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a b s t r a c t
Molten-salt packed-bed thermocline thermal energy storage (TES) is identified to be a cost-competitive
TES type for concentrating solar power (CSP). The present study reveals the system-level cyclic thermal
characteristics of the molten-salt packed-bed TES with typical configurations on two levels of investigation, based on a one-dimensional enthalpy-method dispersed-concentric (D-C) model. Firstly, a threestage operation scheme is proposed to evaluate the thermal performance of the introduced partial charge
cycles and the subsequent full charge cycles, under ideal operating conditions. The ‘partial charge effect’
of the packed-bed TES is identified by evaluating the variations in thermocline development and energy
storage/release capacity. The results show that the introduced partial charge cycles can generally lead to
a thermocline degradation, and then impact the energy store/release capacity in the subsequent full
charge cycles. The configurations containing encapsulated PCMs are of greater resistance and stronger
recoverability to the variation in energy storage/release capacity. Then the study is extended to investigate the thermal performance of a 100 MWe CSP plant integrated with a well-sized packed-bed TES system, over a 14-day practical operation based on variable energy collections. Deviations between the
designed and practical energy store/release capacity of the systems are evaluated. The results indicate
that of the sensible-heat and the single-layered latent-heat packed-bed TES present significant shortages
in energy storage capacity during the operation, which can lead to energy collection discards. Overall, the
obtained results present a new perspective to evaluate the availability of the packed-bed TES system for
CSP plants.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The integration of a thermal energy storage (TES) system
enables concentrating solar power (CSP) plants to provide
continuous and dispatchable electricity output, regardless of the
intermittent availability of sunlight across multiple time scales.
By employing a 10-h two-tank TES system using molten-salt
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(e.g., Solar Salt, 60% NaNO3-40%KNO3) as a heat transfer fluid
(HTF) and also a liquid storage medium, current commercialized
CSP plants can offer an annual capacity factor of 55% [1]. However,
the current molten-salt two-tank TES system carries a high capital
cost and lacks of a potential for cost reduction [2].
As a cost-competitive alternative to the two-tank TES, the
molten-salt packed-bed TES has drawn increasing attentions
worldwide [3–7]. Instead of occupying two separated containers,
the packed-bed TES only requires a single tank. Besides, a
packed-bed is employed to substitute for a portion of the costly liquid storage medium. The packed-bed also plays an important role
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Nomenclature
a
C
D
fvoid
hc
hlatent
k
Nu
Pr
Pth
r
R
Re
t
T
Tmax
Tmin
TR
u
z

specific surface area, m1
specific heat, J kg1 K1
diameter, m
void factor
specific enthalpy of fillers, kJ kg1
latent heat of PCM, kJ kg1
thermal conductivity, W m1 K1
Nusselt number
Prandtl number
thermal power output, MWt
radial direction
radius, m
Reynolds number
operating duration, h
temperature, K
upper limit of operating temperature
lower limit of operating temperature
thermal resistance, K W1
velocity, m s1
axial direction

Subscripts
c
capsule
conv
convection
e
external
eff
effective
f
heat transfer fluid

in forming a quick-shaped, evenly-distributed thermocline under
harsh inflow conditions [8,9]. During the operation of the
packed-bed TES, a vertical isolation of hot and cold molten-salt,
also known as a thermocline, is formed by the natural thermal diffusion and stratification. The thermocline periodically travels up
and down as the system performs charges and discharges. During
a charging process, the outlet temperature of molten-salt starts
to rise as the thermocline advances to the bottom. To guarantee
the operational stability of the receiver, a charging cut-off temperature is specified. Once the outlet temperature of molten-salt
reaches the charging cut-off temperature, the charging process
ends. Similarly, a discharging cut-off temperature is required to
be specified to ensure the grade of heat source for power generation. Two cut-off temperatures divide the operating temperature
range into three segments, including a supply zone, a dead zone
and a return zone [10]. Storage mediums within the dead zone
are not available for energy storage and release, resulting in a considerable loss in utilizing the theoretical storage capacity of the
system [11,12].
The packed-bed can be of multiple compositions, for instance,
low-cost solid-fillers such as quartzite, granite, limestone, concrete
and ceramic granules [13], and encapsulated phase change materials (PCMs) such as metals and inorganic salts [14]. In terms of
packed-bed configuration, the packed-bed TES can be divided into
three categories: sensible-heat (SH), latent heat (LH) and multilayered solid-PCM (MLSPCM). Experimental studies verifying the
feasibility of these three categories can be found in literatures.
Pacheco et al. [13] demonstrated a 2-h discharging process of a
SH pilot-scale molten-salt packed-bed TES designed for parabolic
trough plants. The system performed an effective capacity factor
of 69%. Mawire and Taole [15] built a lab-scale SH oil/pebble thermocline TES, and investigated several parameters evaluating the
thermal stratification within the packed-bed region. Bellan et al.
[16] experimentally studied the dynamic thermal performance of

i
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m
out
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w

internal
inlet
liquid state
mean
outlet
packed-bed
solid state
capsule shell

Greek symbols
convective heat transfer coefficient, W m2 K1
porosity of the packed bed
density, kg m3
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Abbreviations
CSP
concentrating solar power
FCC
full charging cycle
HT
high temperature
HTF
heat transfer fluid
LH
latent-heat
LT
low temperature
MLSPCM multi-layered solid-PCM
PCC
partial charge cycle
PCM
phase change material
PCT
phase change temperature
SH
sensible-heat
TES
thermal energy storage

a high temperature latent-heat packed-bed TES, using air as a
HTF and non-vacuum encapsulated sodium nitrate as a solid storage medium. Zanganeh et al. [17] designed and tested a 42 kWt h
lab-scale MLSPCM TES containing a LH layer consisting of encapsulated AlSi12 on the top of a SH layer consisting of sedimentary
rocks. The outflow air temperature was successfully stabilized at
575 °C for over an hour.
In addition to the experimental works, numerical investigations
on the thermal performance of the packed-bed TES are widely
reported. Xu et al. [18,19,7] developed a 2-D model to conduct
parametric studies on the thermal performance of a molten-salt
packed-bed TES using sensible heat. Zanganeh et al. [20,21] proposed a conic-shaped SH packed-bed TES immersed in the ground.
An industrial-scale (7.2 GWt h) system are numerically designed
and parametrically investigated. Yang et al. [22,23] numerically
analyzed the cyclic thermal behavior of a SH packed-bed TES using
a non-dimensional model and predicted the capacity factor of the
system using a correlation. Wang et al. [9] numerically analyzed
the influence of the HTF inflow distribution on the thermal performance of an industrial-scale salt-rock dual-media TES. The results
indicated that the non-uniformity of the HTF flow can reduce the
thermocline thickness and extend the discharging duration. Wu
et al. [24] developed a two-dimensional dispersed-concentric (DC) model for the latent-heat TES. Based on the model, detailed
characteristics of the heat transfer between molten-salt and
packed PCM capsules were investigated. Nithyanandam et al.
[25] developed a 1-D model for the latent-heat molten-salt thermocline TES and explored a nonlinear correlation to predict the
capacity factor of the system. Peng et al. [26,27] demonstrated
the thermal performance of a 3-stage cascade latent heat packedbed TES using compressed air. The effects of porosity, particle
diameter, fluid inlet pressure and filling approach on the charging
behaviors of the system were investigated. Galione et al. [28] proposed a MLSPCM TES concept. A 1-D enthalpy-based D-C model
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was developed to investigate the periodic thermal performance of
the systems with different packed-bed configurations. Zhao et al.
[29] numerically studied the effect of the filling proportion of the
encapsulated PCM layers on the transient thermal behavior of an
industrial-scale MLSPCM TES.
Numerical studies on the integration of the packed-bed TES into
CSP plants are also deeply conducted. Flueckiger et al. [30] investigated the long-term storage performance of a packed-bed TES integrated into a 100 MWe CSP tower plant. The system-level
simulation indicated that the thermal stratification can be maintained under realistic operating conditions. Nithyanandam and
Pitchumani [31] performed a cost analysis of a cascade LH
packed-bed TES integrated into a 200 MWe CSP tower plant utilizing s-CO2 (supercritical carbon-dioxide) power conversion cycles.
Design envelops were drawn based on the requirements of levelized cost of electricity (LCOE), cyclic exergetic efficiency and capacity factor. Galione et al. [32] presented a performance analysis on a
17-day practical operation of a molten-salt MLSPCM TES integrated
into a 50 MWe parabolic trough plant. Evaluations on the energy
and exergy capacity are conducted for different packed-bed configurations. Xu et al. [33] presented a volume sizing strategy for a LH
packed-bed TES integrated into a 60 MWe CSP plant.
According to the above discussions, few article is found to
investigate the cyclic thermal behavior of a molten-salt packedbed TES system from a system-level perspective. The main objective of the present work is to reveal the cyclic thermal characteristics of a molten-salt packed-bed TES system designed to meet
specified operating conditions for CSP plants. To this end, the
one-dimensional D-C model developed in our previous work is
used to investigate the transient thermal behavior of the packedbed TES system. An ideal operation scheme is proposed to evaluate
the thermal performance of partial charge cycles for systems with
different packed-bed configurations. Well-sized packed-bed configurations are tested for a 14-day practical operation of a
100 MWe CSP tower plant. Based on the cyclic thermal characterization of the systems, several general suggestions are provided as
references for the scale design and operation control of the moltensalt packed-bed TES for CSP plants.

the three-layered MLSPCM configuration shown in Fig. 1b is one of
the typical configurations (the three-layered MLSPCM) in the present study. The volume proportion of each layer is adjustable for
different configuration arrangements.
2.1. Model assumptions
Considering the balance between computational resource and
numerical accuracy, several assumptions employed for the simplification of the modeling and the corresponding justifications are
shown as below:
(1) Distributors are assumed (supposed) to be well-designed to
ensure that the inflow of molten-salt is uniformly distributed in radial direction to create a well-formed thermocline, so as to keep the effectiveness of thermal energy
storage of the system [9,24]. The packed-bed can be considered as an isotropous porous region because the dimension
of fillers is much smaller than that of a practical-scale storage tank [28]. Moreover, the tank shell and other bracing
structures can be regarded to have negligible effect on the
flow of molten-salt, due to the fact that the practical-scale
packed-bed can contribute most of pressure drop in the tank
[32]. Overall, the flow of molten-salt within the packed-bed
region can be simplified to be one-dimensional in the axial
direction.
(2) The system is assumed (supposed) to be in good insulation
performance so that the heat loss to the ambient is negligible [12,25,33]. As a result, the heat transfer of the moltensalt confined in the packed-bed region is one-dimensional
in the axial direction. It is worth noting that the abovedescribed one-dimensional simplification has been justified
to be acceptable to describe the thermal behavior of the
packed-bed TES system [12].
(3) Fillers are assumed to be spherical with equal equivalent
hydraulic diameters for same types. The heat transfer within
the dispersed filler is described as a radial thermal conduction with considering the heat transfer enhancement caused
by the natural convection of liquid PCM [24,25].
(4) Volume variation of the encapsulated PCM is neglected. PCM
is assumed to be uniformly filled in each capsule with a constant equivalent density to ensure the energy conservation
of the encapsulated PCM [2,10,29,33].
(5) Melting and solidification process are considered to occur
within a fixed temperature range (encapsulated PCM with
a fixed phase change point can be modeled by taking a narrow temperature range) to ensure the energy conservation
of the encapsulated PCM [28,29,32].

2. Model description
Fig. 1a illustrates a schematic of a typical molten-salt packedbed TES system. Storage mediums including a packed-bed and
the interstitial molten-salt (acting as a HTF) are confined in a single
tank covered by a well-performed insulation. The packed-bed is
composed of low-cost solid-filler layers or encapsulated PCM layers or a mixture of them. Two well-designed distributors are
employed at both extremes of the packed-bed. A headspace above
the upper distributor is set for the thermal expansion of the confined molten-salt. Two pumps are engaged to drive the circulation
of molten-salt. The low-temperature (LT) pump is used to extract
cold molten-salt from the bottom of the packed-bed during a
charging process, while the high-temperature (HT) pump plays a
role in pumping out hot molten-salt from the top of the packedbed during a discharging process.
The storage performance of a packed-bed TES mostly depends
on the thermal behavior of the storage mediums within the
packed-bed region. In order to investigate the transient thermal
behavior of the system, a one-dimensional enthalpy-based
dispersion-concentric (D-C) model was developed in our previous
work [29]. In the model, only the packed-bed region is involved
in the calculation and evaluation of the thermal performance of
the system. Fig. 1b shows two computing domains. The left one
is for the flowing molten-salt confined in the packed-bed region,
and the right one is for each dispersed filler. It is worth noting that
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2.2. Governing equations and correlations
According to above assumptions, the energy conservation of the
coupled computational domains can be written as follows:

eqf C f
qc

! @T f
@T f
@2Tf
a
þ ðT c jr¼Rc;i  T f Þ
þ qf C f u
¼ kf ;eff
TR
@t
@z
@z2



@hc
1 @
@T c
kc r 2
¼ 2
r @r
@t
@r

ð1Þ

ð2Þ

The terms q, C, T, k and H represent density, specific heat, temperature, thermal conductivity and specific enthalpy, respectively,
in which HTF is denoted by subscribe f and fillers are denoted by
subscribe c, e denotes the constant porosity. The axial apparent
velocity (the overall advancing velocity which can be apparently
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Fig. 1. Schematic illustration of (a) the cross-section of a packed-bed TES system and (b) the computing domains employed in the modeling of the system.

observed in the packed-bed region) of the molten-salt flowing the
packed-bed depends on the transient operating conditions of the
system and can be expressed as below:

h
i
u ¼ P th = pR2pb qf C f ðT f ;out  T f ;in Þ

!

ð3Þ

where Pth is the operating thermal power, T f ;out and T f ;in represent
the outlet and inlet temperature of the confined molten-salt,
respectively.
The effective thermal conductivity of molten-salt, kf ;eff , is evaluated as the sum of stagnant and dynamic thermal conductivity
[34].
The specific surface area of the packed-bed is calculated as
a ¼ 3ð1  eÞ=Rc;e . Thermal resistance between molten-salt and fil

lers can be expressed as TR ¼ a1 þ

R2c;e

1  1
Rc;i Rc;e

kw

, where Rc;i and Rc;e

denote the inner and outer radius of fillers (Rc;i ¼ Rc;e for solidfillers), kw is the thermal conductivity of capsule shell, a corresponds to heat transfer coefficient and can be given as below:


 .
1
3
a ¼ 2 þ 1:1Re0:6
c Pr c kf Dc;e

ð4Þ

The thermal conductivity of PCM can also be calculate as a
piecewise function of temperature:

8
ðT < T s Þ
>
< kc;s
c;s
kc ¼ kc;s þ kc;lDk
ðT  T s Þ ðT s 6 T < T l Þ
T
>
:
kc;l Nuconv
ðT P T l Þ

ð6Þ

where Nuconv is used to describe the enhancement effect on the heat
transfer of liquid PCM caused by natural convection [29].
Pressure loss caused by the frictional resistance of packed-bed
can be determined using Ergun equation [24]:


lf C F qf !  !
@P
¼
þ pﬃﬃﬃﬃ j u j u
@z
K
K

ð7Þ
D2

e3

ﬃﬃﬃﬃﬃﬃﬃﬃﬃ3 and K ¼ c;e 2 .
where C F ¼ p1:75
150ð1eÞ
150e
2.3. Boundary conditions and initial conditions
The system is initially set to be in a completely discharged
state:

T f ¼ T min ; T c ¼ T min

ð8Þ

The constant equivalent density of PCM is calculated as
qc ¼ f v oid qc;s , where f v oid corresponds to the volume fraction of
encapsulation.
The specified enthalpy of PCM in the left-hand of Eq. (2) can be
expressed by a piecewise function of temperature:

Thermal boundary conditions at the inlet and the outlet of
packed-bed region are given as:



@T f 
T f z¼H ¼ T in ;
¼ 0 ðchargingÞ
pb
@z z¼0

ð9aÞ

8
C c;s ðT  T ref Þ
>
>
<

C c;m þ hlatent
ðT  T s Þ þ C c;s ðT s  T ref Þ
hc ¼
DT
>
>
:
C c;l ðT  T l Þ þ C c;s ðT s  T ref Þ þ C c;m DT þ hlatent



@T f 
¼ 0 ðdischargingÞ
T f z¼0 ¼ T in ;
@z z¼Hpb

ð9bÞ

ðT < T s Þ
ðT s 6 T < T l Þ
ðT > T l Þ
ð5Þ

where T ref is the reference temperature, hlatent is the specific latent
heat of PCM, DT denotes the temperature range of phase change
and is calculated as DT ¼ T l  T s , C c;m is the mean specific heat of
PCM during the phase change process.

Thermal boundary condition at the outer surface of each dispersed filler is given as:

kc


@T c 
1
¼
ðT f  T c jr¼Rc;i Þ
@r r¼Rc;i TR

ð10Þ

Thermal boundary condition at the center of fillers is given as:
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@T c 
¼0
@r r¼0

ð11Þ

2.4. Numerical method
For all numerical cases in the present study, the packed-bed
region is divided into a number of cylindrical control volumes with
the same height along the axial direction while the inner space of
each dispersed filler is equally segmented into a number of control
volumes along the radial direction based on the Finite Volume
Method (FVM). The coupled systems are solved using a fully implicit scheme with the convective-diffusive fluxes discretized using
power-law scheme and the diffusive fluxes discretized using central difference scheme. Within each time step, Eqs. (1) and (2)
are alternately solved until the temperature fields of the confined
molten-salt and the inner space of all dispersed fillers reach the
precision of convergence. The thermal properties of the encapsulated PCMs and the confined molten-salt are updated according
to the temporary temperature results obtained within each time
step. Besides, the apparent velocity of the molten-salt is also
updated by Eq. (3) within each time step. The iterative residuals
of the temperature fields are required to drop below 106 to obtain
a good numerical accuracy. All numerical cases have been checked
for grid dependence in our previous work [29], and results are
acceptable.
2.5. Model validation
Two validation cases were conducted to verify the model to be
of extensive applicability and good numerical accuracy in simulating the charging and discharging process of the packed-bed TES.
The first one corresponds to the experimental work done by
Pacheco et al. [13]. A two-hour discharging processes of a
2.3 MWt h sensible-heat based TES was tested. The second one
refers to the experimental work of Nallusamy et al. [35]. A 3-h
charging process of a solar water heating system using encapsulated paraffin wax was tested. The results reported in our previous
work [29] show good agreements between the experimental and
numerical results for both validation cases. Admissible discrepancies were attributed to (1) the model assumptions, (2) the uncertainties in the thermal properties of the storage mediums and (3)
the experimental measurement errors. Overall, the model is applicable for the investigation of the present study.
3. Typical operation modes of a CSP plant integrated with a TES
From the perspective of the molten-salt circulation, the CSP
plant can be considered to consist of three components. The first
one is an energy collection system. It includes a solar field to collect solar radiation, and a receiver to convert solar radiation to
thermal energy. The second one is a power generation system. It
contains a series of heat exchangers to deliver thermal energy,
and a power block to generate electricity. The third one is a TES
system (a molten-salt packed-bed TES is adopted in the present
study). It acts as a thermal energy dispatcher for the former two
components to achieve a stable and continuous energy output.
The operation of a CSP plant integrated with a TES system can be
classified to six typical modes, which are shown in Fig. 2 with
molten-salt flow denoted by solid arrows.
As shown in Fig. 2a, the packed-bed TES system is supposed to
pre-store a certain amount of thermal energy to avoid frequent
starts and stops of the power block. In this mode, cold moltensalt is extracted from the bottom, heated in the energy collection
system and then all pumped back to the TES system through the
top. Fig. 2b demonstrates the molten-salt circulation when the
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transient energy collection is greater than the thermal load
demand. On the premise of the satisfaction of the thermal load
demand, the surplus thermal energy is stored in the packed-bed
TES system in the same way as shown in Fig. 2a. In response to
an insufficient energy collection (before sunset or during periods
of cloudy), as shown in Fig. 2c, all collected thermal energy is delivered to the power generation system. The shortage of thermal supply is complemented by a discharge of the packed-bed TES system.
During a discharge, the heated molten-salt is extracted from the
top, releasing heat in the power generation system and then
pumped back to the TES system through the bottom. When there
is a lack of energy collection (after sunset or in rainy days), as illustrated in Fig. 2d, the thermal energy consumption of the power
generation is all provided by a discharge of the packed-bed TES
system. The discharging thermal power depends on the thermal
load demand of the power generation system. Fig. 2e reveals the
molten-salt circulation during a standby operation of the packedbed TES system as it has been fully charged, although the solar
radiation may still be abundant. Energy collection only follows
the thermal load demand of the power generation system. When
the packed-bed TES system is fully discharged at night, all components are supposed to be out of operation. As observed in Fig. 2f,
there is no circulation of molten-salt.
The operation modes described above result in three operation
states of the packed-bed TES system, which are charge, discharge
and standby. The packed-bed TES system is considered to
accomplish a full charge/discharge as the outlet temperature of
molten-salt reaches the specified charging/discharging cut-off
temperature. However, it is impossible for the system to exactly
achieve full charges and discharges under variable grid demands
and practical weather conditions. Instead, a partial charge can be
caused by a lack of energy collection, and a partial discharge may
result from a low demand of power generation. Therefore, it is
important to investigate the thermal behavior of the partial
charge/discharge to further reveal the cyclic thermal characteristics of the packed-bed TES system under variable operating conditions. On account of the similarity in the thermal behavior of the
partial charge and discharge, the present work only focus on the
investigation about the partial charge.

4. Cases description
4.1. Cases under specific operating conditions
The present work performs two levels of investigation. The first
one is to explore the cyclic thermal behavior of the partial charge
and the effect on the performance of the subsequent operation of
the packed-bed TES systems with different configurations, under
specific operating conditions. To achieve this goal, a three-staged
operation scheme is proposed. In the first stage, consecutive full
charge-full discharge cycles (FCCs) are performed from the initial
state (completely discharged). The systems are supposed to
achieve a periodic state as the energy stored/released within a
FCC tends to be constant and equal [12,25,28,29,32]. After that,
the scheme enters to the second stage, where a certain number
of consecutive partial charge-full discharge cycles (PCCs) are carried out. In the last stage, the systems resume to perform consecutive FCCs.
For the convenience of the performance evaluation, all charging
and discharging processes are ideally set to operate at a constant
and equal operating thermal power (the nominal operating thermal
power). Therefore, the operating duration is in direct proportion to
the energy stored/released during the operation. Thermal performances obtained at the ideal periodic state of the systems are considered as evaluation references. The same charging/discharging
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Fig. 2. Schematic of typical operation modes of a CSP plant integrated with a packed-bed TES system. Solid arrows denote the actual molten-salt circulation.

duration obtained at the ideal periodic state is defined as ‘periodic
operating duration’, and the same energy stored/released within a
periodic FCC is defined as ‘effective storage capacity’. All partial
charges performed in this level of investigation are exemplarily
defined to be of 50% effective operating duration.
Table 1 shows the specified parameters of the packed-bed TES
systems used in the first level of investigation. The selection of
the operating temperature range refers to that of the conventional
CSP tower plants [36]. The cut-off temperatures are selected to
ensure the proper operation of the solar receiver and the power
block [33]. The height of the packed-bed region is determined to
achieve a possibly high capacity factor with the consideration of
the upper limit of high-temperature TES tank [33,37]. The selected
packed-bed radius is also applicable for practical construction
[32,37]. Solar Salt (60% NaNO3-40% KNO3) is adopted as the HTF,
as well as the liquid storage medium. A mixture of quartzite rocks
and sands with a mass ratio of 2:1 is chosen as the ingredient of the
solid-filler layer [13]. The encapsulated PCM placed at the top of
Table 1
Basic parameters of the TES systems with typical packed-bed configurations.
Parameters

Value

Operational
Nominal operating thermal power, MWt
Operating temperature range, °C
Cut-off temperature, °C (charge/discharge)

285.7
288–570
320/540

Dimensional (packed-bed region)
Packed-bed height, m
Packed-bed radius, m
Porosity (PCM layer/solid-filler layer)
Diameter of PCM capsules, mm
Capsule thickness, mm
Void factor of encapsulation, %
Diameter of solid-fillers, mm

14
20
0.34/0.22
30
0.75
80
19.05

Packed-bed layer volume fraction, %
(HT-PCM layer-solid-filler layer-LT-PCM layer)
For SH
For LH-1
For LH-2
For LH-3
For MLSPCM

0–100–0
100–0–0
0–0–100
50–0–50
10–80–10

the packed-bed region (if needed according to the configuration
arrangement) should have a PCT between the maximum operating
temperature and the discharging cut-off temperature to ensure the
latent heat to play a role in delaying the temperature drop of the
outlet molten-salt by the end of the discharging process. Based
on this, a triple carbonate (20%Li2CO3-60%Na2CO3-20% K2CO3) is
selected as a high-temperature encapsulated PCM (HT-PCM)
placed at the top of the packed-bed region. Similarly, NaNO3 is
selected as a low-temperature encapsulated PCM (LT-PCM) placed
at the bottom of the packed-bed region. The porosity of the
packed-bed refers to the literatures [13,24]. Since the solid-filler
layer is comprised by a mixture of irregularly-shaped quartzite
rocks, the porosity of the solid-filler layer is much lower than that
of the encapsulated PCM layers consisting of spherical capsules. In
the present study, five types of packed-bed configurations are
involved. Table 1 also shows the volume fraction of different layers
of these five configurations.
The thermal properties of the storage mediums [29] used as
model inputs are shown in Table 2. Constant density and specific
heat are adopted for both liquid and solid storage mediums to
decouple the calculation of mass and momentum conservation
from that of energy conservation. This can largely simplifies the
calculation of the coupled systems, however, without significantly
losing the numerical accuracy. Tm is the mean value of the operating temperature range. The thermal conductivity of the capsule
shell is 2 W m1 K1.

4.2. Cases under practical operating conditions
The second level of investigation is to study the cyclic thermal
characteristics of the packed-bed TES systems with the abovedescribed packed-bed configurations, under practical operating
conditions. To do this, a 14-day practical energy collection of a
100 MWe CSP tower plant [38] is adopted as a given condition. A
two-staged practical operation scheme is proposed to drive the
operation of the packed-bed TES systems. In the first stage, the
operation in Day 1 is repeatedly carried out from the initial state
(completely discharged) till a periodic state is obtained. After that,
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Table 2
Thermal properties of the used storage mediums.

3

Density, kg m
Specific heat, J kg1 (solid/liquid)
Thermal conductivity, W m1 K1 (solid/liquid)
Viscosity, 103 kg m1 s1
Thermal expansion coefficient, 104 K1
Phase change point, °C (LT/HT)
Latent heat, kJ kg1 (LT/HT)
Temperature range of phase change, °C (DT s =DT l )

HTF

HT-PCM

LT-PCM

Solid-fillers

2090–0.636Tm (°C)
1443 + 0.172Tm (°C)
0.443 + 1.9  104T (°C)
22.714 + 0.12T + 2.281  104T2  1.474  107T3 (°C)
–
–
–
–

2260
1590/1880
0.5/0.5
3
2.29
550
283
1/1

2380
1588/1650
0.5/0.5
1.5
3.24
308
172
1/1

2500
830
5.69
–
–
–
–
–

Fig. 3. Designed energy dispatches (the collection and consumption of thermal energy) during a continuous 14-day operation of a 100 MWe CSP tower plant.

the system starts to perform the 14-day operation. Several
assumptions of the operation scheme are given as below:
(1) The power generation system operates at the nominal thermal load (285.7 MWt) with instant starts/stops.
(2) The power generation system starts as the energy stored
after sunrise can offer a 2-h continuous power generation.
(3) The inlet molten-salt is maintained at a temperature of
570 °C during all charging processes and 288 °C during all
discharging processes.
(4) The TES system always performs a full discharge at night.
(5) The TES system enters a standby operation after fully
charged/discharged.
The operational and dimensional parameters of the packed-bed
TES system, as well as the thermal properties of the storage mediums refer to Tables 1 and 2, except for the assumed packed-bed
radius.
Theoretical energy dispatches during the 14-day operation can
be calculated according to the given operating conditions and the
practical operation scheme. The results are shown in Fig. 3. Energy
totally collected within a day ranges from 5.56 GWt h (Day 4) to
6.30 GWt h (Day 12), while the required storage capacity ranges
from 2.76 GWt h (Day 4) to 3.49 GWt h (Day 2).
It is known that an undersized packed-bed TES may lead to
losses of energy collection, while an oversized design may result
in additional consumptions of storage mediums. Both of these
could lead to an increase in the capital cost of a CSP plant. In this
level of investigation, the packed-bed TES systems are designed
to be of appropriate scale to meet the energy dispatching requirement of the day with the maximum required storage capacity during the operation (Day 2), at their periodic states.
The scale design of a packed-bed TES meeting a certain energy
dispatch can be simplified to be a size design of the packed-bed
region. Considering the fixed packed-bed height (14 m) in the present study, the size design of a cylinder-shaped packed-bed can be
further simplified to be a design of the packed-bed radius. The
packed-bed radius can be determined by the following sizing
strategy:
Step 1: Suppose an initial packed-bed radius, with which the
theoretical storage capacity (maximum storage capacity available
within the specified operating temperature range) of the

packed-bed TES can be calculated to be equal to the required
energy storage capacity in Day 2.
Step 2: Repeatedly perform the operation in Day 2 according to
the operation scheme, until a periodic state is obtained. During the
operation, if the system is fully charged/discharged ahead of schedule, the system turns to standby till the planned end of the process.
Step 3: Calculate the effective storage capacity of the system
obtained at the periodic state.
Step 4: Check the result. The packed-bed radius is considered to
meet the requirement if the difference between the effective storage capacity and the required storage capacity is less than 0.2%, or
else modify the packed-bed radius according to the ratio between
the effective storage capacity and the required storage capacity,
then repeat the Steps 2 and 3.
It is important to note that the present work aims to investigate
the cyclic thermal characteristics within the packed-bed region,
only from the perspectives of the scale design and operational control of the system. Other design details on the engineering and construction level of the system are out of the scope of the present
study, and will be taken into a further consideration in our future
works.

5. Results and discussions
5.1. Performance reference at the ideal periodic state
Design parameters including the mass consumption of the storage mediums and the theoretical storage capacity of each configuration involved in the first level of investigation are shown in
Table 3. The contribution of the capsule shell is not taken into
account in the present study. Under the same packed-bed height
and radius, the configurations containing a larger volume fraction
of the encapsulated PCM layers (especially the HT-PCM layer) have
a higher theoretical storage capacity, however, a higher consumption of molten-salt.
Thermal performances of each configuration at the ideal periodic state are also listed in Table 3. As can be seen, the type SH
has the lowest effective storage capacity (periodic operating duration). This can be attributed to (1) the lowest theoretical storage
capacity due to a lack use of latent heat, and (2) the low total
capacity factor resulting from a significant thermocline [29]. Both
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Table 3
Design parameters and thermal performances (at the periodic state) for each packed-bed configuration used for specific operations.
SH

LH-1

LH-2

LH-3

MLSPCM

Mass, 10 ton
For confined molten-salt
For encapsulated HT-PCM
For encapsulated LT-PCM
For solid-filler
For total

0.70
0.00
0.00
3.43
4.13

1.09
1.80
0.00
0.00
2.89

1.09
0.00
1.90
0.00
2.98

1.09
0.90
0.95
0.00
2.94

0.78
0.18
0.19
2.75
3.89

Theoretical storage capacity, GWt h
For confined molten-salt
For packed-bed
For total
Periodic operating duration, h
Effective storage capacity, GWt h

0.84
2.23
3.07
5.67
1.62

1.29
3.88
5.17
9.47
2.70

1.29
3.18
4.47
9.62
2.75

1.29
3.53
4.82
11.60
3.31

0.93
2.49
3.42
9.83
2.81

Capacity factor, %
For confined molten-salt
For packed-bed
For total
Pressure loss, Pa
Pump consumption within a cycle, kW h

53.0
52.7
52.8
<630
31.2

70.0
46.4
52.3
<66
5.8

72.1
57.1
61.4
<66
5.8

80.3
64.5
68.7
<66
7.4

80.2
82.9
82.2
<520
47.6

4

of the type LH-1 and LH-2 are of low capacity factors (especially for
packed-bed). This is due to the underutilization of the latent heat
caused by an excess arrangement of the PCM layers [32]. The type
MLSPCM has the highest capacity factors among all of the configurations. This benefits from a much higher utilization of the storage
capacity of the packed-bed [29]. As a result, the effective storage
capacity of the type MLSPCM is even higher than that of the
single-layered latent-heat configurations (LH-1 and LH-2), however, using a much lower amount of the costly encapsulated PCMs.
Pressure losses caused by the frictional resistance in packedbed during the operation are calculated using Eq. (7). The results
are time-varied on account of the time-varied mass flow rate and
viscosity of the molten-salt. For convenience, Table 3 only tabulates the maximum pressure loss during the ideal periodic cycle
for each configuration. As can be seen, the configurations containing higher volume fraction of sensible-heat layer are of higher
maximum pressure loss. This is because the porosity of the solidfiller layer is lower and the diameter of the solid-filler is smaller.
Energy consumptions to overcome the friction resistance in
packed-bed within the ideal periodic cycle are also calculated
(using an overall pump efficiency of 80%). The results show that
the configurations with higher periodic operating duration and
pressure loss consume more energy within an ideal periodic cycle.
To determine the total pumping head and calculate the total
pumping consumption, gravity heads and friction resistances in
other components including receivers, heat exchangers, TES distributors and pipelines are required to be further investigated in
the future.

5.2. Partial charge cycle
The proposed operation scheme described in Section 4.1 is carried out for each packed-bed configuration. Different numbers (1,
2, 4, and 8) of partial charge cycles are performed in the second
stage. The results obtained from performing 8 partial charge cycles
are exemplarily discussed for each configuration.
Fig. 4a depicts the temperature profiles of the confined moltensalt at the end of the charging and discharging process of the 1st
and 8th PCC for the SH packed-bed configuration. It is observed
that the thermoclines at both ends of the 8th PCC tend to develop
comparing with those of the 1st PCC. This phenomenon can be
attributed to two factors. The first one is that a thermocline always
tends to fill up the packed-bed region, due to the thermal diffusion
driven by the temperature difference of molten-salt. The second
one is that the flowing molten-salt and the solid-fillers (acting as
temporary dispersed heat sinks/sources for the surrounding
molten-salt during charging/discharging processes) can quickly
reach thermal equilibrium, on account that the solid-filler is of
strong thermal conductivity, small diameter, and lack utilization
of latent heat. As a result, the dispersion effect of the sensibleheat packed-bed on the development of thermocline is indistinctive. The thermocline degradation obtained after 8 PCCs spreads
to the subsequent FCCs. Fig. 4b shows that the area between two
temperature profiles of the 1st resumed FCC is smaller than that
of the periodic cycle. This indicates a reduction in utilizing the theoretical storage capacity [28,29,32] as the system resumes to perform a full charge cycle. The stored and released energy in each

Fig. 4. Temperature profiles of the confined molten-salt at the end of the charging and discharging process of the 1st and 8th PCC for the SH packed-bed configuration.
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Table 4
Energy storage/release capacity in the subsequent full charge cycles for each packed-bed configuration.
Cases

Charging capacity/discharging capacity, GWt h
SH

LH-1

LH-2

LH-3

MLSPCM

1st FCC
2nd FCC
3rd FCC
4th FCC
5th FCC
6th FCC
7th FCC
8th FCC
9th FCC

1.471/1.461
1.518/1.510
1.538/1.530
1.547/1.542
1.554/1.552
1.561/1.559
1.566/1.564
1.571/1.568
1.571/1.571

2.438/2.495
2.576/2.604
2.638/2.652
2.671/2.680
2.692/2.697
2.700/2.702
2.704/2.704
–
–

2.719/2.723
2.728/2.733
2.735/2.740
2.740/2.745
2.745/2.747
2.747/2.747
–
–
–

3.423/3.366
3.333/3.323
3.319/3.316
3.314/3.314
–
–
–
–
–

2.737/2.771
2.795/2.799
2.804/2.806
2.809/2.809
–
–
–
–
–

Fig. 5. Temperature profiles of the confined molten-salt at the end of the charging and discharging process of the 1st and 8th PCC for the LH-1 packed-bed configuration.

resumed FCC are listed in Table 4. It is calculated that the energy
stored and released in the 1st resumed FCC are 9.2% and 9.7% less
than those in the periodic cycle, respectively. Both of them
increase, and tend to be equal after 9 FCCs. A new periodic state
of the system is considered to be obtained at that time. However,
the effective storage capacity obtained at the new periodic state
is 3.0% less than that previously obtained. This reduction can be
considered as a permanent loss in effective storage capacity due
to the introduction of the partial charge cycles for this
configuration.
Similar to Figs. 4, 5 portrays the molten-salt temperature profiles for the type LH-1. Two separated thermoclines are observed
at the partial charge ends in Fig. 5a (the smaller one ranges from
550 °C to 570 °C, and the larger one ranges from 288 °C to
550 °C). The formation of the separated thermoclines can be attributed to the lack of thermal equilibrium between the latent-heat
packed-bed and the surrounding molten-salt. Since the melting
process of the encapsulated PCM keeps at a nearly constant temperature, the temperature increase inside the encapsulated PCM
always lags behind that of the surrounding molten-salt. In addition
to the poorer thermal conductivity, it takes longer time for dispersed PCM-fillers to reach thermal equilibrium with the surrounding molten-salt. As a result, the axial growth of the
completely melted packed-bed layer (identified by the smaller
thermocline) is much slower than the axial advance of moltensalt (identified by the larger thermocline). It can be considered that
the dispersion effect of the latent-heat packed-bed on the development of thermocline is much stronger and more obvious than that
of the sensible-heat packed-bed. As the partial charge cycles continue, significant degradations are observed for the larger thermocline at both ends. This is because the solidified HT-PCM acts as a
solid-filler in terms of heat storage below its melting point. Differently, the smaller thermocline at the partial charge ends as well as
a portion of the larger thermocline (above around 460 °C) at the

discharge ends are found to keep almost invariant. This indicates
that the thermocline development is limited by the ‘thermal
buffering effect’ [28] (where the temperature of the surrounding
molten-salt is forced to remain to be close to the PCT as the encapsulated PCM melts/solidifies). As observed from Fig. 5b, the smaller
area between the two temperature profiles of the 1st resumed FCC
also indicates a reduction in the utilization of the theoretical storage capacity. The results of Table 4 show that the energy stored
and released in the 1st resumed FCC reduce by 9.9% and 7.7% comparing with those in the periodic cycle, respectively. However, the
energy stored and released in the 7th resumed FCC fully recover to
the level of the previously obtained periodic cycle. This suggests
that the introduction of the partial charge cycles only causes a temporary decrease in the energy storage/release capacity of the LH-1
system.
Fig. 6a illustrates the evolution of the molten-salt temperature
profiles during the partial charge cycles for the type LH-2. The formation of the separated thermoclines observed at the discharge
ends (the smaller one ranges from 288 °C to 308 °C, and the larger
one ranges from 308 °C to 540 °C) can be explained using the same
mechanism as discussed above. As the partial charge cycles continue, the smaller thermocline is observed to advance to the top,
signifying a growth of the totally solidified packed-bed layer. This
is because hot molten-salt can hardly advance to the packed-bed
bottom to melt the solidified LT-PCM layer even at the partial
charge ends, while cold molten-salt can further solidify the LTPCM layer at the discharge ends. The larger thermocline significantly develops due to the fact that the melted LT-PCM acts as a
solid-filler in terms of heat storage above its solidification point.
Fig. 6b indicates a slight reduction in the utilization of the theoretical storage capacity as the system resumes to perform a full
charge cycle. The results shown in Table 4 also confirm this. The
energy stored and released in the 1st resumed FCC reduce only
by 1.0% and 0.9% comparing with those in the periodic cycle,
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Fig. 6. Temperature profiles of the confined molten-salt at the end of the charging and discharging process of the 1st and 8th PCC for the LH-2 packed-bed configuration.

Fig. 7. Temperature profiles of the confined molten-salt at the end of the charging and discharging process of the 1st and 8th PCC for the LH-3 packed-bed configuration.

respectively. Both of them are found to fully recover to the original
level (of the previously obtained periodic cycle) after 6 FCCs, where
a new periodic state is considered to be obtained. This indicates
that the introduction of the partial charge cycles only causes a
slight temporary decrease in the energy storage/release capacity
of the LH-2 system.
For the LH-3 packed-bed configuration, the evolution of the
thermoclines with the proceeding of the partial charge cycles
shown in Fig. 7a can refer to the explanations for Figs. 5a and 6a.
However, it is observed from Fig. 7b that the introduction of the
partial charge cycles has a different influence on the thermal
behavior of the subsequent FCC. According to Fig. 7b, the area
between the two temperature profiles of the 1st resumed FCC is
larger than that of the periodic cycle, indicating a greater utilization of the theoretical storage capacity of the system. The energy
stored and released in the 1st resumed FCC increase by 3.3% and
1.6% comparing with those in the periodic cycle, respectively. Similar to the other two latent-heat systems, the effective storage
capacity in the newly obtained periodic cycle recovers to the original level after 4 FCCs. This suggests that the introduction of the
partial charge cycles only causes a temporary increase in the
energy storage/release capacity of the LH-3 system.
The three-layered MLSPCM packed-bed can be regarded as an
extended type of the type LH-3 (PCM layers in the middle are
replaced by the solid-filler layer). On account of this, it is observed
from Fig. 8a that the evolution tendency of the thermoclines during
the partial charge cycles is similar to that of the type LH-3. However, temperature profiles in Fig. 8a are smoother than those in
Fig. 7a. This can be attributed to the stronger thermocline development in the solid-filler layer. Fig. 8b indicates a reduction in the

utilization of the theoretical storage capacity in the 1st resumed
FCC. The energy stored and released in the 1st resumed FCC are
2.5% and 1.4% less than those in the periodic cycle, respectively.
The system reaches a new periodic state after 4 FCCs with the
effective storage capacity fully recovering to the original level. This
suggests that the introduction of the partial charge cycles only
causes a temporary decrease in the energy storage/release capacity
of the system.
Table 5 shows the recoverability of the storage performance of
each configuration. It is found that the introduction of a number of
partial charge cycles can result in a permanent loss of effective
storage capacity only for the type SH. Besides, the permanent loss
increases with the number of the partial charge cycles. For the configurations employing encapsulated PCM layers, no permanent loss
is obtained no matter how many partial charge cycles are performed. For all configurations, it requires an increasing number
of full charge cycles to obtain a new periodic state as the number
of introduced partial charge cycles increases.
In summary, the introduction of partial charge cycles can break
the periodic state obtained by performing consecutive full charge
cycles, and can lead to variations in energy storage/release capacity
in the subsequent FCCs for all configurations (increases for the type
LH-3, and decreases for the other types). These are defined as the
‘partial charge effect’ of the packed-bed TES. The SH and LH-1 configuration present lower resistance, while the other configurations
containing the encapsulated LT-PCM are of stronger resistance to
the ‘partial charge effect’. Consecutive FCCs performed after the
partial charge cycles can result in a new periodic state for each
configuration. All but the type SH present a full recovery in effective storage capacity.
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Fig. 8. Temperature profiles of the confined molten-salt at the end of the charging and discharging process of the 1st and 8th PCC for the MLSPCM packed-bed configuration.

Table 5
Recovery of effective storage capacity at the newly obtained periodic state for each packed-bed configuration.
Case

After
After
After
After

Effective storage capacity at the newly obtained periodic state, GWt h/full charge cycles required

1
2
4
8

PCCs
PCCs
PCCs
PCCs

SH

LH-1

LH-2

LH-3

MLSPCM

1.599/3
1.590/4
1.585/6
1.571/9

2.704/4
2.704/5
2.704/6
2.704/7

2.747/4
2.747/5
2.747/6
2.747/6

3.314/2
3.314/3
3.314/3
3.314/4

2.809/3
2.809/3
2.809/3
2.809/4

5.3. Evaluation of a practical operation
Packed-beds with the different configurations used for the thermal performance evaluation of the 14-day practical operation (the
second level of investigation) are sized, according to the sizing
strategy described in Section 4.2. Design parameters and thermal
performances (at the periodic state) for each configuration are
shown in Table 6. To meet the energy dispatching requirement in
Day 2, the type SH requires the largest packed-bed radius and
the largest consumption of the molten-salt. The single-layered
latent-heat configurations (LH-1 and LH-2) require smaller
packed-bed sizes, however, huge consumptions of the encapsulated PCMs. The two-layered latent-heat configuration (LH-3)
requires an even smaller packed-bed size, and a less consumption
of the encapsulated PCMs. By contrast, the three-layered MLSPCM
configuration largely reduces the required mass of the encapsulated PCMs and the confined molten-salt, at the price of slightly
increasing the packed-bed size.
It is worth noting that the calculated radius (29.0 m) may not be
practical for construction. A serial/parallel design of multiple
packed-beds with the same radius (20.5 m for a two-tank design,
and 16.8 m for a three-tank design) can be adopted as an alternative. The serial design actually multiples the path length (the
packed-bed height) available for the motion of thermocline, which
can result in different thermal performances comparing with the
original design. By contrast, the parallel design equivalently
divides a large-scale packed-bed into several smaller ones, without
altering the packed-bed height. Therefore, the results of the thermal performances of the original design can be applicable for the
parallel design (if required) for each configuration.
Deviations between energy actually stored/released and theoretically stored/released during the 14-day operation are listed in
Table 7, with positive and negative values representing the
increased and decreased percentages, respectively. According to
the sizing strategy proposed in Section 4.2, the well-sized
packed-bed TES systems are supposed to be able to meet the maximum energy dispatching requirement (in Day 2) during the operation. However, significant reductions in both energy storage and

release capacity are found during the operation for the type SH
(Day 2, Day 12 and Day 13) and LH-1 (Day 2 and Day 12). These
reductions can be attributed to the ‘partial charge effect’ summarized in Section 5.2. It is calculated that the energy storage capacity
required in Day 1 is only 89.2% of the maximum one. Therefore, the
operation in Day 1 can be equivalently considered as a partial
charge cycle, with respect to that in Day 2. As a result of performing a number of PCCs (the operation in Day 1), TES systems with
the SH and LH-1 packed-bed configuration present a significant
temporary reduction in energy storage capacity in the subsequent
FCC (the operation in Day 2). Correspondingly, the energy actually
released in Day 2 decreases. The reductions in Day 12 and Day 13
can be explained in a similar way, since the operations from Day 3
to Day 11 (whose required energy storage capacities only range
from 78.9% to 92.9% of the maximum one) can be regarded as consecutive partial charge cycles, while the operations performed in
Day 12 and Day 13 (whose energy storage capacities are 98.7%
and 97.1% of the maximum one, respectively) can be regarded as
near-full charge cycles. No significant reductions in both energy
storage and release capacity are observed for the other configurations because of their relative stronger resistance to the ‘partial
charge effect’. Furthermore, slight fluctuations in energy release
capacity are found in some days for each configuration. This indicates that the actual energy release capacity can be slightly discrepant from the designed operation scheme, due to the variable
operating conditions.
The reduction in energy storage capacity can lead a discard of a
portion of energy collection. Fig. 9 exemplarily illustrates the ‘partial charge effect’ at a system level by comparing the practical
energy collection and consumption in Day 2 against the designed
ones of a CSP plant integrated with a well-sized SH packed-bed
TES. The practical received thermal power is observed to be equal
to the nominal thermal load of the power block from t = 9.72 h to
t = 11.06 h. During this period, the packed-bed TES performs a
standby operation, and a large amount of thermal energy collection
(0.21 GWt h) is discarded. On account of this, the practical discharging duration reduces by 0.72 h comparing with the designed
one. This is in accordance with the results shown in Table 7.
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Table 6
Design parameters and thermal performances (at the periodic state) for each packed-bed configuration used for practical operations.
SH

LH-1

LH-2

LH-3

MLSPCM

Packed-bed radius, m

29.0

22.5

22.4

20.5

22.2

Mass, 104 ton
For confined molten-salt
For encapsulated HT-PCM
For encapsulated LT-PCM
For solid-filler
For total

1.48
0.00
0.00
7.22
8.70

1.38
2.28
0.00
0.00
3.65

1.36
0.00
2.38
0.00
3.74

1.14
0.94
0.99
0.00
3.08

0.96
0.22
0.23
3.38
4.79

Theoretical storage capacity, GWt h
For confined molten-salt
For packed-bed
For total

1.76
4.69
6.45

1.63
4.91
6.55

1.62
3.99
5.60

1.36
3.71
5.06

1.14
3.06
4.20

Capacity factor, %
For confined molten-salt
For packed-bed
For total
Pressure loss, Pa
Pump consumption within a periodic cycle, kW h

54.4
54.1
54.2
<482
35.1

71.3
47.4
53.4
<86
6.4

73.1
58.1
62.4
<87
6.5

80.6
64.8
69.0
<105
8.2

81.0
83.8
83.1
<689
52.6

Table 7
Deviations between energy actually stored/released and theoretically stored/released during the 14-day operation for each well-sized packed-bed TES system. Significant
reductions caused by the ‘partial charge effect’ are in bold.
Day number

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Variation in energy stored, %/variation in energy released, %
SH

LH-1

LH-2

LH-3

HH-1

0.0/0.0
6.0/5.9
0.0/0.2
0.0/0.3
0.0/0.2
0.0/+0.4
0.0/0.0
0.0/0.0
0.0/0.0
0.0/0.0
0.0/0.0
4.0/3.9
1.4/1.2
0.0/0.0

0.0/0.0
3.8/3.2
0.0/0.3
0.0/0.8
0.0/+0.6
0.0/0.6
0.0/+0.4
0.0/0.0
0.0/0.0
0.0/0.0
0.0/0.2
1.7/1.1
0.0/0.0
0.0/-1.1

0.0/0.0
0.0/0.5
0.0/0.2
0.0/+0.3
0.0/0.0
0.0/0.0
0.0/0.0
0.0/0.2
0.0/0.0
0.0/0.0
0.0/0.0
0.0/0.3
0.0/0.2
0.0/0.0

0.0/0.0
0.0/1.0
0.0/+0.6
0.0/+1.1
0.0/0.5
0.0/+0.2
0.0/0.4
0.0/0.2
0.0/0.2
0.0/0.0
0.0/0.0
0.0/0.7
0.0/0.0
0.0/+1.0

0.0/0.0
0.0/0.7
0.0/+0.6
0.0/0.0
0.0/0.0
0.0/+0.2
0.0/0.0
0.0/0.2
0.0/0.0
0.0/0.0
0.0/0.0
0.0/0.5
0.0/0.0
0.0/+0.3

In summary, only the SH and LH-1 packed-bed TES are responsive to the ‘partial charge effect’ during the 14-day practical operation. In order to avoid the energy collection discard of a CSP plant
caused by the ‘partial charge effect’ under variable operating conditions, three general suggestions are given as references for the
scale design and operational control of the molten-salt packedbed TES (detailed qualitative and quantitative discussions about
these suggestions will be conducted in our future works):

(1) Employ a packed-bed configuration containing a LT-PCM
layer at the bottom, which has good resistance to the reduction in energy storage capacity caused by the introduction of
partial charge cycles and good recoverability against the
‘partial charge effect’.
(2) Design an oversized packed-bed with a certain margin in
effective storage capacity against the maximum energy storage requirement to compensate the unexpected reduction in
effective storage capacity during the practical operating
conditions.
(3) Reduce the discharging cut-off temperature to achieve a
deeper discharge after the system performs a partial charge,
which can provide an additional energy storage capacity for
the subsequent charge.
It is worth pointing out that the 14-day practical operation performed is only a demonstration operation under fine operating
conditions. In our future investigations, more comprehensive operation schemes and packed-bed sizing strategies are going to be
developed for a much longer operation period with more complex
weather conditions and grid demands.
6. Conclusion

Fig. 9. Comparison between the designed and practical energy dispatches (the
collection and consumption of thermal energy) of a CSP plant integrated with a
well-sized SH packed-bed TES system in Day 2.

The present work performs two levels of investigation on the
cyclic thermal characterization of a molten-salt packed-bed TES
system, based on a one-dimensional enthalpy-method D-C model.
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Three categories and five types (SH, LH-1, LH-2, LH-3 and MLSPCM)
of packed-bed configurations are involved.
In the first level of investigation, an ideal operation scheme is
proposed to investigate the thermal behavior of the introduced
partial charge cycles, and evaluate the effects on the thermal
behavior of the subsequent full charge cycles. The ‘partial charge
effect’ is identified qualitatively and quantitatively, by evaluating
the variations in thermocline development and energy storage
capacity, respectively. Important results can be summarized as
below:
(1) Consecutively performed full charge cycles result in a periodic state of the packed-bed TES, where energy stored and
released within a charge/discharge cycle are equal.
(2) Partial charge cycles lead to a further thermocline development within the sensible-heat packed-bed layer (or the
latent-heat layer acts equivalently as a sensible-heat layer
in terms of heat storage).
(3) Partial charge cycles lead to variations in energy storage/
release capacity in the subsequent FCCs for all configurations
(increases for the type LH-3, and decreases for the other
types).
(4) Consecutive full charge cycles performed after the partial
charge cycles result in a new periodic state for each configuration. All but the SH packed-bed TES present a full recovery in effective storage capacity at the newly obtained
periodic state. The permanent loss in effective storage capacity of the SH packed-bed TES increases with the number of
the introduced partial charge cycles.
Furthermore, in the second level of investigation, a practical
operation scheme is proposed to evaluate the thermal performance
of the packed-bed TES over a 14-day practical operation based on
variable energy collections. Packed-beds with different configurations are well-sized to be able to theoretically meet all energy dispatching requirements during the operation. However, in the
practical operation, actual storage capacities reduce to various
degrees (from 1.1% to 6.0%) for different packed-bed configurations, due to the ‘partial charge effect’. The reductions in energy
storage capacity also result in discards of energy collection and
reductions in energy release capacity.
Overall, the present work presents a new perspective to evaluate the availability of the packed-bed TES for CSP plants, which can
provide guidelines for the scale design and operational control of
the packed-bed TES system for CSP plants.
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