storage heating was
hypothetically applied in a rural area in Beijing, China. The
costs of direct heating were compared, and the environmental
benefits that could be obtained if the energy used for heat
storage at night is supplied by wind farms were considered.
The results showed that the use of electrical storage heating
would provide good economic and environmental benefits.

2 Experimental investigation

2.1 Details of the experimental setup

An experimental system of the new storage heater based
on LHS and FMHPA was designed and used for charging
and discharging experiments in an indoor environment.
Figure 1 shows the device body and its profile and heat
transfer unit diagram. The device has an overall dimension
of 729 mm X 581 mm x 201 mm. The experimental setup
consisted of the FMHPA assembly, heat storage tank (HST),
air duct, support, PCM, and heat insulation material (HIM).
A 400-mm-long FMHPA assembly is installed in HST, and
a 170-mm-long FMHPA assembly extends out of HST in
the air duct and 120 mm into the support. Rubber insulation
cotton (50 mm thick) was used as HIM and attached to the
outer surface of the device. The HTS, air duct, and support
are all made of stainless steel, and the entire device is placed
vertically on the ground.

Fifteen FMHPA assemblies were used as a core heat trans-
fer unit. The fins, platen heater, and FMHPA were spliced
with thermal silica gel to reduce thermal contact resistance.
Number 52 commercial paraffin wax was selected as PCM
to store heat in the HST around FMHPA. Aluminum-made
equal cross-section rectangular fins were attached to the stor-
age and thermal removal segment with aluminum-made lou-
ver fins to achieve heat transfer intensification of the PCM
and heat transfer medium (right side of Figure 1). The filling
proportion of the cross-section rectangular fins and FMHPAs
in HST was 16%.
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Figure 1 (Color online) Structure of the storage heater and heat transfer unit.

FMHPA is a heat-conducting member possessing super-
conducting thermal properties. It has a metal body with a
thin plate-like shape and a plurality of independently oper-
ated micro-heat pipes arranged inside (Figures 2(b) and 2(c)).
Energy transfer occurs during phase change, i.e., evapora-
tion and condensation of the working fluid in the tube. The

FMHPA assemblies are divided into three different functional
segments from bottom to top according to the working prin-
ciple. The three segments are heating, thermal storage, and
thermal removal, as shown in Figure 2(a). The working fluid
in FMHPA is heated and evaporated when the platen heater
is energized and vapor is produced up to the thermal storage
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Figure 2 (Color online) Structure and operating principle of the FMHPA components.
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segment. At this point, the working fluid condenses and re-
turns to the heating segment while the energy is transferred

to PCM. The charging stage is completed through this cycle.

The discharging process is similar to the charging process in

that high-temperature PCM heats the thermal storage segment

and transfers energy to the thermal removal segment. Mean-
while, air, as the heat transfer fluid (HTF), flows through the

air duct, and the energy is released.

The three segments of the device are independent of one
another, and the dimensions of the segments can be designed
separately. Therefore, the device can be used flexibly for dif-
ferent purposes.

2.2 Experimental system

An experimental system for an indoor experiment was set up
to test the performance of the new electrical storage heater.
The experimental system diagram is shown in Figure 3. The
experimental system consists of four main parts: principal
experimental part, data acquisition module, cold source, and
power control.

The principal experimental part is the storage heater with
a PCM mass of 28 kg, and its liquid and solid filling propor-
tions in HST are 81% and 61%, respectively. The thermal-
physical properties of #52 commercial paraffin are shown in
Table 1.

The cold source includes a water bath, a finned tube air-wa-
ter heat exchanger, a fan, and a voltage regulator: The voltage
regulator controls the fan to change the air volume, and the
water bath can provide constant-temperature cold water to the
heat exchanger when the air flows through the heat exchanger
to the storage air duct.
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The power control includes the power supply, voltage reg-
ulator, and intelligent power measuring instrument. The volt-
age regulator is used to adjust the heating power, and the in-
telligent power measuring instrument [35] is used to record
the power consumption and heating power during operation.

The data acquisition module includes a platinum resistance
thermometer (model WZPK-293), thermocouples (model
WRNK-191), a data collector (model Agilent 34970A;
recording time interval of 10 s), a computer, and a flowmeter.
The thermal sensor measures the temperature signal through
the data collector and transmits the data to the computer.
The flowmeter monitors the air volume in the air duct of the
storage heater.

2.3 Measuring point arrangement

The target temperature was measured by thermocouples, and
the thermal resistance of the storage heater during the ex-
periment was arranged at numbers 28 and 8. A 3D coor-
dinate system for the storage heater was established to fa-
cilitate the positioning of the measuring point, as shown in
Figure 4(a). Fifteen FMHPA assemblies were installed inside
the storage heater (3 rows with 5 assemblies each), as shown
in Figure 4(b).

Figures 4(c) and (e) illustrate the positions of the thermo-
couples along the vertical direction of the FMHPA assemblies
and the position of thermal resistance in the air duct on the
YZ plane. TR1-TR4 are located at the inlet of the duct, and
TR5-TR8 are located at the outlet of the duct. The temper-
ature inside HTS is symmetrical along the X-axis, with the
second row of heat pipes (Nos. 6—10) as the symmetry plane.
Therefore, the thermocouple inside the box is arranged only

Air ducts

Thermal sensor

Water pipe

Electric wire

éq{p//]—‘ ‘ Compuer

Water bath
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Power supply regulator

Figure 3 (Color online) Experimental system diagram.
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Table 1 Thermal-physical properties of #52 commercial paraffin wax

Parameters Units Value
Phase transition oC 5
temperature
Latent heat of phase K/ke 153.4
change
Specific heat capacity kJ/(kg-K) 2.83
Thermal conductivity W/m-K 0.11
Solid-state density g/em’ 1.05
Liquid-state density g/em’ 0.80

on one side of the symmetry plane.

Figure 4(d) shows the thermocouple position on the surface
of the FMHPA assembly along X and Z directions to test the
temperature uniformity of FMHPA during operation.

2.4 Experimental condition

The performance of the storage heater was investigated in
various working conditions in the charging and discharging
processes. The selected PCM temperature range was 35°C to
60°C. The initial temperatures of PCM in the charging and
discharging processes were 35°C and 60°C, respectively.
The heating power of the platen heaters was adjusted by
the voltage regulator under the charging conditions, which
ranged from 202 W to 2044W (followed by 202, 499, 765,
1040, 1322, 1533, 1810, and 2044 W) when the inlet and
outlet of the air duct were blocked by an insulation material.

February (2018) Vol. 61 No. 2 223

With regard to the discharging conditions, experiments
with different air volume flows and inlet temperatures were
conducted. The experimental method used was the control
variable method that includes constant temperature and
constant flow tests (Table 2).

2.5 Data analysis

2.5.1 Selection of evaluation indices

At present, no clear evaluation index is available for thermal

storage devices. Therefore, several easy-to-obtain indirect

parameters were used in this study. The evaluation indices

were selected and calculated as shown below.
Charging/discharging energy:

E

cld

= MPCM [cp,PCM ‘T/‘,PCM - Z,PCM‘ 71

+Mmcp,me T/;me_ T, (1)
Average charging/discharging power:
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Figure 4 (Color online) Measuring point arrangement diagram.
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Table 2 Experimental conditions during discharging process

Air volume flow

Experiment Inlet temperature (°C) (m*/h)
40
60
Constant temperature 15 20
test
100
120
15
18
Constant flow test 80
21
24
Extraction power:
P.=¢ il T~ T,)- )
Extraction efficiency:
E, 6
ne=—.
= (©)
Discharging efficiency:
E, .
ny=—-
=T (M)

In the expressions above, E.q is the charging/discharging
energy of the storage heater (kJ); Mpcar and M. are the mass
of PCM and metal, respectively (kg); cp,pcv and cpme are
the specific heat capacities of PCM and metal, respectively
(kJ/kg-K); T;pcr/ Tr.pcv and T e/ Ty me are the initial and final
temperatures of PCM and metal, respectively (°C); y is the
latent heat of PCM (kJ/kg); P,, is the average charging/dis-
charging power of the storage heater (W); Aty is the time
intervals of charging/discharging during the experiment pe-
riod (s); 77 and 74 are the charging and discharging efficien-
cies, respectively (%); E is the electrical energy (kJ); E. is the
extraction energy of the storage heater (kJ); #; and # are the
initial and final times during the experiment period (s); pair
is the air density (kg/m?); ¢, is the air volume flow (m%/s);
Tin and T,y are the inlet and outlet air temperatures (°C); P, is
the instantaneous extraction power (W); E, is the useful heat
consumption to the user (kJ), E, = E. + Ejoss When the storage
is used indoors and E,, = E, when the storage is used outdoors;
and Ej,ss 1s the heat loss of the storage heater (kJ).

The discharging and extraction efficiencies were defined to
estimate the thermal efficiency of the storage heater in the
discharging process on account of the energy released from
the storage heater, which includes heat loss and heat extrac-
tion. Moreover, useful heat consumption was considered in
accordance with the conditions of use. For instance, heat loss
also helps in heating the room if the storage heater is used in-
doors. Therefore, the discharging efficiency should be 100%,
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and the useful heat should not contain heat loss if the storage
heater is used outdoors; the discharging efficiency should be
less than 100% and equal to the extraction efficiency.

2.5.2  Error analysis

The relative error of the result was determined using indepen-
dent parameters. If the result R is the relation of independent
variables xi1, x2, x3, ..., X», such that

_ a a a a
R=x""x,2x3, ..., x,'", ®)

then the relative error of result R is given as [36]

)

where wp is the uncertainty of result R and wy; is the uncer-
tainty of the measurement of independent variable x;.

Table 3 shows the model specifications and accuracy of the
testing instrument. The thermal-physical properties of PCM
or metal are considered constant. Thus, the relative error was
calculated with eqgs. (1)—(9). The results are listed in Table 4.

3 Results and discussion

3.1 Temperature distribution of FMHPA assemblies

The FMHPA is the most critical heat transfer element in
the storage heater; it directly affects the performance of
the storage heater in charging and discharging processes.
Figure 5 shows the temperature distribution along the length
direction (Z direction) of the No. 8 FMHPA assembly in the
charging and discharging processes. The figure also show
that the temperature of the thermal storage segment remains
uniform and the maximum temperature difference between
measuring points on the storage segment under certain con-
ditions during the charging and discharging processes is 3
and 1.5°C, respectively. The experimental results show that

Table 3 Model specifications and accuracy of the testing instrument

Testing instrument Model specification Accuracy
Data collector Agilent 34970A -
Thermocouple WRNK-191 +0.75%|7°C

Thermal resistance Pt100 WZPF-293 0.15 + 0.2%|{°C

Flowmeter TSI-8371 +2%
Electricity meter W350 +1%

Table 4  Uncertainty error of the calculated parameter

Parameter Maximum Unit Uncertainty
Ecia (Pera) 7.05 (1.98) MJ (kW) +3.61%
e 96.97 % +4.13%
Ee (Pe) 6.27 (1.41) MJ (kW) +2.29%
Ne 86.84 % +4.22%
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Figure 5 (Color online) Temperature curve along the Z direction of the No.
8 FMHPA assembly versus time in the charging and discharging processes.

the FMHPA has excellent isothermality under the experimen-
tal conditions. Thus, energy can be stored and extracted effi-
ciently and rapidly.

Figure 6(a) shows the temperature of Nos. 6—10 FMHPA
assemblies at different times in the charging process. Each
curve represents the temperature disparities between the as-
semblies, and the temperature in the X direction is more uni-
form than that in the Y direction. The maximum temper-
ature difference of each measuring point is only 1.07°C at
70 min in the charging process. Figure 6(b) exhibits the tem-
perature-time curve along the X direction in the discharging
process. The difference is that the temperature of each as-
sembly exhibits large divergence, that is, along the direction
of HTF. The PCM gradually solidifies because HTF is gradu-
ally heated by FMHPA assemblies from the inlet to the outlet,
resulting in a large temperature gradient along the X direction
in the discharging process. These results indicate that this
form of heat removal can still be improved, such as by in-
creasing the heat transfer area along the path to improve the
temperature uniformity in the X direction.
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Figure 7 shows the temperature distribution perpendicular
to the direction of the No. 8 FMHPA assemblies (TC4-TC6)
during charging and discharging processes. The trend is
that the farther the distance from the FMHPA assemblies,
the lower/higher the temperature of PCM during charg-
ing/discharging because the heat flux direction is from PCM
to FMHPA assemblies/from FMHPA assemblies to PCM
during the charging/discharging process, thus resulting in the
occurrence of the abovementioned temperature gradient.

3.2 Charging process

3.2.1

In the experiment, an electric heater was used to supply en-
ergy to the heating segment of the FMHPA assemblies and
store heat in PCM. As a charging experimental condition, the
average temperature range of PCM was 35°C—60°C.

Figure 8 shows the curve of the electrical energy and aver-
age temperature of PCM versus time while the heating power
is maintained at 1.53 kW (0.10 kW for each FMHPA assem-
bly). The figure shows the rapid warming of PCM at the ini-
tial phase of the charging process in the form of SHS. More-
over, the electrical energy curve maintains a linear increase
because the heating power remains constant. When heated for
about 30 min, the PCM temperature exhibits a gentle curve
because the PCM reaches the phase transition temperature
and begins to change phase in the form of LHS. Thereafter,
the phase change of PCM is completed, and PCM continues
to heat up at about 80 min.

In this experimental condition, the total electric energy con-
sumption is 7.24 MJ, which is shown in Figure 9 as the pro-
portion of energy in the form of electrical energy. The charg-
ing energy is 7.02 MJ, which accounts for 97% of the total
electric energy consumption, scilicet; the charging efficiency
is 97%. For the charging completion time of 4720 s, the av-
erage charging power is 1.53 kW. In this charging process,
60% of the total heat storage is LHS, which accounts for the
largest proportion and improves the energy density of the stor-
age heater significantly. Under the premise of the same stored

Electrical energy and PCM temperature variation

5 1) —=—TC21 —vTC23
60 —e—TC22 —e—TC24
55 ] ——TC12 1
50 -
45 ] ]
40 |
35 4 i
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15 1 HTF initial temperature: 15°C

(I) 2I0 4I0 6I0 8I0 160 1I20 14I|-0 160
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Figure 6 (Color online) Temperature curves along the X direction of Nos. 6—10 FMHPA assemblies at different times in the charging process (a) and versus

time in the discharging process (b).
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Figure 7 (Color online) Temperature curve along the Y direction of the No.

8 FMHPA assembly versus time in the charging and discharging process.
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Figure 8 (Color online) Electrical energy and average temperature of PCM
versus time in the charging process.
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Figure 9 (Color online) Energy proportion in the charging process.

energy, the PCM temperature is reduced, and effectively im-
proves security.

Sci China Tech Sci February (2018) Vol.61 No.2

3.2.2  Effect of the heating power

The heating power of the regenerative condition is from
0.20-2.04 kW. Figure 10 shows the curve of PCM tempera-
ture at different heating powers. With the increase in heating
power, the phase change is completed and gradually reaches
the set point of 60°C.

Figure 11 shows the charging completion time and effi-
ciency at different heating powers. With the increase in heat-
ing power, the charging completion time shortens, and the
charging efficiency gradually increases. However, the rate of
increase gradually slows down because the longer the charg-
ing time is, the longer the time of heat dissipation to the out-
side of the storage heater is. The maximum heat flux in this
research is 1.62 x 10* W/m?, which is less than the maximum
heat flux of FMHPA [37]. Thus, the heat transfer performance
of the FMHPA increases with the increase in heating power.
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Figure 10 (Color online) Curve of average temperature of PCM at different
heating powers versus time.
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Figure 11 (Color online) Curve of charging completion time and charging
efficiency at different heating powers.
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Charging efficiency increases, but the growth rate gradually
decreases.

The experimental results obtained during the charging
process are as follows. The charging completion times
decrease from 806 min to 59 min (approximately 92.68% de-
crease), and the charging efficiencies increase from 71.16%
to 96.97% when the heating power is from 0.20 kW to
2.04 kW. The explanation for the substantial increase in heat
storage efficiency is as follows: when the heating power is
increased, the temperature of the thermal storage segment
of FMHPA assemblies is also increased. Therefore, the
temperature difference between PCM and FMHPA increases
so that the heat transfer process can be strengthened and the
charging rate can be improved. Thus, the storage comple-
tion time shortens, and the heat loss of the entire device is
reduced. However, the stored energy is basically the same
when the charging process is completed. Therefore, the
charging efficiency is increased.

Notably, the charging process can proceed at a low level
of heating power, i.e., 200 W (13.33 W for each FMHPA as-
sembly), but has a long completion time, i.e., 806 min. This
result indicates that when the power supply, e.g., the power
generated by wind turbines, is low, the resulting electricity
can still be absorbed to a certain extent without being wasted.

3.3 Discharging process

3.3.1 Inlet and outlet temperatures of HTF and extraction
power

Air was used as HTF during the discharging process,
and indoor air temperature, as the basis for the choice
of inlet temperature, was maintained in the range of
15°C-24°C. Figure 12 presents the PCM inlet and outlet
temperatures versus time during the discharging process.
The inlet temperature and volume flow rate are 15°C and
120 m*/h, respectively. Figure 12 shows that the entire vari-
ation trend of PCM and outlet temperature with extraction
power is identical and gradual, with an average outlet tem-
perature of 43°C. After about 10 min, the PCM temperature
curve becomes gentle and begins to solidify. Thereafter, the
phase change is completed at about 60 min. For the dis-
charging completion time of 5280 s, the average discharging
and extraction powers are 1.30 and 1.13 kW, respectively.
Thus, the extraction and discharging efficiencies are 87%
and 100%, respectively.

In this condition, the proportion of the form of energy re-
leased from the storage heater is shown in Figure 13. The
discharging energy is 6.90 MJ, which includes 62% LHS of
PCM to achieve a stable discharging power output. The SHS
of PCM also accounts for a relatively large proportion, i.e.,
29%, because PCM has a large specific heat capacity. Of the
discharging energy, 87% is air-extracted and 13% is lost in
the form of heat loss. However, heat loss also helps in indoor
heating because the storage heater was tested indoors.
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Figure 12 (Color online) Curve of inlet and outlet temperatures, extraction
power and average temperature of PCM versus time.
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Figure 13 (Color online) Energy proportion in the discharging process.

3.3.2  Effect of the volume flow rate of HTF

A fixed inlet temperature with different air volume flow rates
was employed to explore the effect of volume flow rate.
Figure 14 shows the temperature variation curve of PCM
at different volume flow rates of HTF. Volume flow exerts
a significant effect on the charging completion time. The
volume flow rate is greater, the completion time is shorter.
The experimental results are as follows: the discharging
completion times are 227, 180, 128, 104, and 88 min when
the volume flow rates are 40, 60, 80, 100, and 120 m*/h, re-
spectively; the corresponding decrements are 21%, 44%,
54%, and 61%.

Figure 15 shows the extraction power of air in different vol-
ume flow conditions. With the increase in heating power, the
extraction power increases because the convective heat trans-
fer coefficient is positively correlated with the velocity of air,
i.e., with the increase in volume flow rate, wind speed and
extraction power also increase. By contrast, the heat extrac-
tion power is stable at a small volume flow rate when heat is
conducive to a constant power output. The calculation results
are as follows. The average extraction/discharging powers
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Figure 14 (Color online) Curve of average temperature of PCM at different
volume flow rates of HTF versus time.
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Figure 15 (Color online) Curve of extraction power at different volume
flow rates of HTF versus time.

are 404/512, 551/643, 773/910, 963/1109, and 1126/1298 W
when the volume flow rates are 40, 60, 80, 100, and
120 m/h, respectively; the corresponding increments are
8/59%, 51/125%, 88/175%, and 120/221%.

3.3.3  Effect of the inlet temperature of HTF

When considering the use of the storage heater, the required
room temperature to be maintained is the experimental in-
let temperature, i.e., from 15°C-24°C, although high or low
inlet temperatures can also be tested. Figure 16 shows the
PCM temperature variation curve under different inlet tem-
peratures. The inlet temperature is higher; the discharging
completion time is longer. The test discharging completion
times are 128, 135, 146, and 167 min when the inlet temper-
atures are 15°C, 18°C, 21°C, and 24°C, respectively; the cor-
responding increments are 5%, 14%, and 30%. However, the
effect of inlet temperature is not as dramatic as that of the vol-
ume flow rate in this test condition.
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Figure 17 shows the extraction power of air at different
inlet temperatures. The larger the inlet temperature is, the
lower the extraction power is because the temperature differ-
ence between the evaporation and condensation sections of
the heat pipe is an important factor in heat pipe performance.
That is, the greater the temperature difference is, the better
the heat transfer performance of the heat pipe is. As a
consequence, the higher the inlet temperature is, the lower
the temperature difference is between the evaporation and
condensation sections of the heat pipe and the lower the ex-
traction power is. The calculation results are as follows. The
average discharging/extraction powers are 773/910, 704/862,
624/793, and 550/698 W when the inlet temperatures are
15°C, 18°C, 21°C, and 24°C, respectively; the corresponding
increments are 9/5%, 19/13%, and 29/23%.
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Figure 16 (Color online) Curve of average temperature of PCM at different
inlet temperatures of HTF versus time.

1000 , . , : , ' i
—=— 80 m¥h, 15°C
900+ —e— 80 m¥h, 18°C
—A— 80 m¥h, 21°C
< 8004 —¥— 80 m¥h, 24°C
(3]
E
$ 700
[e]
o
=t
]
3 600 1
s
£
w
500 i
400
T T x T X T 2 T

g — T T T T T T T

0 20 40 60 80 100 120 140 160
Time (min)

Figure 17 (Color online) Curve of extraction power at different inlet tem-

peratures of HTF versus time.
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3.4 Economic and environmental benefits

Coal consumption in rural areas of Beijing accounts for about
60% of the total energy consumption. Scattered coal in the
coal consumption structure accounts for 85%. In the vast
majority of rural areas that use coal for heating, the heating
coal consumption accounts for about 90% of the total coal
consumption. The burning efficiency of a civilian small coal
stove is only 15%. Coal burning emits dust and other pollu-
tants directly into the atmosphere after combustion, and the
intensity of pollutants emitted by coal combustion is 5-10
times the normal power plant emissions [38,39]. The use of
clean energy, such as electricity, can significantly reduce the
pollution caused by coal combustion heating but will cause
new problems. A real-world problem that cannot be solved
temporarily is the wastage of the electrical energy generated
by power plants because electricity cannot be easily stored.
Meanwhile, the electric energy consumption surge and elec-
tricity costs are high during the daytime peak period. Utiliz-
ing valley electricity to store energy can adjust the peak pe-
riod of electric energy consumption and protect the safety of
the power grid effectively. The policy of the Chinese govern-
ment, in which the price of electricity differs between peak
and valley periods, e.g., the non-valley (06:00-21:00) price
is 7.08 cents and the valley (21:00-06:00) price is 1.45 cents
after implementing government subsidies promotes the pop-
ularization of energy storage heating [40].

In Beijing, the building climate subarea is cold region, and
the heating period is from November 15 of the preceding year
to March 15 of the subsequent year for a total of 120 days.
The application of the proposed device in a 25 m? house lo-
cated in a rural area of Beijing was regarded in this study
as an example, followed by a simple calculation of the eco-
nomic and environmental benefits of storage heating. The
experimental results show that the charging efficiency of this
electrical storage heater can reach 72%—97% when the heat-
ing power ranges from 0.2-2 kW and the discharging power
reaches 0.5-1.3 kW.

The area heat index of the room was set to 50 W/m? [41],
such that the heating load of the room was 1250 W. A sin-
gle storage heater can meet the heating requirements of the
room. Twenty-four hours of heating, which included 15 h of
the non-valley period and 9 h of the valley period, were con-
sidered. If a family uses valley electricity to store heat, then
the storage heater would heat the room and store energy in
the PCM at night. During daytime, the heater heats the room
by using the energy stored in the PCM at night.

The electric energy consumption per day for night heat stor-
age is (the considered charging efficiency is 95%)

1250 W x 15 W/(1000 x 95%)=19.74 kWh.

Thus, the electric charge per day for night heat storage is

19.74 kKWh x 1.45 ¢/kWh = 28.62 ¢.
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If the considered heating efficiency is 100%, then the elec-
tric energy consumption per day for night heating would be

1250 W x 9 /1000 % 100%=11.25 kWh.
Thus, the electric charge per day for night heating is

11.25 kWh x 1.45 ¢/kWh=16.31 ¢.

Considering that heat has been stored in the PCM at night,
only a fan is turned on to extract heat to heat the room. The
operating power of the fan is 30 W. Thus, the electric energy
consumption per day for daytime heating is

30 Wx 15 /1000 = 0.45 kWh.
The electric charge per day for night heat storage is

0.45 kWhx 7.08 ¢ /kWh=3.19 ¢.

The number of days in the heating season is 120. Thus,
the heating cost required for the annual heating season using
electrical storage heating is

120 days x (28.62 + 16.31 +3.19) ¢ /day = 5774.4 ¢.

If the room is heated by electric heating, then the heating
cost required for the annual heating season is

120 days x 1.25 kW x (15 hx 7.08 ¢ /kWh
+9h x 1.45 ¢/kWh) = 17887.5 ¢.

From the point of view of heating cost, the use of stor-
age heating compared with direct electric heating can save
121.12' $, which can be converted into an area index of
4.85 $/m? for the imaginary room.

In the case where the burning efficiency of a civilian small
coal stove is 15%, the coal consumption required for heating
would be 2948 kgce, which can be converted to an area index
of 118 kgce/m?, if the heating method is scattered coal com-
bustion for the annual heating period.

In Beijing, the non-centralized heating area, which mainly
involves the use of scattered coal stoves for heating, was
144 km? by the end of 2012 [42]. By applying the previously
presented calculations, 1.699 x 10'°kg of standard coal
or 2.173 x 10" kWh of electricity is required to heat the
non-centralized heating area of Beijing if the heating method
is coal stove heating or electrical storage heating. However,
the amount of abandoned wind power in China in 2016 was
4.97 x 10" kWh, which is larger than the aforementioned
amount. If the main energy source is abandoned wind power,
then 1.699 x 10'° kg of standard coal can be saved for the
annual heating season in Beijing. A saving of one ton of
coal may reduce the emissions of CO, by 2620 kg, SO,
by 8.5 kg, and NO, by 7.4 kg [43]. A comparison of the
pollutant emissions involved in electrical storage heating and
coal stove heating is shown in Table 5.

If abandoned wind power in the heating season accounts for
one-fourth of the annual abandoned wind power and this elec-
tricity is used for all non-centralized heating areas in China
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Table5 Comparison of the pollutant emissions of electrical storage heating
and coal stove heating

. Gas
Heating method
CO; (kg) SO, (kg) NO, (kg)
Coal §tove 4.45 x 1010 1.44 x 108 1.26 x 108
heating
Electncal. 0 0 0
storage heating
Emlss'lon 4.45 x 1010 1.44 x 10® 1.26 x 10%
reductions

to supply heat using the method of storage heating, then
1.24 x 10" kWh of abandoned wind power can be saved,
which can be converted to 1.52 x 10! kgce of standard coal.
If storage heating is promoted nationwide, then it will signif-
icantly reduce the heating cost of residents, make full use of
the power generated by wind farms, adjust the stability of the
grid, and play a good energy-saving emission reduction role.

4 Conclusions

Experimental research was conducted to investigate the ther-
mal characteristics of a novel storage heater during charging
and discharging processes. An economic and environmental
benefit analysis of a hypothetical room was conducted. The
following conclusions were obtained.

(1) The FMHPA used in this study showed excellent
isothermally under the experimental conditions. The energy
can be stored and extracted efficiently and rapidly.

(2) The new storage heater showed a good thermal per-
formance during charging and discharging processes. In
the range of the experimental conditions employed in this
study, the charging and discharging powers reached 1.98
and 1.30 kW, respectively, and the maximum charging and
extraction/charging efficiencies were 97% and 87%/100%,
respectively.

(3) With the increase in heating power, the charging com-
pletion time decreased and the charging efficiency gradually
increased. The charging completion times decreased from
806 min to 59 min (92.68% decrement), and the charging ef-
ficiencies increased from 71.16% to 96.97% when the heating
power was from 0.20 kW to 2.04 kW. In addition, the storage
heater could operate normally under low power.

(4) The higher the volume flow rate of HTF was, the
lower the discharging power was and the longer the dis-
charging completion times were. In the experimental
conditions, the discharging power increased from 0.51 kW to
1.30 kW (154.90% increment), and the discharging com-
pletion time decreased from 227 min to 88 min (61.23%
decrement) when the volume rate increased from 40 m’/h to
120 m*/h.

(5) A high inlet air temperature could obtain low discharg-
ing powers and long discharging completion times. In the
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experimental conditions, the discharging power decreased
from 0.91 kW to 0.70 kW (23.33% decrement), and the
discharging completion time increased from 128 min to
167 min (30.47% increment) when the inlet temperature
increased from 15°C to 24°C.

(6) The storage heater can save 4.85 $/m? annually if the
heating method for the room is storage heating and the stor-
age heating power is direct electric heating. The coal saving
is 118 kgce/m? compared with coal stove heating. The device
helps achieve parallel-operated wind power and reduces pol-
lutant emissions.
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