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A B S T R A C T   

Heat transfer enhancement and optimization are found to be essential for the PCM (phase change material) 
thermal energy storage design. In this work, the performance advantage of the packed bed PCM storage unit 
design is analyzed in comparison, and the impacts of key geometric parameters of a packed bed unit were 
numerically investigated. The optimized shell-and-tube design, based on the hexagonal circle configuration, 
serves as the benchmark for the comparison. The thresholds of the bed and PCM-capsule diameter ratio,D/d, is 
found, above which the effective energy storage capacity of the packed bed would be higher than that of an 
optimal shell-and-tube unit. The threshold of D/d can be quantitatively correlated to the superficial velocity of 
the heat transfer fluid, providing a pathway for the tailored design of a packed bed PCM thermal storage system. 
In conclusion, it was found that packed bed units are advantageous due to their larger surface-to-volume ratio, in 
particular in large-scale applications. This work proposes a numerical analysis based framework to design packed 
bed PCM storage units in comparison with shell-and-tube units so that a proper type of PCM thermal storage 
design can be selected under a specific geometric and operational condition.   

1. Introduction 

Global energy supplies are unstable and are increasingly challenged 
by growing demands and constraining carbon emissions limits. This has 
seen a significant increase in the proportion of renewable energy supply 
in recent years, adding a further challenge to existing energy systems to 
maintain stable operation [1,2]. By shifting load from on-peak to off- 
peak hours, energy storage can alleviate the imbalance of the energy 
supply and demand [3], and can address the intermittent energy supply 
issues of renewable technologies. Thermal energy storage (TES) can 
serve small and large scale energy storage requirements, complementing 
electrical energy storage. Due to their ability to release or absorb large 
quantities of latent heat, phase change materials (PCMs) are receiving 
attention these days as important TES materials. Compared with the 
traditional sensible heat storage approach, latent heat thermal energy 
storage (LHTES) systems have the potential for higher energy storage 
capacity and efficiency [3–5]. 

Despite the high thermal storage density of latent heat storage, the 

low thermal conductivity of PCMs around 0.2–0.5W/(m • K) [6], re-
mains a limiting factor. The LHTES system productivity is highly 
affected during the phase change process, which could lead to in-
efficiency in large-scale practical application [7]. Hence, extensive 
studies have focused on increasing the effective thermal conductivity of 
PCMs to enhance their heat transfer performance. By combining mate-
rials of high thermal conductivity with PCMs and by introducing unit 
design modifications, the heat transfer inside PCMs could be greatly 
improved. Previous studies showed that graphene nanoparticles [8], 
carbon-based fillers [9], metal foams [10] and fins [11] can improve the 
heat transfer performance by 5–130 times higher. 

Two common modalities for the LHTES unit design are the shell-and- 
tube and the packed bed. Heat transfer enhancement of PCM is found to 
be essential for the shell-and-tube storage unit design [12]. In compar-
ison, a design framework on the performance evaluation for packed bed 
PCM storage unit design is lacking. The packed bed TES system is 
composed of packed solid materials and circulated heat transfer fluid. 
The solid fillers could be rocks, steel and other materials making use of 
sensible heat or capsules filled with PCM. By packing a large number of 
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PCM sphere capsules, the surface-to-volume ratio is increased, resulting 
in a higher heat transfer rate [13]. Besides, encapsulation shows ad-
vantages in preventing chemical reactions, improving material 
compatibility and making the phase change process more flexible [14]. 
The effects of the inlet temperature and flow rate of heat transfer fluid 
have been widely investigated and it was generally concluded that with 
the increase of the difference between inlet temperature and phase 
change temperature and the increase of inlet flow rate, the charging or 
discharging rate would be higher [15–17]. Besides, a smaller capsule 
diameter is beneficial to increase the effective discharging efficiency 
[16] and the charging rate [17]. The heat transfer in a packed bed 
LHTES unit could be further improved by enhancing the effective ther-
mal conductivity of PCM capsules. By encapsulating PCM with expanded 
graphite, the effective thermal conductivity can be increased by 12 
times, from 0.6 to 7.2 W/(m • K) [18]. Besides, by inserting aluminium 
alloy [19] and fins [20] into the spherical capsule, the phase change 
time could be greatly shortened by up to 50%. Recent studies on packed 
bed PCM storage found that the radial porosity oscillation of PCM cap-
sules would lead to non-uniform velocity distribution of fluid [21]. 
Kumar and Saha [22] explored the potential of cylindrical PCM capsules 
as an alternative to develop a leakproof and low-cost solution and 
pointed out the importance of considering the thermal stress in the tank 
wall in the design. Grabo et al. [23] found that super-ellipsoidal PCM 
capsules with holes and grooves can achieve higher packing densities 
and enhance heat transfer, contributing to a 20% increase in energy 
density. Moreover, multi-layered packed bed TES systems, with varying 
PCM melting temperature along the flow direction, has been research 
interests in recent years, as they can improve the stratification in the 
storage tank and thus leads to higher charging rates, energy/exergy ef-
ficiencies [24–26]. 

Several numerical approaches are mainly adopted by current nu-
merical studies on packed bed TES system performance, including the 
single phase model [27], Schumann’s model [17], concentric dispersion 
model [28,29] and continuous solid phase model [30,31]. The single 

phase model considers heat transfer fluid (HTF) and PCM as one phase 
and thus can be only applicable when the solid has both high thermal 
conductivity and thermal capacity compared with HTF [32]. In com-
parison, by considering the capsule and HTF as two separate phases, the 
concentric dispersion model shows advantages in solving the thermal 
gradient inside PCM and the continuous solid phase model is capable of 
solving thermal conduction in the radial and axial directions [33]. In 
contrast, Schumann’s model considers neither heat conduction nor 
thermal diffusion inside solid capsules [34]. 

Even though packed bed TES units show higher charging and dis-
charging rates, compared with storage units with bulk PCMs [29], more 
than 70% of LHTES studies focus on the shell-and-tube type [35]. The 
influences of design parameters on a shell-and-tube TES unit have been 
widely studied [36,37] and the charging/discharging time and phase 
change fraction are the main indicators to measure energy storage 
performance. With benchmarking to the traditional shell-and-tube units, 
we aim to develop a design framework on the performance evaluation 
for packed bed PCM storage unit design. As a result, this paper presents a 
model-based design framework for the packed bed TES unit, by maxi-
mizing the effective energy storage ratio Est [37]. The impacts of geo-
metric parameters (capsule diameter d, tank diameter D and tank height 
L) and effective thermal conductivity keff are investigated. The packed 
bed TES unit’s Est is compared with one of the optimal shell-and-tube 
units under the same tank aspect ratio and HTF superficial velocity. 
The optimal shell-and-tube design, based on the hexagonal circle 
configuration, serves as the benchmark for the comparison. The 
thresholds of the bed and PCM-capsule diameter ratio D/d are found, 
above which Est of the packed bed would be higher than that of an 
optimal shell-and-tube design. A comparison of the two scenarios 
against the packed bed unit is analyzed under different design param-
eters (aspect ratio of the tank L/D) and operational parameters (super-
ficial velocities usup). The thresholds of diameter ratio D/d provide a 
pathway for the tailored design of a packed bed PCM storage. 

In this work, the concentrated solar power (CSP) plant, a promising 

Nomenclature 

ap particle surface area per unit volume of the packed bed 1/ 
m 

cp specific heat capacity kJ/(kg • K) 
d capsule diameter m 
di inner tube diameter m 
do inner tube diameter m 
D tank diameter m 
D/d diameter ratio – 
Est effective energy storage ratio – 
h convective heat transfer coefficient W/(m2 • K) 
h inter interstitial convective heat transfer coefficient W/(m3 • K) 
ℏ specific enthalpy kJ/kg 
k thermal conductivity W/(m • K) 
L tank height m 
L/D aspect ratio of the tank - 
H latent heat kJ/kg 
Qeff effective energy storage capacity J 
Q∞ theoretical energy storage capacity J 
qc charging rate W 
t time s 
T temperature K 
u interstitial fluid velocity m/s u =

(
4V̇

)/(
επD2)

usup superficial fluid velocity m/s usup =
(

4V̇
)/(

πD2)

V volume m3 

V̇ volumetric flow rate m3/s 
v velocity vector m/s 

Subscripts 
sat shell-and-tube 
eff effective 
f fluid 
in inlet 
l liquid 
m melting 
op optimal 
out outlet 
p pump 
pb packed bed 
s solid 
t tube 
w water 

Greek letters 
ε void fraction - 
λ PCM volume ratio - 
φ capacity effectiveness - 
η heat transfer effectiveness - 
ρ density kg/m3 

μ dynamic viscosity Pa • s 

Abbreviations 
HTF heat transfer fluid 
LHTES latent heat thermal energy storage 
PCM phase change material 
TES thermal energy storage  
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solution for heating and power generation [24,38], is selected as the 
energy application for the analysis of packed bed PCM units. The 
application is used as an example to illustrate the concept of “thresholds 
of bed and PCM-capsule diameter ratio” to assist design and the meth-
odology can be potentially generalized for the packed bed units under 
other scenarios. The advantage of packed bed PCM units under higher 
flow rates by maintaining a large surface-to-volume ratio is exhibited. 
The numerical analysis based framework proposed could serve as a 
guideline for designing packed bed LHTES systems, and the study’s 
model-based method can be a reference for designers in their choice of 
the design modality, based on specific geometric and operational 
parameters. 

2. Methodology 

2.1. System configuration 

As two mostly implemented types of TES systems using PCM, the 
schematic of the packed bed and shell-and-tube systems are shown in 
Fig. 1. In the packed bed system, PCM is encapsulated in capsules with 
HTF flowing through the spheres. In contrast in the shell-and-tube sys-
tem, HTF flows through the inner tubes and PCM exists in the bulk form 
between the inner tube wall and the tank wall. 

Based on the geometry of packed bed and shell-and-tube, the key 
performance index, effective energy storage ratio Est [37] for the ther-
mal storage system is defined in Eqs. (1)–(3). The effective energy 
storage capacity Qeff indicates the actual amount of the heat stored when 
charging, while QHTF is the ultimate energy storage capacity of an ideal 
stratified sensible heat storage system with the heat transfer fluid used 
for the LHTES system, which is Therminol Vp1 in this study. Therefore, 
QHTF serves as a benchmark for the TES system using PCM and an LHTES 
system with Est larger than one means that the latent heat storage out-
performs the stratified sensible heat storage. T0 and V refer to the initial 
temperature and volume of the sensible or latent heat storage system, 
respectively. For the packed bed, since the 1D continuous phase model is 

used in this study, Tout is directly the outlet temperature calculated by 
simulation. As for the shell-and-tube, Tout is calculated as the mass- 
weighted average temperature at the tube outlet, as shown in Eq. (4). 

Est =
Qeff

QHTF
(1)  

QHTF = ρfcp,fV(Tin − T0) (2)  

Qeff =

∫ teff

0
ṁcp,f(Tin − Tout)dt (3)  

Tout =

∫ di
2

0 T(r) • ρfu(r) • 2πrdr
ṁ

=

∫ di
2

0 T(r)u(r)rdr
∫ di

2
0 u(r)rdr

. (4) 

The effectiveness-NTU theory [39,40] has been applied to determine 
the effective energy stored and to measure the performance of LHTES 
units in this study. As a concept originally developed for heat ex-
changers, the effectiveness is the ratio of the actual heat transfer rate to 
the maximum possible heat transfer rate [41]. For an LHTES unit, the 
heat transfer effectiveness is characterized as the temperature difference 
between inlet and outlet over the maximum temperature difference, 
shown in Eq. (5) [39]. NTU (number of heat transfer units) is defined as 
(UA)/

(
ṁcp

)
, where U is overall heat transfer coefficient, A is heat 

transfer area, ṁ is fluid mass flow rate and cp is fluid specific heat ca-
pacity. For the charging process, the PCM temperature used to measure 
the maximum temperature difference is the melting temperature. The 
sensible energy of the PCM has been ignored in the definition of η, as the 
effect is negligible considering the amount of latent heat [39]. 

η =
Tin − Tout

Tin − Tm
= 1 − e− NTU (5) 

According to Eq. (5), during the charging process, the heat transfer 
effectiveness η drops, when the outlet temperature rises. A minimum η 
should be determined, to make sure that the heat transfer between HTF 

Fig. 1. Schematic of LHTES design modalities: (a) Packed bed; (b) Shell-and-tube.  
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and PCM is still effective. η = 0.8 was chosen as the minimum value in 
this study. Thus, the outlet temperature should not exceed a certain 
value, which is called the cut-off temperature, to ensure the effectiveness 
is larger than 0.8. The energy stored before reaching the minimum heat 
transfer effectiveness is calculated as the effective energy storage ca-
pacity Qeff, shown in Eq. (3). As illustrated above, controlling the outlet 
temperature of the heat transfer fluid ensures the heat transfer effec-
tiveness between PCM and HTF in the storage system. In addition, there 
may exist direct requirements on the outlet temperature in applications. 
For example, when discharging the heat released by devices in data 
centers and storing it in the TES system, the outlet temperature of HTF 
must be controlled under a certain value before it is circulated back to 
device cooling, to avoid damage to devices due to high temperature. 

The theoretical energy storage capacity Q∞, the capacity effective-
ness φ and the theoretical effective energy storage ratio Est, ∞ are defined 
in Eqs. (6)–(9), to indicate the energy has been stored compared with the 
maximum value in a storage unit with PCM. V is the storage unit volume 
and ε is the void fraction, which is the percentage of HTF in the LHTES 
unit. The charging rate qc measures the energy storage efficiency 
regarding time. 

Q∞ = (1 − ε)ρPCMV
[
cp,PCM(Tin − T0)+H

]
+ ερfcp,fV(Tin − T0) (6)  

φ =
Qeff

Q∞
(7)  

Est,∞ =
Q∞

QHTF
(8)  

qc =
Qeff

teff
(9) 

An illustration of the above-mentioned indices including Est, Qeff, 
Q∞, QHTF and qc are represented in Fig. 2. In this study, the performance 
of the packed bed and shell-and-tube storage unit is mainly estimated by 
the effective energy storage ratio Est. In general, a value of Est indicates 
effective thermal storage with PCM as the storage unit outperforms the 
one utilizing sensible heat. A larger value of Est is more desirable as the 
effective energy storage capacity is higher. The goal when designing a 
TES unit with PCM is to maximize the key performance index Est and the 
index could be used to compare the storage performance of packed bed 
and shell-and-tube storage units. 

2.2. Comparison approach 

A single concentric cylinder unit was simulated for the shell-and- 
tube unit, with a hypothetical outer tube to approximate the hexagon 
boundary between the tubes, as shown in Fig. 3. Therefore, the cross- 

sectional area ratio of the inner tube and hexagon boundary in the 
shell-and-tube tank can be compared to the void fraction ε for a packed 
bed, and calculated as follows: 

εtank =

̅̅̅
3

√
π

6
di

2

do
2 (10) 

The inner tube diameter di was chosen as 10 mm for the concentric 
cylinder unit. For the packed bed system, when the diameter ratio D/d is 
varying between 4 and 21, the void fraction ε varies from 0.40 to 0.44. 
As for the shell-and-tube unit, an optimal PCM volume ratio λop exists by 
varying the outer tube diameter [36]. The PCM volume ratio λ is 
calculated as 1 − di

2
/do

2, which means that the void fraction of a shell- 
and-tube tank could be more variable than that of a packed-bed. 

The circle packing number nt, i.e. the number of inner tubes, could be 
obtained as the area ratio of tank’s cross-section over hexagon, shown in 
Eq. (11): 

nt =
πD2

4
6do

2

4
̅̅
3

√

=

̅̅̅
3

√
π

6
D2

do
2. (11) 

Therefore, the inlet velocity and Reynolds number of the inner tube 
of the concentric cylinder unit could be calculated after the volumetric 
flow rate is specified: 

uin =
4V̇

nt • πdi
2, (12)  

Ret =
ρfdiuin

μf
=

4ρfV̇
ntμfπdi

. (13) 

Fig. 2. Illustration of indices used in this study: (a) Calculation of effective energy storage ratio Qeff; (b) Relationship among Est, Est, ∞, Qeff, Q∞, QHTF.  

Fig. 3. Hexagonal circle packing assumption  
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For the comparison purpose, the tank diameter D was set as 250 mm 
for both shell-and-tube and packed bed tanks. The tank length L and 

superficial velocity usup =
(

4V̇
)/(

πD2
)
, which varies in parametric 

studies, were kept the same when comparing. The superficial velocity is 
defined as the flow velocity given the cross-sectional area of the tank. It 
should be noted that when the volumetric flow rate is changing, the 
Reynolds number is also changing according to Eq. (13). 

2.3. Numerical model 

The commercial modeling software COMSOL Multiphysics 5.3a 
(COMSOL, Inc., USA), was used for the numerical simulation. For the 
simulation of the packed bed, as temperature variations over time and 
tank height for HTF are the main concerns to study the effective energy 
storage capacity in this paper, 1D continuous solid phase model was 
applied to study the heat transfer of both HTF and PCM in the packed 
bed TES system. The model shows reasonable consistency with experi-
mental results, which is shown in the validation part. 

2.3.1. Governing equations 
For packed bed systems, the energy equations [30] of HTF and PCM 

are as follows, which takes the local thermal non-equilibrium as the 
assumption: 

εcp,fρf

(
∂Tf

∂t
+ u

∂Tf

∂y

)

= kf
∂2Tf

∂y2 + h inter
(
TPCM − Tf

)
(14)  

(1 − ε)cp,effρPCM
∂TPCM

∂t
= keff

∂2TPCM

∂y2 + h inter
(
Tf − TPCM

)
(15) 

The interstitial fluid velocity can be derived through the volumetric 
flow rate: u = 4V̇/

(
επD2). When the conduction resistance in the solid 

cannot be neglected, an effective heat transfer coefficient heff can be 
estimated by Eq. (16) [42], in which coefficient n depends on the solid 
shape and for sphere n = 10. The effective heat transfer coefficient 
method gives good results and has been applied by previous studies in 
packed bed system simulations [43,44]. 

1
heff

=
1
h
+

d
kPCM • n

(16)  

h inter = heffap (17)  

ap =
6(1 − ε)

d
(18) 

In Eqs. (16)–(17), h inter is the interstitial convective heat transfer 
coefficient and ap is the particle surface area per unit volume of the 
packed bed. It should be pointed out that the bulk PCM thermal con-
ductivity kPCM used in Eq. (16) was adopted as the effective thermal 
conductivity of the solid in a packed bed keff, which ignores the influence 
of contact conduction on the effective thermal conductivity. This is 
acceptable as conduction is a second-order phenomenon compared to 
convective heat transfers and the characteristic time of conduction is 
much lower than convection one [42]. Therefore, for simplification, the 
analysis of the effective thermal conductivity’s influences on the packed 
bed storage capacity in Section 3.2 refers to the thermal conductivity of 
bulk PCM. The empirical Nusselt number correlation [45] for the fluid- 
solid interface could be used to calculate the convective heat transfer 
coefficient h. The calculation of dimensionless number and void fraction 
[46] are given in Eqs. (19)–(21). 

Nu = 2+ 1.1Re0.6Pr
1
3 =

hd
kf

(19)  

Re =
ρf(εu)d

μf
,Pr =

μfcp,f

kf
(20)  

ε = 0.4+ 0.05
(

d
D

)

+ 0.412
(

d
D

)2

,
d
D
≤ 0.5 (21) 

To effectively describe packed beds using the above continuum 
equations requires a minimum mesh size to be sufficiently larger than 
the feature size, i.e., particle size d. For the numerical model, the 
sampled volume should be large enough to represent its entity, satis-
fying the continuum assumption that local fluctuations can be volu-
metrically averaged. In this study, as the axial element with a mesh size 
of dy in the one-dimensional model is an average value of the radial 
cross-section of a 3D volume of πD2dy/4, the packed bed would satisfy 
the continuum assumption if this representative volume is sufficiently 
larger than the unit cell volume of πd3/6(1 − ε). Dixon [47] suggested 
that for packed bed containing spheres, the pseudo-continuum models 
are reasonable down to the tube-to-diameter ratio equal to 4. Thus, D/ 
d is controlled to be larger than 4 in this study, to ensure the validity of 
the continuous solid phase model. 

As shown in Fig. 3 (a), the 2D axisymmetric domain representing a 
concentric cylinder in the shell-and-tube system was simulated. Eqs. 
(22)–(24) indicate the continuity, momentum and energy equations for 
heat transfer fluid. As for the PCM domain, the heat transfer equation is 
shown in Eq. (25). Conjugate heat transfer was applied through the Non- 
Isothermal Flow module in COMSOL. The inlet temperature and velocity 
of the heat transfer fluid, and the pressure at the outlet were determined 
as the boundary conditions. For the fluid flow module, no-slip condition 
was applied to the wall of the inner tube. As for the heat transfer module, 
thermal resistance between fluid and PCM has been neglected and all 
boundaries except the inlet and outlet were assumed as thermally 
insulated. 

ρf∇ • (v) = 0 (22)  

ρf
∂v
∂t

+ ρf(v • ∇)v = ∇ •
[
− p+ μf

(
∇v+(∇v)T ) ]

+ ρfg (23)  

ρfcp
∂Tf

∂t
+ ρfcp,fv • ∇Tf +∇ •

(
− kf∇Tf

)
= 0 (24)  

ρPCMcp,eff
∂TPCM

∂t
+∇ • ( − kPCM∇TPCM) = 0 (25)  

2.3.2. Effective heat capacity model 
The effective heat capacity method is applied to solving the PCM 

domain for both packed bed and shell-and-tube units. By considering the 
phase change range of PCM, more precise results could be obtained. The 
method assumes PCM’s specific heat as a function of temperature cp, eff 
= f(T), which takes the latent heat during the phase change process into 
account. 

As shown in Fig. 4, the enthalpy for PCM is defined with a modified 

Fig. 4. The effective specific heat method: 
effective specific heat capacity cp, eff and specific enthalpy ℏ 
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step function σ(x), which has the transition zone size as PCM phase 
change temperature range. In Eq. (26), Tm refers to the melting tem-
perature of PCM and H indicates the latent heat. The first term on the 
right side represents the enthalpy contributed by the sensible heat of 
PCM. The melting temperature is determined by the start and end 
temperature, Ts and Tl, of the melting process, shown in Eq. (27). Hence, 
the effective specific heat capacity cp, eff in the heat transfer governing 
equation is a piecewise function shown in Eq. (28), in which the effective 
heat capacity during the phase change is represented by the derivative of 
the enthalpy function over temperature. 

ℏ = cp,sT +H • σ(T − Tm) (26)  

Tm =
Ts + Tl

2
(27)  

cp,eff =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

cp,s, T ≤ Ts

dℏ
dT

, Ts < T < Tl

cp,l, T ≥ Tl

(28) 

The direct solver of PARDISO and MUMPS was applied for shell-and- 
tube and packed bed respectively during the simulation. As for the time- 
dependent solver, segregated method and fully coupled method were 
applied for shell-and-tube and packed bed, respectively. The absolute 
tolerance for solvers was 0.0001. The spatial and temporal discretization 
schemes are shown in Section 2.5. 

2.4. Model validation 

The results of the PCM charging process from the experimental study 
of Nallusamy et al. [15] were adopted to validate the numerical model of 
the packed bed system. The parameters for the packed bed TES system 
and PCM properties used in the experiment are specified in Table 1. 

The HTF temperatures at the middle height and the outlet of the tank 
(y/L = 0.5, y/L = 1) were chosen for the validation. The independence of 
the mesh and time step was checked during the validation process. The 
mesh size of 10 mm and the time step of 1 s were adopted for validation. 
As shown in Fig. 5, there exists a discrepancy in PCM temperature be-
tween experimental and numerical results. This could be explained by 
the fact that in the numerical model, PCM is considered as a continuous 
phase. However, in experiments temperature at a single point is 
measured inside a capsule and the thermal gradients exist inside a single 
capsule. Note that the bulk thermal conductivity of PCM is relatively 
low, thus providing noticeable temperature difference, even within 

single capsules. On the other hand, HTF temperature varying with time 
from numerical simulations fits well with the experimental results and 
thus the error is considered within the acceptable range. Since in this 
study, HTF temperature is the main concern to estimate the effective 
energy storage ratio Est, the validation results show that the numerical 
model is reliable enough to analyze the overall storage performance of 
the packed bed storage unit. 

As for the concentric cylinder unit in shell-and-tube systems, the 
validation results and corresponding parameters for validation can be 
found in the previous publication [36]. 

2.5. Parametric studies for design comparison 

The default settings for the design comparison of packed bed and 
shell-and-tube are specified in this section. For the heat transfer fluid 
domain, the initial temperature T0, inlet temperature Tin and superficial 
velocity usup are 192 ◦ C, 252 ◦ C and 0.00340 m/s, respectively. The 
initial temperature of PCM is the same as the one of HTF, i.e. 192 ◦ C. 
The properties of PCM [48] and HTF are shown in Table 2, in which HTF 
properties are specified as the ones when the temperature is 220 ◦ C 
[49]. As indicated in Section 2.1, the minimum heat transfer effective-
ness is η = 0.8 and the according cut-off outlet temperature is 228 ◦ C. 
When the outlet temperature reaches the outlet temperature, the 
charging process stops and the effective energy storage capacity is 
calculated. 

The base geometric parameters for the packed bed were set as L = 2 
m, D = 0.25 m, d = 30 mm. The mesh sensitivity was analyzed and 
eventually the mesh size of 10 mm and the time step of 0.1 s was chosen 
for studying the geometric parameters of the packed bed. As for the 
system comparison study, the superficial velocity, tank height and tank 
diameter were kept the same for both systems. 

Table 1 
System parameters and PCM properties [15] for validation.  

System Parameter Value 

Tank height (m)  0.46 
Tank diameter (m)  0.36 
Spherical capsule diameter (mm)  55 
Flow rate (L/min)  2 
Inlet temperature (◦C)  70 
Initial temperature (◦C)  32 
Void fraction (− )  0.5   

PCM Property Value 

Latent heat capacity (kJ/kg) 213 
Melting temperature (◦C) 60 ± 1 
Specific heat capacity (solid) (kJ/(kg • K)) 1.85 
Specific heat capacity (liquid) (kJ/(kg • K)) 2.384 
Thermal conductivity (solid) (W/(m • K)) 0.4 
Thermal conductivity (liquid) (W/(m • K)) 0.15 
Density (solid) (kg/m3) 861 
Density (liquid) (kg/m3) 778  

Fig. 5. Validation of packed bed unit against experimental data [15]  

Table 2 
PCM and HTF properties used in this study.  

PCM: Solar Salt 
(60% NaNO3 + 40%KNO3) 

HTF: Therminol Vp1 (Biphenyl/diphenyl oxide 
mixture) 

H (kJ/kg)  161 μ (Pa • s)  0.000345 
Tm (◦C)  222 ρ (kg/m3)  895 
ΔT (◦C)  40 cp (J/(kg • K))  2101 
ρ (kg/m3)  1924 λ (W/(m • K))  0.1106 
cp (J/(kg • K))  1490   
λ (W/(m • K))  0.5    
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3. Results and discussions 

3.1. The effect of geometric parameters on the packed bed 

Based upon the default parameter settings (L = 2 m,D = 0.25 m,d =

30 mm, V̇ = 10 liter/min) and specified mesh size and time step, the 
numerical simulation for a two-hour PCM charging process was 
completed. The temperature distributions of HTF and PCM in the packed 
bed TES system are shown in Fig. 6. The figure shows the temperature 
every four minutes in the axial direction. It could be seen that as time 
increases, the temperature of both PCM and HTF increases. Meanwhile, 
the temperature increase rate of PCM is lower than that of HTF. After 
two hours of charging, PCM and HTF temperature in the whole tank 
reaches the inlet temperature, which means that there exists no more 
heat transfer and effective energy storage from HTF to PCM, according 
to Eq. (3). 

To investigate the dimensionless geometric effects on the effective 
energy storage performance in the packed bed LHTES system, a group of 
parametric studies were performed. The diameter ratio in this study 
satisfies D/d > 5 and different combinations of D, d and L are sampled for 
parametric studies. To obtain 8 sets of diameter ratios D/d including 
5.56, 7.71, 9.33, 11.60, 13.18, 15.00, 17.65 and 20.67, descending 
capsule diameter d and ascending tank diameter D are combined. The 
combinations of (d, D) in the unit of (mm, m) are specified as follows: 
(45, 0.25), (35, 0.27), (30, 0.28), (25, 0.29), (22, 0.29), (20, 0.30), 
(17,0.30) and (15, 0.31). The tank height L of 1 m, 2 m, 3 m, 5 m, 7 m 
and 9 m are adopted to be combined with the above-mentioned eight 
diameter ratio D/d values to obtain 48 sets of studies. Another 15 sets of 
parametric studies for higher L/d are added by increasing L. The addi-
tional combinations of (D/d, L) are as follows: (5.56, 15 m), (5.56, 20 m), 
(5.56, 25 m), (7.71, 12 m), (7.71, 15 m), (7.71, 19 m), (9.33, 13 m), 
(9.33, 17 m), (11.60, 11 m), (11.60, 14 m), (13.18, 10 m), (13.18, 12 m), 
(15.00, 10 m), (15.00, 11 m), (17.65, 10 m). Under the superficial ve-
locity of 0.00340m/s, the results of the total 63 sets of parametric 
studies are shown in Fig. 7. 

Fig. 7 exhibits how the effective energy storage ratio Est varies as the 
two dimensionless geometric parameters D/d and L/d. It can be 
observed that as either D/d or L/d increases, the energy storage per-
formance is enhanced. One thing that should be noted in this figure is 
that only when both D/d and L/d are small (eg. D/d = 5.56, L/d = 22.2), 
the packed bed LHTES system is ineffective (Est = 0.794 < 1). However, 
the storage systems are effective for all other cases (Est > 1). In other 
words, as long as the diameter ratio D/d is larger than 8 or the length 
ratio L/d is larger than 45, the system can be ensured to be effective. In 
addition, no significant enhancement Est is shown when D/d is larger 
than around 12 and when L/d is approximately higher than 100. As 
shown in the figure, the 3D plot is nearly a plateau as D/d and L/d gets 
larger. This is because Est is approaching the theoretical effective energy 

storage ratio Est, ∞, which is the maximal energy that could be stored in 
the LHTES system under given parameters. 

It should be mentioned that even though Est increases as d decreases, 
the pressure drop over the entire tank increases in the meantime. 
Therefore, it is necessary to estimate the variation of energy consump-
tion while changing the capsule size. The Ergun equation shown in Eq. 
(29) is applied in the study to estimate the pressure drop over the packed 
bed system and Eq. (30) estimates the energy consumed by the pump 
due to the pressure drop. 

Δp
L

= 150
(1 − ε)2

ε3
μfu
d2 + 1.75

(1 − ε)
ε3

ρfu2

d
(29)  

Qpump = ΔpV̇t (30) 

It was found that a smaller capsule diameter leads to a higher per-
centage of energy consumption over energy storage Qpump/Qeff. How-
ever, even when d is 10 mm, Qpump/Qeff is still smaller than 1e-4%, 
which means that the effect of an increase in energy consumption on the 
packed bed TES system could be neglected, under the specified condi-
tions. It should be noted that a smaller capsule size would result in more 
capsules required for packing, and thus the investment cost of the 
packed bed unit could increase significantly. 

In conclusion, the dimensionless scaling analysis provides the 
designer with a more objective approach to choosing design parameters, 
by maximizing the effective energy storage ratio. As for a specific 
application, the energy storage ratio over costs could be calculated to 
estimate the economic aspects of the packed bed LHTES system. 

Fig. 6. Temperature distribution in the packed bed TES system of the two-hour charging process: (a) HTF; (b) PCM  

Fig. 7. Dimensionless scaling: Est vs D/d and L/d  
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3.2. The effect of the effective thermal conductivity keff 

By encapsulating PCM with expanded graphite or inserting metal fins 
into PCM capsules, a higher effective thermal conductivity of PCM and a 
higher phase change rate could be achieved. This section examines the 
influences of the effective thermal conductivity keff on the energy stor-
age performance of the packed bed unit. As specified in Section 2.3.1, to 
simplify the analysis, the PCM thermal conductivity was regarded as keff 
in the numerical model. The tank height, tank diameter and superficial 
velocity were fixed at 5 m, 0.25 m and 0.0170 m/s, respectively. The 
effective thermal conductivities were selected as 0.5, 1, 2, 5 W/(m • K). 
The capsule diameters d were chosen as 10, 12.5, 20, 30, 40, 50 and 60 
mm. Consequently, the diameter ratios D/d vary between 4.2 and 25. 

The heat transfer in packed ped is composed of three parts: con-
duction in heat transfer fluid, interface convection between fluid and 
PCM and conduction in PCM [42,50]. It should be noted that the natural 
convection occurring in liquid PCM can be reflected by the effective 
thermal conductivity [38]. As shown in Fig. 8, the increase of keff leads 
to increasing Est, indicating a more effective storage unit. This is because 
a higher keff results in a lower PCM thermal resistance and thus the total 
heat transfer is enhanced. However, it could be observed that the in-
fluence of effective energy storage enhancement is less significant when 
the diameter ratio is large, especially when D/d is 20 and 25. Both large 
D/d and large keff contribute to the heat transfer enhancement in a 
packed bed unit, through enhancing convection and reducing PCM 
thermal resistance, which is reflected in higher Est. Therefore, when D/ 
d is higher, the contribution to enhanced heat transfer by increasing keff 
is less influential. Hence, mixing PCM with high thermal conductivity 
materials is recommended when D/d is limited at a lower level for a 
packed bed LHTES unit. In this study, the enhancement effect is signif-
icant when D/d is smaller than 12.5. 

3.3. Design comparison 

As specified in Section 2.2, the comparison of energy storage per-
formance between shell-and-tube and packed bed units was completed 
by assuming the 2D hexagonal circle packing for the shell-and-tube 
cylinder unit in a tank. Moreover, the tank diameter D (0.25 m), tank 
height L (0.25, 1, 3, 5, 7, 9 m) and superficial velocity usup (0.00340, 
0.0170, 0.0306 m/s) were kept the same for both units. Thus, the aspect 
ratios of the tank L/D for both shell-and-tube and packed bed units are 1, 
4, 12, 20, 28 and 36. As the void fraction of a shell-and-tube tank could 
be more variable than that of a packed bed, the performance of packed 
bed storage unit is compared with two scenarios of the shell-and-tube 
unit:  

• Optimal PCM volume ratio under the thermal conductivity of pure 
PCM, i.e. 0.5 W/(m • K); 

• Optimal PCM volume ratio with enhanced effective thermal con-
ductivity of 5 W/(m • K). 

The inner tube diameter of the shell-and-tube cylinder unit di was 
assumed as 10 mm and the PCM volume ratio λ for the simulated unit is 
1 − di

2
/do

2. While changing the PCM volume ratio for the shell-and-tube 
concentric unit, the Reynolds number of the internal HTF varied be-
tween 118 and 1479, which means that the flow is laminar. As the fully 
turbulent flow generally exhibits a lower maximal effective energy 
storage ratio Est, op than laminar flow [36], and therefore only laminar 
flow scenarios have been discussed in this study. As for the packed bed, 
the capsule diameters d were chosen as 10, 12.5, 15, 20, 30, 40, 50 mm 
and consequently the diameter ratios D/d varied between 5 and 25. The 
design parameters for comparison are summarized in Table 3. In the 
section, the results compare the effective energy storage ratio Est, 
charging rate qc and capacity effectiveness φ for shell-and-tube and 
packed bed TES units using PCM under different superficial velocities 
and aspect ratios of the tank. 

Fig. 9 exhibits an example of the effective energy storage ratio 
comparison when the superficial velocity is 0.00340 m/s and the aspect 
ratio of the tank L/D for both shell-and-tube and packed bed unit is 12. 
The effective thermal conductivity was kept as 0.5 W/(m • K) for the 
packed bed unit. As shown in Fig. 9 (b), the optimal PCM volume ratio 
for shell-and-tube is found by varying the outer tube diameter. It should 
be pointed out that while increasing the PCM volume ratio for simula-
tion, the packing number of tubes decreases and the inlet velocity of HTF 
consequently increases. Therefore, the effective energy storage ratio 
remains lower compared with the fixed inlet velocity scenario. In Fig. 9 
(a), circle scatter points represent the effective energy storage ratio of 
the packed bed under different diameter ratios D/d and the blue dashed 
line is obtained after interpolation. The optimal effective energy storage 
ratios of the shell-and-tube unit when the effective thermal conductivity 
is 0.5 and 5 W/(m • K) are marked with the cross points. The threshold of 
D/d for the packed bed unit is thus obtained. 

The threshold of D/d is an indicator for choosing a proper type of 
storage unit, which is obtained by considering the same energy storage 
performance between shell-and-tube and packed bed. Specifically, when 
designing the packed bed LHTES unit, if the diameter ratio D/d is smaller 
than the threshold, it means energy storage of the shell-and-tube unit is 
more effective and should be chosen. On the other hand, if D/d is larger 
than the threshold, then the packed bed unit outperforms the shell-and- 
tube unit under the specified scenario and is preferable. The value of the 
threshold informs the designer whether the packed bed unit should be 
chosen over the shell-and-tube unit. A higher threshold of D/d indicates 
that it is more difficult for the packed bed to achieve the same energy 
storage performance as the shell-and-tube unit. In this case, the shell- 
and-tube unit would be more advantageous. The comparison plots as 
shown in Fig. 9 (a) under other superficial velocities and tank aspect 
ratios could be found in Appendix B. 

Fig. 8. The impacts of effective thermal conductivity keff on the effective en-
ergy storage ratio Est of packed bed storage unit 

Table 3 
Design parameters for comparison  

Storage unit Shell-and-tube Packed bed 

Tank diameter D (m) 0.25 0.25 
Tank height L (m) 0.25, 1, 3, 5, 7, 9 0.25, 1, 3, 5, 7, 9 
Aspect ratio of tank L/D 

(− ) 
1, 4, 12, 20, 28, 36 1, 4, 12, 20, 28, 36 

Superficial velocity usup 

(m/s) 
0.00340, 0.0170, 
0.0306 

0.00340, 0.0170, 0.0306 

Diameter ratio D/d (− ) – 5, 6.25, 8.3, 12.5, 16.7, 20, 
25 

Inner tube diameter di 

(mm) 
10 – 

Reynolds number (− ) 118–1479 88–3964  
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Fig. 10 summarizes the effective energy storage ratio Est for shell- 
and-tube and packed bed units varying with the aspect ratio of the 
tank L/D under different superficial velocities. The dashed line exhibits 

Est = 1 for the sensible heat storage, which uses the same heat transfer 
fluid as the storage media and serves as the benchmark for the latent 
heat TES units. Shell-and-tube units show a higher Est under a higher L/D 

Fig. 9. The comparison of effective energy storage ratio, when usup = 0.00340 m/s, L/D = 12: (a) The threshold of D/d; (b) Optimal PCM volume ratio for shell- 
and-tube 

Fig. 10. The comparison of effective energy storage ratio Est (pb: packed bed, st: shell-and-tube): (a) Superficial velocity: 0.00340 m/s; (b) Superficial velocity: 
0.0170 m/s; (c) Superficial velocity: 0.0306 m/s; (d) Thresholds of D/d 
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or lower superficial velocity and it could be observed that the 
enhancement of Est becomes more significant by increasing the effective 
thermal conductivity keff. For instance, when the superficial velocity is 
0.00340 m/s, an enhanced keff of PCM from 0.5 to 5 W/(m • K) can 
increase Est by 17.5% and 26.1%, respectively for a tank aspect ratio of 
28 and 36. It is worth mentioning that when L/D is 36 in Fig. 10 (a), Est of 
the shell-and-tube unit exceeds the maximal Est of the packed bed unit. 
This is because the theoretical effective energy storage ratio Est, ∞ in the 
packed bed is limited by the volume ratio of PCM capsules, which is 
around 0.6 for random close packing. In contrast, the PCM ratio could be 
more flexible in the shell-and-tube unit, and Fig. 10 (a) shows that by 
packing more than 80% PCM in the shell-and-tube tank, Est could be 
over 3 after optimization. On the other hand, the packed bed unit shows 
its competitive storage performance under the high superficial velocity 
of HTF is mainly due to a higher surface-to-volume ratio, which con-
tributes to a higher convective heat transfer coefficient. By increasing 
the diameter ratio D/d in the packed bed, the effective energy storage 
ratio Est would increase towards the theoretical ratio Est, ∞. Moreover, 
while shell-and-tube units could remain ineffective under a low tank 
aspect ratio (L/D = 1, 4), packed bed units exhibit the advantages of 
maintaining an effective energy storage ratio Est higher than the 
benchmark. In this case, if the diameter ratio D/d is small enough in a 
packed bed, there is no significant necessity in enhancing the effective 
thermal conductivity in the shell-and-tube unit. 

Fig. 10 (d) summarizes the thresholds of D/d of packed bed units 
from (a)-(c), compared with optimal shell-and-tube units with pure 
PCM, as shown in Fig. 9 (a) and Appendix A. When designing the packed 
bed unit, if the diameter ratio surpasses the threshold of D/d, it is 
reasonable to choose packed bed over shell-and-tube as the latent heat 
TES unit, as Est is higher. A lower threshold of D/d means that it is easier 
for the packed bed to achieve the same storage performance as the shell- 
and-tube. As shown in Fig. 10 (d), the superficial velocity exhibits 
dominant influences on the threshold of D/d. When the superficial ve-
locity is 0.0170 and 0.0306 m/s, the threshold of D/d is in the range of 
5.3–13.6. It should be noticed that scatter points of 0.0170 and 0.0306 
m/s when L/D is 1 are not connected with the line as both storage units 
are ineffective with Est < 1. In comparison, the decrease of superficial 
velocity to 0.00340 m/s could greatly increase the threshold of D/d up to 
25 under a higher tank aspect ratio of 36. Therefore, the shell-and-tube 
unit is more advantageous for low HTF superficial velocity scenarios 
with a large aspect ratio of tank L/D as a result of the optimization and 
enhancement of PCM thermal conductivity. The packed bed unit is more 
competitive under higher superficial velocities or lower tank aspect 
ratio, due to the effect of a large diameter ratio D/d on achieving a high 
Est. 

Figs. 11–12 respectively shows the PCM volume ratio, charging rate 
qc and capacity effectiveness φ of the packed bed and shell-and-tube 
units. In Fig. 11, the range of PCM volume ratio remains around 0.6, 

due to the assumption of random close packing. In contrast, the optimal 
PCM volume ratio in the shell-and-tube unit increases with increasing L/ 
D and decreasing superficial velocity. Fig. 12 shows that the charging 
rate is mainly affected by the superficial velocity. For the shell-and-tube 
storage unit, the total charging rate for the tank can be estimated as the 
product of the charging rate for a single concentric cylinder unit and the 
number of tubes. The influences of superficial velocities could be 
explained by the fact that the enhancement of convection and thus a 
higher heat transfer rate occurs under higher superficial velocities. 
Overall, charging rates are on the same scale for shell-and-tube and 
packed bed units. As for the capacity effectiveness, in general, a larger L/ 
D or smaller superficial velocity would lead to more complete charging 
for PCM for both shell-and-tube and packed bed units, as shown in 
Fig. 12. As the diameter ratio D/d is increasing to 25, the capacity 
effectiveness φ of the packed bed is approaching 1, which means nearly 
full exploitation of the storage potential using PCM. 

3.4. Discussions 

In summary, this study presents a quantitative demonstration of the 
threshold of choosing the packing bed unit, compared with the shell- 
and-tube design. As the packed bed storage unit has a larger heat 
transfer area between HTF and PCM, it can maintain a relatively high 
effective energy storage ratio Est even when the HTF superficial velocity 
is large. For instance, better storage performance could be achieved by 
increasing the tank diameter D while keeping the capsule diameter d the 
same. For large-scale applications like concentrated solar power usually 
requiring large flow rates, the packed bed design is suitable as the 
threshold of D/d is at a low level, indicating that it is relatively easy for 
the packed bed to achieve the same energy storage performance as the 
shell-and-tube. In comparison, the storage performance of shell-and- 
tube could be significantly enhanced by optimization and using PCM 
composite with higher effective thermal conductivities keff. Hence, shell- 
and-tube storage units are more suitable for small-scale applications like 
domestic solar water heating. With long tubes inside the shell-and-tube 
unit, the effective energy storage ratio Est could be increased signifi-
cantly due to the flexibility of changing the PCM volume ratio and the 
effective thermal conductivity of PCM. 

It should be noted that the variation of the diameter ratio for para-
metric studies in the packed bed unit is achieved mainly by changing the 
capsule diameter d. The values of the thresholds of D/d may vary 
depending on other parameters. For example, the tank diameter D for 
both units and the inner tube diameter di in shell-and-tube units are 
fixed in this work, but may exert influences on the thresholds of D/d. In 
the future, their impacts could be examined, and the concept and 
methodology developed in this work can be generalized to other ap-
plications using different PCM types to design packed bed storage units. 

The purpose of this study is to illustrate a framework to compare the 

Fig. 11. The comparison of PCM volume ratio (pb: packed bed, st: shell-and-tube)  
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storage performance of the shell-and-tube and packed bed LHTES units. 
The geometric parameters of TES unit design and properties of fluid and 
PCM are the main concerns in this study. For future investigation 
regarding the impacts of other parameters on the energy storage 

performance comparison, the proposed framework could be adopted 
and applied for analysis. For example, when investigating the material 
aspects for capsules and tubes, the tube in the shell-and-tube design 
could be considered by adding a thin layer at the interface between fluid 

Fig. 12. The comparison of charging rate qc and capacity effectiveness φ (pb: packed bed, st: shell-and-tube): (a) Charging rate qc with a superficial velocity of 
0.00340 m/s; (b) Capacity effectiveness φ with a superficial velocity of 0.00340 m/s; (c) Charging rate qc with a superficial velocity of 0.0170 m/s; (d) Capacity 
effectiveness φ with a superficial velocity of 0.0170 m/s; (e) Charging rate qc with a superficial velocity of 0.0306 m/s; (f) Capacity effectiveness φ with a superficial 
velocity of 0.0306 m/s. 
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and PCM, while the influences of shell materials on the heat transfer in 
the packed bed design can be reflected by incorporating the thermal 
properties of shell into the effective thermal properties (via updating the 
conductivity and capacity through e.g., effective media theory) of the 
packed bed units. As for the discharging process with solidifying PCM, 
there could appear more than one solidification point and the effective 
specific heat method used in this framework could consider the multi 
peaks showed up in the DSC thermograph, by implementing directly the 
experimental data for describing the phase change behavior. 

4. Conclusions 

In this paper, a comprehensive numerical study on the performance 
evaluation of the packed bed LHTES unit and comparison with the shell- 
and-tube storage unit is carried out. The influences of geometric pa-
rameters and effective thermal conductivity in packed bed systems were 
investigated. The threshold of D/d was defined when the packed bed 
unit shows the same effective energy storage ratio Est as one of the shell- 
and-tube units. Two scenarios of the shell-and-tube unit were studied as 
the benchmark for comparison: (1) under optimal PCM volume ratio 
when using pure PCM with effective thermal conductivity of 0.5 W/(m •
K); (2) under optimal PCM volume ratio when using PCM with enhanced 
effective thermal conductivity 5 W/(m • K). The comparison has been 
analyzed under different superficial velocities and aspect ratios of the 
tank. The thresholds D/d for the packed bed are found, above which the 
effective energy storage capacity of the packed bed would be higher than 
that of an optimal shell-and-tube unit. The threshold D/d can be quan-
titatively correlated to the HTF superficial velocity, providing a pathway 
for the tailored design of thermal storage systems. 

• When designing the packed bed TES units using PCM, smaller cap-
sules, longer tanks and larger tank diameters would be preferred for 
purpose of maximizing the effective energy storage ratio Est. The 
dimensionless scaling shows that when either the diameter ratio D/ 
d is larger than 8 or the length ratio L/d is larger than 45, the packed 
bed LHTES system could be ensured to be effective, i.e. Est > 1. 

• In the packed bed storage unit, a higher effective thermal conduc-
tivity keff would increase the effective energy storage ratio and the 
enhancement effect is significant when the diameter ratio D/d is 
smaller than 15. This is because the convection effect is weak under a 
low diameter ratio and thus the decrease of PCM thermal resistance 
by increasing keff contributes more to the enhancement of effective 
energy storage ratio.  

• The value of the threshold of D/d informs the designer whether to 
choose the packed bed or the shell-and-tube storage unit. A smaller 

threshold of D/d indicates that it is easier for the packed bed unit to 
reach the same effective energy storage performance as the shell- 
and-tube unit. The threshold of D/d is up to 25 under a lower HTF 
superficial velocity (0.00340 m/s), while is 5.3–13.6 under a higher 
HTF superficial velocity (0.0170, 0.0306 m/s).  

• When the superficial velocity is 0.00340 m/s, an enhanced keff of 
PCM from 0.5 to 5 W/(m • K) can increase Est by 17.5% and 26.1%, 
respectively for a tank aspect ratio L/D of 28 and 36. In this case, the 
effective energy storage ratio of shell-and-tube units could surpass 
the theoretical effective energy storage ratio in the packed bed.  

• When the HTF superficial velocity is large, the packed bed storage 
unit can maintain a large surface-to-volume ratio by increasing the 
diameter ratio D/d and therefore can reach a high effective energy 
storage ratio Est. In comparison, when the superficial velocity is low, 
the storage performance of shell-and-tube could be remarkably 
enhanced by optimization and using PCM composite with higher 
effective thermal conductivities keff. 

Through comparative analysis it was found that the packed bed PCM 
unit is more suitable to be applied under higher flow rates and thus more 
advantageous for large-scale applications like concentrated solar power 
plants, while shell-and-tube storage units are more suitable for small- 
scale applications like domestic solar water heating. The performance 
evaluation and comparison framework based on the numerical analysis 
presented in this paper can serve as a guideline to design packed bed 
thermal energy storage systems using PCM in comparison with tradi-
tional shell-and-tube units under specific geometric and operational 
conditions. 

CRediT authorship contribution statement 

Haobin Liang: Conceptualization, Methodology, Validation, Inves-
tigation, Writing – original draft, Visualization. Jianlei Niu: Method-
ology, Writing – review & editing, Supervision. Ratna Kumar 
Annabattula: Methodology, Writing – review & editing. K.S. Reddy: 
Methodology, Writing – review & editing. Ali Abbas: Writing – review & 
editing. Minh Tri Luu: Writing – review & editing. Yixiang Gan: 
Conceptualization, Methodology, Writing – review & editing, 
Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.  

Appendix A. The effect of geometric parameters on the packed bed 

A.1. Capsule diameter d 

The tank diameter and tank height were fixed at 0.25 m and 2 m, respectively, to investigate the influence of capsule diameter d on the effective 
energy storage ratio Est. Seven different capsule diameters were chosen from 10 mm to 50 mm. The void fraction ε varies from 0.403 to 0.426. The 
effects of d on Tout and Est are shown in Fig. A1. 

The capsule diameter d is crucial to the heat transfer process and energy storage performance of the packed bed system. It directly affects the void 
fraction ε and more importantly, the heat transfer coefficient heff, according to Eqs. (16)–(19). As shown in Fig. A1 (a), with decreasing capsule 
diameter, and it generally takes a longer time to reach the specified heat transfer effectiveness of 80%. The slower outlet temperature increase of 
smaller capsules indicates that the heat transfer rate between HTF and PCM is higher. This is mainly because lower d leads to larger heat transfer area 
between two domains, which is reflected in larger hinter in the governing equations. Therefore, as shown in Fig. A1 (b), Est is higher when the capsule 
diameter d is smaller. Moreover, as d decreases, the theoretical energy storage ratio Est, ∞ increases. This is due to the drop of void fraction ε when 
decreasing d, which means that the packing ratio of PCM is higher. The faster increase in Est than Est, ∞ proves the effectiveness of decreasing diameter 
in enhancing the effective energy storage performance of packed bed TES systems. 
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(a) (b)
Fig. A1. With fixed D = 0.25 m, L = 2 m: (a) The effect of capsule diameter d on Tout; (b) The effect of capsule diameter d on Est.  

A.2. Tank diameter D 

When investigating the influences of tank diameter D on the effective storage performance, the capsule diameter and tank height were set as 30 mm 
and 2 m. The tank diameter D varies from 0.15 m to 0.75 m, with an interval of 0.1 m. Therefore, the corresponding void fraction ε is in the range of 
0.412–0.426. The impact of D on HTF outlet temperature Tout and effective energy storage ratio Est are shown in Fig. A2. 

The influence of tank diameter is reflected in the tank void fraction, according to Eq. (21). With the increase of D, the void fraction ε drops. Hence, 
the theoretical energy storage capacity Q∞ due to larger amount packing of PCM, resulting in a higher Est, ∞. Besides, the reduction of ε leads to a 
higher particle surface area per unit volume ap, which increases the heat transfer coefficient heff between HTF and PCM. Therefore, the enhancement of 
Est with increasing D could be observed from Fig. A2 (b). Besides, as shown in Fig. A2 (a), stronger heat transfer between HTF and PCM leads to a 
longer time for the outlet temperature to reach the specified one.

 (a)        (b) 
Fig. A2. With fixed d = 30 mm, L = 2 m: (a) The effect of tank diameter D on Tout; (b) The effect of tank diameter D on Est.  

On the other hand, the decrease of void fraction while increasing tank diameter would also lead to a higher pressure drop, according to Eq. (29). 
However, similar to the calculation of pressure drop for varying capsule diameter in section A1, the energy consumption could be neglected 
considering the thermal energy stored in the system. The energy ratios Qpump/Qeff for all cases are lower than 1e-5%. 

A.3. Tank height L 

Finally, the influence of the tank height L was investigated through parametric studies: Ten sets of numerical simulation with L varying from 0.5 m 
to 4 m. The tank diameter and capsule diameter were kept the same, i.e. 0.25 m and 30 mm, respectively. The impacts of L on HTF outlet temperature 
Tout and effective energy storage ratio Est are shown in Fig. A3. 

As D and d are fixed, the void fraction and heat transfer coefficient does not change throughout the parametric studies. Thus, the theoretical energy 
storage ratios Est, ∞ are the same for different tank heights, shown in Fig. A3 (b). The increase of the effective energy storage time and the increase of 
the effective energy storage ratio Est are due to a higher effective heat transfer length between HTF and PCM as tank length L increases. It should be 
noted that under specified conditions, the packed bed storage unit shows ineffective energy storage when the tank height is small as 0.5 m. This means 
that when designing a packed bed LHTES unit, the tank height should be ensured to be larger than the minimal length, which is 1 m in this study. 
Otherwise, a packed bed unit with sensible heat storage should be considered. The increase of pressure drop was investigated and the results show that 
the energy ratio Qpump/Qeff is lower than 1e-6% even when L is 4 m, which means that the energy consumption can be neglected when considering the 
tank height. 
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(a) (b)
Fig. A3. With fixed D = 0.25 m, d = 30 mm: (a) The effect of tank height L on Tout; (b) The effect of tank height L on Est.  

Appendix B. Shell-and-tube and packed bed unit comparison under different superficial velocity and tank height 

This section exhibits the unit performance comparison under different superficial velocities and tank heights. The capsule diameters d of 10, 12.5, 
15, 20, 30, 40 and 40 mm were applied for the packed bed unit, and the diameter ratios D/d varied between 5 and 25. Meanwhile, the flow is laminar 
in the shell-and-tube system. The following scenarios have been considered: (1) low superficial velocity of 0.00340 m/s in Fig. B1; (2) medium su-
perficial velocity of 0.0170 m/s in Fig. B2; and (3) high superficial velocity of 0.0306 m/s in Fig. B3.

L/D = 1 L/D = 4 L/D = 12

L/D = 20 L/D = 28 L/D = 36
Fig. B1. Superficial velocity: 0.00340 m/s (flow rate: 10 l/min)   
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L/D = 1 L/D = 4 L/D = 12

L/D = 20 L/D = 28 L/D = 36
Fig. B2. Superficial velocity: 0.0170 m/s (flow rate: 50 l/min)  

L/D = 1 L/D = 4 L/D = 12

L/D = 20 L/D = 28 L/D = 36
Fig. B3. Superficial velocity: 0.0306 m/s (flow rate: 90 l/min)  
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