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a b s t r a c t

The physical properties of the solid materials as energy storage mediums are one of the main parameters
that affect the design of the packed bed. Different solar applications may require different heating rates
and temperatures, so choosing appropriate storage materials is essential. This paper compares the
applicability of sintered ore particles, aluminium oxide balls, and rock crushed as sensible heat storage
materials. The results show that the volumetric heat capacity of the sinter at 200 �C is 3253.7 kJ/(m3$K),
which is between aluminium oxide and rock. Rock is only suitable for heat storage below 550 �C, while
sinter is the best candidate material for storing heat at ultra-high temperatures as high as 1000 �C.
Moreover, the energy storage tests of packed beds using three materials under different operating
conditions were also carried out. The results show that the heat capacity and voidage of the bed are the
most critical factors affecting the thermal behavior of the bed, while the thermal conductivity of the
material has a minor effect. After the system is stable, the energy recovery efficiency of the rock,
aluminium oxide and sinter bed can reach 73.7%, 69.3%, and 66.8%, respectively, at a flow rate of 175 m3/
h.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

To achieve sustainable development, the shortage of traditional
energy sources and the pressure of environmental pollution have
forced worldwide scholars to shift their research focus to renew-
able energy [1]. The sun is a huge energy source, and only a tiny part
of the solar energy reaching the earth is enough to meet human
needs. However, discontinuity and instability are the biggest ob-
stacles to the application of solar energy [2]. To use solar energy
uninterruptedly, a thermal energy storage (TES) system that can
compensate the mismatch between solar energy generation and
demand is necessary [3].

Current liquid-phase energy storage systems such as water/
steam and molten salt face high costs and limited operating tem-
peratures [4]. The packed bed sensible heat storage system can use
air as the heat transfer fluid and use cheap materials such as rocks
as storage materials. Meanwhile, it can be equipped with a single-
tank thermocline system, which has a significant cost advantage.
Furthermore, if using air as the heat transfer fluid, the storage
temperature can be unlimited [5], which can not only meet the
needs of ultra-high temperature power cycles but also meet the
low-temperature production needs of industrial workshops such as
food, textile and paper plants [6].

The physical properties of solid materials as storage mediums
are one of the main factors affecting the design of packed beds [7].
Different solar energy applications may require different heating
rates and temperatures, so choosing suitable storage materials is
significant. Moreover, it is necessary to comprehensively under-
stand the effect of material properties on the thermal behavior of
the packed bed. In this field, Gautam et al. [8] reviewed and
compared various storage materials. In terms of characterization,
Brosseau et al. [9] evaluated the performance of quartzite and silica
sand in a 500 �C molten salt environment, and the results showed
that both are suitable storage materials for parabolic trough power
plants. Allen et al. [10] studied the applicability of different rocks as
storage materials through literature review and thermal cycle
testing. High-grade igneous rocks and metamorphic rocks are
considered suitable. Hrifech et al. [11] used various characterization
methods to evaluate the applicability of four natural rocks as
medium-temperature (100e300 �C) storage materials and
explained the correlation between petrological properties and
thermophysical properties. The results show that all the rocks
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Nomenclature

A internal cross-sectional area of the tank, m2

cpair specific heat capacity of air, J/(kg K)
Einput input energy, J
Epump pumping work, J
H bed height, mm
I number of storage material layers
i storage material layer
k absolute permeability, m2

m air mass flow, kg/s
Qrelease instantaneous amount of energy released from the

packed bed, J
Qstored instantaneous amount of energy stored in the packed

bed, J
Str stratification number
Str* Str number after normalization
Tin air temperature at the inlet of the tank, �C

Tini initial temperature of the bed at t ¼ 0, �C
Tout air temperature at the outlet of the tank, �C
U air superficial velocity in the tank, m/s
u dynamic viscosity of the flowing fluid, Pa*s
V air flow, m3/h
x radial position inside the tank, mm
y axial position inside the tank, mm

Greek symbols
Dp pressure drop over the tank, Pa
Dy distance between temperature sensors, mm
ε voidage of packed bed
hcharging charging efficiency
hdischarging discharging efficiency
hcycle overall cycle efficiency
rair air density, kg/m3

ra apparent density of the storage material, kg/m3

rb bulk density of the storage material, kg/m3
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studied are potential candidates. In terms of numerical simulation,
Calderon-Vasquez et al. [12] evaluated the potential of copper slag
as a storage material. Compared with other materials, copper slag
has a steeper thermocline and higher energy stored due to higher
heat capacity. Ziada et al. [13] used a one-dimensional numerical
model to study the thermal behavior of a packed bed with the
layered arrangement of different materials. The results show that
the storage system can be arranged in layers using different ma-
terials to meet specific needs. Aly et al. [7] numerically studied the
effect of the physical properties of the solid material on the thermal
performance of the charging process. The results show that
increasing the density or specific heat of the storage medium will
increase the charging rate and storage capacity and reduce the
rising rate of the bed temperature. Tuttle et al. [14] developed a
new numerical simulation method to compare the storage perfor-
mances of various materials. Due to the higher bulk mass and
greater storage capacity, the metals' charging and discharging
times are longer. Compared with the two, the thermal conductivity
has less influence on the charging time. Ammar et al. [15] compared
the performance of Tabla (a type of Egyptian clay) and rock through
a computer program. The results showed that the heat stored in the
Tabla bed is slightly higher than that of the rock bed, attributed to
the higher specific heat and thermal conductivity. Mawire et al. [16]
used a simplified one-dimensional single-phase model to study the
thermal behavior of three different materials. Among them, fused
silica glass has the best thermal stratification characteristics.
Stainless steel has the highest energy stored, while aluminium
oxide has the fastest charging rate. Eddemani et al. [17] used a
transient two-phase heat transfer model to study the thermal
behavior of three rocks (gabbro, quartzite and sandstone) in storage
systems. The results show that gabbro has the best storage per-
formance. In terms of physical experiments, Schlipf et al. [18]
compared the thermal behaviors of quartz sand, basalt, and quartz
gravel. The dynamic thermal behavior of quartz sand is slower due
to the smaller particle size and larger bulk density. Audi [19] used a
self-designed solar heating unit to test the storage performances of
four different rocks. The results showed that tarsand and zeolite
decomposed under the operational environment, while Jordanian
basalt and limestone showed excellent stability and acceptable
storage performance.

In summary, in the field of packed-bed sensible heat storage, the
existing literature on the comparative study of different storage
materials is often not comprehensive and systematic. They usually
2

only focus on the characterization of thermophysical properties or
the numerical simulation of thermal behavior but less on physical
experiments. This paper comprehensively compared and analyzed
the applicability of the three different materials as sensible heat
storage materials. First, the three materials' chemical components
and thermophysical properties were obtained by various charac-
terization techniques to evaluate their potential as storage mate-
rials. Second, the cold tests of packed beds with three materials
were conducted to study the air resistance characteristics. Finally,
the energy storage tests of three materials beds under different
operating conditions were carried out to explore the storage per-
formances and thermocline evolution characteristics.
2. Experimental

2.1. Concepts of the storage system and experimental procedure

Fig. 1 illustrates the air-packed bed storage system and the
charging-discharging cycle. The system is based on the direct
contact between the heat transfer fluid (air) and storage materials
inside the storage tank. A complete storage cycle contains a
charging stage and a discharging stage. For charging, the hot air
enters the storage tank from the top, releases heat to storage ma-
terials and finally flows out from the bottom. For discharging, the
air flows in the opposite direction. Fig. 2 shows the experimental
procedure.
2.2. Storage materials

In the previous work of our research group, sintered ore parti-
cles were proposed as a storage material. Meanwhile, aluminium
oxide balls and rock gravel are widely favored by scholars as
common storagematerials. Therefore, the above threematerials are
selected as potential candidates for storagematerials in the present
work. Fig. 3 presents the threematerials and their packed beds. The
sinter comes from Zhejiang University-BHP Billiton Iron Ore Sin-
tering Joint Research Center, with a 10e16 mm nominal diameter.
The aluminium oxide balls were purchased from a ceramic manu-
facturer with a diameter of 13 mm. The rock gravel was purchased
from amineral productmanufacturer with a 10e16mmdiameter. It
can be seen from Fig. 3 that the diameter of crushed rock is slightly
smaller than that of sintered ore particles.



Fig. 1. Air-packed bed storage system and the charging-discharging cycle.

Fig. 2. Experimental procedure.
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2.3. Characterization techniques

Apparent density is the ratio of the mass of a material to its
apparent volume. The apparent volume is the solid volume plus the
closed pore volume. Bulk density refers to the ratio of the mass of a
material to the bulk volume. The bulk volume is the total volume,
including voids between particles and pores inside particles. As
defined above, the apparent density is usually greater than the bulk
density. The apparent densities of the three materials were ob-
tained by the Archimedes drainage method. The bulk density was
measured by dividing the bulk mass and volume of the material in
the storage tank. Bed voidage ε is calculated by the formula (1):

ε¼1� rb
ra

(1)

A differential scanning calorimeter (DSC, TA Q200) was used to
measure the material's specific heat at 0e400 �C. To evaluate the
thermal stability of the materials, a synchronous thermal analyzer
3

(TGA/DSC3þ, Mettler, Switzerland) was used to perform the ther-
mogravimetric test (TGA) on three samples in the range of
100e1000 �C (ten heating and cooling cycles). During the test, the
heating and cooling rates were both 20 �C/min in an air atmo-
sphere. Moreover, Shimadzu XRF-1800 was used to perform XRF
tests on three samples to obtain the chemical compositions of
materials. Before the test, the three materials (granular) were
pulverized (about 75 mm) using a coal mill. Then put the powder
samples in an oven at 105 �C for 24 h to remove the moisture.

2.4. Packed bed energy storage tests

Fig. 4 illustrates the schematic diagram of the packed-bed en-
ergy storage experimental system. The test used air as the heat
transfer fluid. The experimental system was composed of a blower
(fan power 0.55 kW), electric air heater (heating power 90 kW),
storage tank, induced draft fan (fan power 90 kW), and piping
system.

Table 1 shows the test conditions. The charging temperature



Fig. 3. Three kinds of energy storage materials and their packed beds in the storage tank.

Fig. 4. Experimental system of packed bed thermal energy storage.

Table 1
Experimental conditions.

Case V (m3/h) Material Case V (m3/h) Material Case V (m3/h) Material

A1 85 Sinter B1 85 Al2O3 C1 85 Rock
A2 130 B2 130 C2 130
A3 175 (1st) B3 175 (1st) C3 175 (1st)
A4 175 (2nd) B4 175 (2nd) C4 175 (2nd)
A5 175 (3rd) B5 175 (3rd) C5 175 (3rd)
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was 200 �C. Case A1-A5 used sinter as storage materials, B1eB5
used aluminium oxide, and C1eC5 used rock. It is worth pointing
out that our research group has conducted lots of tests on the
storage performances of sinter before, including case A1-A5. We
found that the air flow and the cycle numbers have the most sig-
nificant impact on the storage performances. Therefore, two other
common storage materials were selected for tests to compare the
differences and correlations of the storage performances of the
three materials at different air flows and cycle numbers.

In the hot test, the induced draft fan was disconnected from the
test system. For charging, the air supplied by the blower was heated
to a predetermined temperature by the heater, then passed through
the storage tank longitudinally from top to bottom, and finally was
discharged to the atmosphere. To be consistent with the previous
work, the charging stopped when the outlet air temperature of the
4

tank reached 0.65 times of the predetermined charging tempera-
ture. Before discharging, the air heater needs to be cooled to a low-
temperature state to ensure a low inlet air temperature and thus an
excellent cooling effect on the bed. Furthermore, the air heater
needs to be cooled to a low-temperature state to protect itself from
being in high temperature for a long time. To maintain the con-
sistency and coherence of the study, the air heater was cooled to
60 �C before discharging, which was consistent with the previous
work. For discharging, the air heater was shut down. Low-
temperature air was discharged into the atmosphere after passing
through the tank from the bottom to the top. From the perspective
of energy grade, air below 60 �C is of little use even for space
heating. Therefore, the discharging stopped when the outflow
temperature dropped below 60 �C. In the test, the air flow was
changed by adjusting the valve opening of the blower. By setting



Table 2
Properties of various materials.

Materials Sinter Al2O3 Rock

Mass (kg) 83.84 117.03 82.06
Apparent density ra (kg/m3) 3727 3622 2762
Bulk density rb (kg/m3) 1605 2240 1581
Voidage of packed bed ε 0.569 0.382 0.428
Thermal conductivity (W/m$K) 2.5 [20,21] 30 [22] 2.5 [23]
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the heating program of the heater, the charging temperature can be
controlled. Furthermore, cold tests were carried out on the three
materials beds to study the air flow resistance characteristics. At
this time, the blower was kept closed, and the induced draft fan
provided airflow. The air flow is changed by adjusting the valve
opening of the induced draft fan and the negative pressure of the
pipeline using a control cabinet.

Fig. 5 shows the details of the tank and the thermocouple layout.
The inner diameter of the tank is 320 mm, and the height is
850 mm. The height of the packed bed is 650 mm. The tank is
manufactured with 310 S stainless steel, and its wall thickness is
10 mm. To reduce heat loss, the tank is equipped with a 250 mm
castable insulation layer, and the piping system is equipped with a
150 mm insulation layer. The bed temperatures are measured using
five thermocouples arranged at intervals of 100 mm inside the bed.
The airflow temperatures at the inlet and outlet of the bed are
measured with another two thermocouples. All temperatures are
measured by K-type thermocouples with an accuracy of 1.5 �C.
Agilent is used for data acquisition with a sampling interval of 10 s.
The pressure sensors are used to measure the pressure difference
between the inlet and outlet of the bed. The sampling interval is 1 s,
and the sampling accuracy is 1 Pa. The static pressure and total
pressure are measured by the Testo 435 micro-manometer with a
sampling interval of 1 s and a sampling accuracy of 1 Pa. Based on
Bernoulli's equation, the air velocity/flow rate can be obtained us-
ing the pressures data.
3. Results and discussion

3.1. Physical properties

Table 2 shows the density properties of the three materials. The
apparent densities of sinter and aluminium oxide are significantly
greater than that of rock. Meanwhile, the bulk density of sinter and
rock are almost the same. As shown in Fig. 3, the aluminium oxide
ball is close to the standard spherical shape, while the sinter and
rock are irregular in shape. Due to the unique raw materials and
Fig. 5. Details of the storage tank and thermocouple layout inside the tank.
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production process, the surface of the sinter presents uneven, and
the overall shape of the particles is random, while the rock appears
to be close to flakes or pyramids. The particle size and shape affect
the bed voidage. The voidage of the sinter bed is the largest, fol-
lowed by rock bed, and the voidage of aluminium oxide bed is the
smallest. The thermal conductivities of the three materials in the
literature are also quoted in Table 2 for subsequent comparison and
analysis. The thermal conductivity of sinter and rock is nearly the
same, significantly lower than that of aluminium oxide.

For DSC measurement, most users choose a 5e20 �C/min
heating or cooling rate [24]. Therefore, the DSC tests were con-
ducted at 5 �C/min, 10 �C/min and 20 �C/min, respectively, in this
current study. Fig. 6 plots the specific heat of three materials at
different heating rates. The specific heat of each material increases
as the temperature rises. The specific heat capacities of aluminium
oxide and rock are similar and slightly higher than that of sinter. At
15e380 �C, the specific heat of aluminium oxide is about
0.74e1.18 J/(g$�C), similar to Cascetta's result [22]. The specific heat
of rock is about 0.78e1.06 J/(g$�C), similar to Liu's result [25]. The
specific heat of the sinter is about 0.71e0.92 J/(g$�C). Meanwhile,
the influence of different heating rates on specific heat is minor.
Specific heat capacity is the basic thermal physical property of
materials, which does not change greatly with the heating rate. This
theoretical analysis is consistent with our test results. For DSC
measurement, sensitivity and resolution are a contradiction. The
higher the heating rate, the higher the sensitivity and the lower the
resolution. And vice versa. People generally choose a relatively slow
heating rate to maintain good resolution while increasing the
sample mass to improve sensitivity. In the present test, the specific
heat results of the material increase slightly with increasing heat-
ing rate, which is attributed to a lower resolution resulting from
more severe baseline drift. Therefore, we choose the measurement
results at 5 �C/min as the final specific heat for the following dis-
cussion in this study. Based on 200 �C, the specific heat of sinter,
aluminium oxide and rock are 0.8730 kJ/(kg$K), 0.9887 kJ/(kg$K),
0.9876 kJ/(kg$K), respectively. According to the apparent density in
Table 2, the volumetric heat capacities of sinter, aluminium oxide
and rock are 3253.7 kJ/(m3$K), 3581.1 kJ/(m3$K), and 2727.8 kJ/
(m3$K), respectively.

Fig. 7 delineates the thermogravimetric test results of three
materials. The thermal stability of aluminium oxide is excellent at
100e1000 �C, and the mass change can be negligible (less than
0.5%). In the first cycle, the mass loss below 600 �C is attributed to
the escape of moisture in the sample during heating. Although the
sample was dried before the test, the fine powder on the sample's
surface still adsorbed some moisture. Above 600 �C, the mass in-
creases due to the oxidation of metallic components and the for-
mation of new phases in the sample under the air atmosphere [26].
Starting from the cooling of the first cycle, the mass of aluminium
oxide samples fluctuated slightly. This phenomenon may be
attributed to two reasons. First, the rapid heating and cooling
hinder the complete oxidation of the metallic parts [26]. Second,
the buoyancy of the crucible itself in high temperature may cause
measurement error, about 50 mg. The thermal stability of the sinter
is good at 100e1000 �C, with a mass loss of about 5%. The mass loss



Fig. 6. Specific heat capacities of TES materials at different heating rates.

Fig. 7. TGA curves of various TES materials for ten thermal cycles (100e1000 �C).
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is mainly attributed to the escape of moisture and gas volatilization
[20] at high temperatures. It is worth pointing out that we only laid
about 10 mg sinter samples in the crucible to ensure good heat
transfer. This mass is relatively small with a relatively sizeable su-
perficial area, which may result in a greater mass loss in ther-
mogravimetric tests due to more surface moisture. In practical heat
storage applications, the thermal stabilities of the materials should
be better than the results of the current test. However, the rock's
mass keeps unchanged below 580 �C, gradually decreases at
600 �Ce800 �C, and finally stabilizes. In conclusion, the rock has
poor thermal stability and can only store energy below 550 �C,
while the aluminium oxide balls and sinter can store energy at an
ultra-high temperature as high as 1000 �C.

Table 3 gives the chemical compositions of the three materials.
As the primary raw material of blast furnaces, the four main com-
ponents in sinter are calcium ferrite, iron oxide, ferroferric oxide,
and silicate [27]. So its main element composition is Fe, O, Ca and Si.
The purity of aluminium oxide is high, above 97%. For the rock, the
percentages of Ca, O, and C are very high. Considering the weight
loss of rock above 600 �C in thermogravimetric test, it is inferred
that the main component of rock is calcium carbonate. The high-
temperature decomposition reaction of calcium carbonate leads
to rock decomposition in thermogravimetric tests.
3.2. Cold air resistance characteristics

Fig. 8 plots the pressure drop characteristics of the three beds at
different air flows. Regardless of the material used, DP/H increases
as the air superficial velocity increases, and the changing trend fits
well with the binomial formula [28,29]. The fitting R2 is greater
than 0.99. Regardless of the material used, the reduced pressure
drop DP/(HU) of the bed increases with the increase of the super-
ficial air velocity, and the trend conforms to the linear change law
[30,31]. The fitting R2 is greater than 0.99. Under the same super-
ficial air velocity, the pressure drop of the sinter bed is smaller than
those of the aluminium oxide and rock bed. The pressure drops of
the latter two beds are similar.

The result of Tian's test for 10e20 mm sintered ore particles has
been added to Fig. 8(b) for comparison. The size of sinter particles is
10e16 mm in our work, so the pressure drop is larger than that of
Tian's work. The trends of the DP/(HU) are consistent with the Tian’
works, indicating that the current experimental results are accurate
and reliable. On this basis, the permeability index JPU [32], which is
widely used in iron ore sintering, and absolute permeability index k
are used to characterize the air resistance characteristics of the
beds.
Table 3
Chemical components of various materials.

Material Major components

Sinter Oxide Fe2O3 CaO SiO2 A
Wt（%） 83.44 8.86 4.01 1
Element Fe O Ca S
Wt（%） 77.31 9.92 7.85 2

Al2O3 Oxide Al2O3 Fe2O3 CaO S
Wt（%） 97.37 1.64 0.34 0
Element Al O Fe C
Wt（%） 71.84 24.84 2.26 0

Rock Oxide CO2 CaO MgO S
Wt（%） 51.05 39.51 4.58 2
Element Ca O C M
Wt（%） 48.50 22.33 21.29 3
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JPU¼ V
60A

�
H
Dp

�0:6

(2)

k¼UuDy
Dp

(3)

Fig. 9 shows the JPU and absolute permeability of the three beds
at different air superficial velocities. The JPU and absolute perme-
ability of the three beds first decrease rapidly and then gradually
stabilize as the air superficial velocity increases. According to
Ergon's equation, the voidage is the most significant factor affecting
the bed permeability, followed by the average particle diameter.
Besides, the particle shape also has a certain impact on perme-
ability. From Table 2, the voidage of the sinter bed is significantly
higher than those of the aluminium oxide bed and rock bed.
Therefore, the JPU and absolute permeability of the sinter bed are
higher than the latter two at the same air superficial velocity.
Although the voidage of the aluminium oxide bed is slightly lower
than that of the rock bed, the particle size of the rock seems to be
smaller, and the shape is more irregular, which ultimately leads to
the similar permeability of the two beds.

3.3. Energy storage performance

3.3.1. Evolution of bed temperature
Taking case C1 as a typical case, Fig. 10 shows the evolution of

the bed temperature during charging and discharging. Clearly, the
bed temperatures rise sequentially with time during charging.
When the charging starts, a sharp thermocline is formed in the
tank. There is a clear boundary between the top layer (high-tem-
perature) and the bottom layer storagematerial (low-temperature).
In the initial stage, due to the large temperature difference between
the inlet air temperature and the bed temperature, the charging
rate is faster, and the bed temperature rises rapidly. As the charging
progresses, the bed temperature gradually rises, resulting in a
gradual decrease of the temperature difference between the heat
transfer fluid and the storage material. Hence, the charging slows
down, and the bed temperature rises slowly. When the charging is
over, the bed temperature at each axial position almost reaches the
inlet air temperature. Similarly, the bed temperatures decrease
sequentially with time during discharging. As the discharging
progresses, the discharging rate gradually slows down.

3.3.2. Effect of air flow on storage performance
As shown in Fig. 10, the heat transfer fluid passes through the

bed to transfer heat to the storage material. Meanwhile, the air
temperature gradually decreases along the axial direction and
finally drops to the outlet air temperature. Therefore, the outlet air
l2O3 MgO TiO2 MnO P2O5 K2O
.85 1.07 0.35 0.28 0.08 0.06
i Al Mg Mn Ti K
.30 1.19 0.77 0.28 0.27 0.06
iO2 Na2O Cr2O3 SO3 Ga2O3

.29 0.25 0.04 0.04 0.02
a Si Na Cr Ga S
.46 0.26 0.23 0.05 0.03 0.03
iO2 Al2O3 Fe2O3 K2O SO3 SrO
.93 0.89 0.47 0.25 0.19 0.05
g Si Fe Al K S
.84 1.98 0.74 0.68 0.32 0.11



Fig. 8. Effect of U on DP/H and DP/(HU) for packed beds with different materials.

Fig. 9. Effect of U on JPU and absolute permeability for packed beds of three materials.

Fig. 10. Bed temperature evolution during charging and discharging.

H. Zhou, Z. Lai and K. Cen Energy 246 (2022) 123416
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temperature can represent the energy extraction capacity of the
bed [33]. A higher outlet fluid temperature means a lower energy
storage rate. Fig. 11 shows the evolutions of the inlet and outlet
temperature of three beds under different air flows. As shown in
Fig. 11 (a), the outlet temperature of the sinter bed rises earliest
during charging, and the charging is completed first. The outlet
temperature of the aluminium oxide bed rises at the latest, and the
charging is completed at the latest. For the discharging, the
aluminium oxide has the highest peak outlet temperature and the
sinter has the lowest peak outlet temperature.

By comparing Fig. 11 (a), (b) and (c), it is found that the charging
Fig. 11. Evolutions of inlet and outlet temperature o

9

time and discharging time of the three materials decrease signifi-
cantly with the increase of air flow. When the air flow increases
from 85 m3/h to 175 m3/h, the charging time of sinter, aluminium
oxide and rock decreases from 91.5 min, 191.2 min and
124.3 mine39.5 min, 80.8 min and 49.3 min, respectively, and the
discharging time decreases from 98 min, 198.2 min and
136.8mine42min, 89.2 min and 55.5min respectively. This decline
is because the greater the air flow, the greater the air superficial
velocity in the tank. The larger air superficial velocity enhances the
heat exchange between the heat transfer fluid and the storage
medium [1]. Moreover, the decreases of charging time of different
f various materials beds at different air flows.
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materials with the increase of air flow are nearly the same. When
the air flow increases from 85m3/h to 130 m3/h, the charging times
decrease to 57%e59% of the original values. When the air flow in-
creases from 85 m3/h to 175 m3/h, the charging times decrease to
39.6%e43% of the original values. The decrease extent of charging
time declines gradually, and further increasing the air flow will
have less influence on the charging time.

Fig. 12 shows the evolutions of energy stored and energy
released of the three materials over time. The air flow is 85 m3/h.
The charging curves of the three materials almost coincide in the
initial stage of charging, indicating that all the three materials can
cool the heat transfer fluid to the ambient temperature, and the
charging rates are the same. With the progress of charging, the
charging rate of the sinter starts to lag behind the other two ma-
terials at about 40 min. At about 60 min, the charging rate of the
rock begins to lag behind that of the aluminium oxide. The final
energy stored of sinter, rock and aluminium oxide are 4.71 kWh,
6.81 kWh and 10.80 kWh, respectively. The heat stored is affected
by the density and specific heat of the solid medium [7,14,18]. It can
be seen from Table 2 that the bulk mass of sinter and rock is similar,
while Fig. 6 shows that rock has a higher specific heat than sinter, so
the energy stored of rock is larger than that of sinter. As the specific
heat and bulk mass of aluminium oxide are higher than those of
sinter and rock, the energy stored of aluminium oxide is signifi-
cantly greater than that of the other two [7,14,18]. Furthermore, it
can be seen that the charging time is mainly affected by the heat
capacity of the bed, and the high thermal conductivity of
aluminium oxide does not seem to reduce the charging time
significantly. The changing trend of discharging curve is consistent
with that of the charging curve. Since the inlet air temperature is
about 60 �C during discharging, the temperature difference be-
tween the storage material and the heat transfer fluid is smaller
than the charging, so the discharging power is smaller. Due to heat
loss and incomplete heat release, the final heat released is less than
the heat stored.

In order to quantitatively evaluate the storage performances of
three materials, charging efficiency, discharging efficiency and cy-
cle efficiency are introduced [34,35]. Charging efficiency is the ratio
of the total heat stored in the tank to the sum of the input energy
and the pumping work consumed by the airflow through the bed
during charging. Discharging efficiency is the ratio of the heat
released from the tank to the sum of heat stored and the pumping
work during discharging. Cycle efficiency, namely energy recovery
Fig. 12. Evolutions of energy stored and ene
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efficiency, is a key indicator for evaluating energy storage perfor-
mance of storage materials and storage systems. It is defined as the
ratio of the heat released during discharging to the total energy
consumption in a complete storage cycle. The total energy con-
sumption contains the input energy and the pumping work during
charging and discharging.

hcharging ¼

ðtend
to

Qstored,dt

EinputþEpump
(4)

hdischarging ¼

ðtend
to

Qrelease,dt

QstoredþEpump
(5)

hcycle ¼

ðtend
to

Qrelease,dt

EinputþEpumpðchargingÞþEpumpðdischargingÞ
(6)

Where, Qstored is the heat stored in the tank during charging, Einput
is the input energy, Epump is the pumping work consumed by the
airflow through the bed, Qrelease is the heat released during dis-
charging, and they are defined below.

Qstored ¼mcpair ,Dt,ðTin�ToutÞ (7)

Einput ¼
ðtend
to

ðTend

To

m,cpairdT,dt (8)

Epump ¼
ðtend
to

m
rair

Dpdt (9)

Qrelease ¼mcpair,Dt,ðTout �TinÞ (10)

Where, m is air mass flow, cpair is specific heat capacity of air, t is
rgy released of various materials beds.
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time, Tin and Tout are air temperature at the inlet and outlet of the
tank, respectively.

Fig. 13 shows the charging efficiency, discharging efficiency and
cycle efficiency of various materials at different air flows. The
charging efficiencies of the sinter and rock increase as the air flow
increases because the larger air flow leads to a higher heat transfer
rate and a shorter charging time, so the heat loss is greatly reduced.
Besides, the improvement degree of the charging efficiency de-
creases gradually with the increase of the air flow, indicating that it
is impossible to improve the charging efficiency endlessly by
increasing the air flow. On the one hand, increasing the air flow
enhances the turbulence and pressure drop in the bed, which will
increase the pumping work consumption. On the other hand,
increasing the air superficial velocity reduces the time for airflow to
pass through the bed. This change means that the heat transfer
time between the heat transfer fluid and the storage medium is
reduced, which is not conducive to improving the heat transfer
effect. This inference can be proved by the fact that the charging
efficiency of aluminium oxide bed decreases with the further in-
crease of air flow in Fig. 13. The discharging efficiency of the three
materials increases with the increase of the air flow, and the in-
crease amplitude decreases gradually. When the air flow is
increased, the discharging time is reduced and the heat loss is
reduced. The cycle efficiency of the three materials increases with
the increase of air flow. There is little difference in the overall cycle
efficiency of the three materials at low and medium air flow. At the
high flow rate, the cycle efficiency of the rock is the highest,
Fig. 13. Efficiency of various mater
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followed by aluminium oxide, and the cycle efficiency of sinter is
the lowest.

3.3.3. Effect of cycle number on storage performance
Fig. 14 shows the evolutions of the inlet and outlet temperature

of three materials under different cycle times. Compared with the
first cycle, the initial values of the bed temperatures in the last two
cycles are higher, and thus the charging time is shorter. This result
is because of the incomplete heat release in the current test. That is,
after the discharging is finished, there is still residual heat
remaining in the bed. From the first cycle to the third cycle, the
charging time of sinter, aluminium oxide and rock decreased from
39.5 min, 80.8 min and 49.3 mine34 min, 67.7 min and 43.3 min,
respectively. It is also noted that the cycle number has little effect
on the discharging curve, indicating that the cycle number does not
affect the discharging performance. Moreover, the temperature
curves of the second and the third cycles almost coincide, indi-
cating that the system gradually enters a stable operation state
from the second cycle.

Fig. 15 shows the charging efficiency, discharging efficiency and
cycle efficiency of three materials under different cycle times. No
matter what kind of storage material is used, the initial bed tem-
perature in the subsequent cycle is higher than that in the first cycle
due to incomplete heat release, so the charging efficiency in the
subsequent cycle is lower. For the discharging, due to the incom-
plete heat release, the discharging efficiency of the first cycle is
much lower than those of the subsequent cycles. The heat
ials beds at different air flows.



Fig. 14. Evolutions of inlet and outlet temperature of three materials beds at different cycle numbers.
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accumulated in the system in the previous cycle is gradually
released in the subsequent cycle, so the discharging efficiency of
the subsequent cycle is slightly higher than 100%. In general, the
overall cycle efficiency of all materials increases with the increase
of cycle times, and the increase amplitude decreases gradually. The
system gradually enters a stable operation state from the third
cycle. For the third cycle, the overall cycle efficiency of sinter,
aluminium oxide and rock is 66.8%, 69.3% and 73.7%, respectively.
3.3.4. Thermocline evolution characteristics
Stratification number (Str) is used to quantitatively evaluate the

thermal stratification performance of packed beds [36e38]. The Str
is the ratio of the average temperature gradient at any time t to the
12
maximum average temperature gradient during charging.

Str¼
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Fig. 15. Efficiency of various materials beds at different cycle numbers.
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Fig. 16 shows the evolution of the Str of the three materials
during charging. Three different air flow cases are located on the
left, and three different cycle number cases are located on the right.
As shown in the figure, the Str in each case increases rapidly at first
and then gradually decreases with time. The changing trend of Str
represents the formation and decay of thermocline in the bed. In
the initial stage of charging, the high-temperature fluid first
transfers heat to the storage material at the inlet, and the ther-
mocline is formed and rapidly becomes sharp. As the charging
proceeds, the temperature difference between the high-
temperature fluid and the storage material at the inlet decreases,
and the heat transferred decreases. After flowing through the top
layer of particles, the air has residual thermal energy to heat the
bottom particles that are still in a low temperature state. As a result,
the heat transfer front (rapid heat transfer area, i.e., the area with
the largest local temperature difference between heat transfer fluid
and storage medium) gradually transfers downward, and the
thermocline gradually disappears. Besides, the peak Str of rock and
aluminium oxide is similar, higher than that of sinter, and the peak
arrival time is later than that of sinter. The thermal stratification
characteristics of the bed are affected by the physical properties of
the material and bed voidage. The sinter bed has the lowest heat
capacity and highest voidage, so the Str peak is the lowest and ar-
rives at the earliest. Aluminium oxide bed has the highest heat
capacity and lowest voidage, so the peak Str arrives at the latest.
The rock bed has a low voidage and the smallest particle size, so the
peak Str is the highest.
13
By comparing Fig. 16 (a), (b) and (c), the thermal stratification
characteristic deteriorates when the air flow increases [37,38].
Specifically, the peak Str decreases and the time of reaching the
peak Str is advanced. This change is because when the air flow
increases, the residence time of the heat transfer fluid in the bed
becomes less, although the convective heat transfer coefficient in-
creases. Therefore, after passing through the top layer of particles,
the fluid still has residual thermal energy to heat the lower layer of
particles. In general, the heat transfer fluid tends to heat the bed
uniformly in the axial direction at high air flow, while the heat
transfer fluid tends to heat the top particles preferentially at low air
flow. By comparing Fig.16 (d), (e) and (f), the peak Str in the last two
cycles are nearly the same, which is significantly smaller than that
in the first cycle. In the last two cycles, the corresponding time of
peak Str is nearly the same, slightly earlier than the first cycle.
Incomplete heat release increases the initial bed temperature in the
subsequent cycle, so the temperature difference between the heat
transfer fluid and storage material is smaller, and the thermal
stratification characteristics worsen.

The storage system has a certain period of heat storage stage
between charging and discharging in industrial applications. In the
heat storage stage, the bed temperature will reach a new thermal
equilibrium state, and the thermocline will evolve and degrade
gradually, resulting in irreversible exergy loss. It is very significant
to study the thermocline evolution characteristics in heat storage
stage for guiding the field application of energy storage industry.
This section focuses on the thermocline evolution in the three beds.



Fig. 16. Evolution of Str of various materials beds during charging.
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The charging temperature is 300 �C, and the air flow is 85 m3/h. In
this test, charging is stopped at 20 min, 33.83 min and 26 min for
sinter, aluminium oxide and rock bed, respectively. According to
preliminary experimental results, the Str can reach the peak value
at the corresponding moment mentioned above.

Fig. 17 shows the thermocline evolution characteristics of
various materials after stopping charging. The Str decays the
slowest in aluminium oxide bed, followed by rock bed and the
fastest in sinter bed. The aluminium oxide and rock beds have
14
smaller voidage, which dramatically weakens the flow of air within
the beds, and heat transfer slows down, so the thermocline de-
ceases more slowly. Moreover, the aluminium oxide bed and rock
bed have higher heat capacities, especially the aluminium oxide,
which makes the energy density higher, and thus the temperature
change is smaller for the same heat transferred and the Str changes
more slowly. It is noteworthy that the aluminium oxide has a
significantly higher thermal conductivity, but this does not cause
the Str to decay faster in the aluminium oxide bed. This



Fig. 17. Thermocline evolution characteristics of various materials beds.
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phenomenon indicates that the thermal conductivity of the mate-
rial has little effect on the thermocline evolution. As the initial Str of
different material beds are different, it is not favorable for com-
parison. Fig. 17(b) shows the evolution characteristics of Str*, which
is Str after the normalization based on the initial value. As shown in
Fig. 17(b), the Str* can better characterize the thermocline evolu-
tion characteristics in different materials beds. The thermal strati-
fication of aluminium oxide bed attenuated the slowest, followed
by rock bed, and sinter bed attenuated the fastest. It takes
559.0 min, 499.5 min and 450.5 min for the Str* to decrease to 30%
of the original value in aluminium oxide, rock and sinter bed,
respectively. In conclusion, aluminium oxide bed have the best
thermocline retention characteristics, followed by rock and sinter
bed under current experimental conditions.
4. Conclusions

In this paper, the physical properties of sinter, aluminium oxide
ball and rock were characterized and the packed bed heat storage
tests were carried out to study their applicability as energy storage
materials. The main conclusions are as follows:

(1) The volume heat capacity of sinter at 200 �C is 3253.7 kJ/
(m3$K), which is between aluminium oxide and rock. The sinter
and aluminium oxide can withstand the high temperature of
1000 �C, while the rock in the present experiment has poor
thermal stability above 600 �C. Considering the high cost of
aluminium oxide, rock is the best choice for heat storage below
550 �C, while sinter is the best alternative material in the ultra-
high temperature above 600 �C.
(2) The heat storage experiments of packed beds show that the
bed heat capacity and the voidage, which are related to the bulk
density and the specific heat of the material, are the key factors
affecting the thermal behavior of the bed, while the thermal
conductivity of the material has little effect. Increasing the air
flow can significantly increase the average charging power,
reduce the charging time, and improve the overall cycle effi-
ciency. At low and medium air flow, the cycle efficiency of the
three materials has little difference. Under the high air flow of
175 m3/h, the cycle efficiency of rock, aluminium oxide and
sinter bed is 73.7%, 69.3% and 66.8%, respectively.
(3) The thermocline characteristics of the packed bed are
affected by the thermophysical properties of the material and
15
the bed structure. Larger bed heat capacity and smaller voidage
are favorable for the formation and maintenance of sharper
thermocline.
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