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H I G H L I G H T S

 Cyclic thermal performance of packed-bed thermocline tank is analyzed. 

 Effects of thermocline on performance of thermocline tank are illustrated.

 The expanding and shortening effects on thermocline thickness are first reported.

 A novel multi-layered packed-bed molten salt thermocline tank is proposed.

 Great rise in useful energy and small drop in efficiency of novel tank are revealed.
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2 a Novel Multi-Layered Packed-Bed Molten Salt Thermocline Tank

3 Meng-Jie Li, Yu Qiu, Ming-Jia Li*
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5 Power Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi, 710049, China)
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7 Abstract: In the study, a transient, two-dimensional and axisymmetric model of the packed-

8 bed thermocline tank is developed. Based on the model, the cyclic thermal performance of a 

9 traditional Single-Layered and of a novel Multi-Layered Packed-Bed molten salt Thermocline 

10 Tank (SLPBTT, MLPBTT) are analyzed. First, the analysis of cyclic thermal performance of 

11 SLPBTT shows the performance can be enhanced by reducing the retention thermocline thickness. 

12 Second, this is the first time for a detailed investigation of the expanding and the shortening effects 

13 on thermocline thickness at the interface between two kinds of filler. In addition, a novel MLPBTT 

14 is designed utilizing the above interface effects for improving the performance by controlling 

15 thermocline expansion. Finally, the studies on the performance of MLPBTTs adopting three fillers 

16 (quartzite rock, cast iron, and high-temperature concrete) with different heights present that the 

17 useful energy can be increased while thermal efficiency will be reduced with the increasing cast 

18 iron’s height. An optimized MLPBTT shows a significant improvement in the useful energy of 

19 10.5% and a small drop in thermal efficiency of 2.1 % in discharging process compared with those 

20 of SLPBTT using the quartzite rock. The results can be beneficial for the design and optimization 

21 of PBTT.
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24 1. Introduction

25 The excessive usage of fossil fuel aggravates the environmental pollution and imposes 

26 negative effects on a social economy. Therefore, it becomes an important task to encourage the 

27 development of renewable energy resource for all countries [1-4]. Solar energy is a clean alternative 

28 energy source that is abundant and widely available. The efficient utilization of solar energy is 

29 being considered as a promising solution to the environmental issues [5-7]. The Concentrating Solar 

30 Power (CSP) converts the concentrated solar thermal energy into electricity with high efficiency 

31 and low cost. Thus, the CSP generation technology has become a promising approach to utilize 

32 solar energy [8-12]. 

33 The Thermal energy storage (TES) system has attracted an increasing attention during recent 

34 years in the CSP. It is one of the most important subsystems in the CSP because it can maintain a 

35 relatively steady power output, and drive the system constantly [13-20]. The TES system can be 

36 divided into the two-tank system and the one-tank thermocline system. The two-tank system, which 

37 is the most mature technology, stores thermal energy by using the molten salt in a hot tank and a 

38 cold tank. In the one-tank system, both high-price molten salt and low-cost solid filler are adopted 

39 as thermal storage materials. There is a large-temperature-gradient region called thermocline, 

40 which segregates the high-temperature salt and low-temperature salt in a single tank during the 

41 charging process or discharging process [21]. The Packed-Bed Thermocline Tank system (PBTT) 

42 has attracted increasing attention during the past few years because less salt is needed, and the cost 



ACCEPTED MANUSCRIPT

3

43 of TES can be reduced by 30-37% compared with that of the two-tank system [22]. 

44 Many experimental and numerical investigations focus on the thermal performance of PBTT. 

45 In the respect of experimental studies, Pacheco and Showalter et al. [23] set up a pilot (2.3MWht) 

46 molten salt packed-bed thermocline tank in the Sandia National Laboratories in 2002. Quartzite 

47 rock and sands were used as the low-cost filler, and a eutectic salt called Solar Salt (60wt%NaNO3, 

48 40wt%KNO3) was adopted as the Heat Transfer Fluid (HTF). This work successfully demonstrated 

49 that the PBTT was a viable thermal storage technology. Okello et al. [24-26] developed the PBTT 

50 combination system composing sensible storage subsystems and latent thermal storage subsystems 

51 in which the air was used as HTF. The results suggested that the stored thermal energy of tank can 

52 be improved when phase change material cylinders were added into the quartzite rock packed-bed. 

53 Zanganeh et al. [27] built a 6.5MWht pilot-scale thermal storage unit immersed in the ground in 

54 which a packed bed of rocks was as storing material and the air was as HTF. It experimentally 

55 demonstrated to generate thermocline. Other experiments of PBTT using air, oil, and water as the 

56 HTF were studied in recent years, including Li et al.[28] Bruch et al.[29], Vaivudh et al[30], and Grirate 

57 et al[31]. In the respect of the numerical studies, Xu et al. [32, 33] compared the effects of different 

58 correlations of effective thermal conductivity and interstitial heat transfer coefficient on thermal 

59 performance prediction. Authors further studied the effect of the filler properties such as filler 

60 diameter and filler materials on the heat transfer characteristic between filler and salt. It had been 

61 proved that a thermocline region will be retained near the exit, which is called the retention 

62 thermocline region when a charging process or discharging process ends. Bayón et al. [34] analyzed 

63 the effect of the retention thermocline on the thermal performance of the thermocline tank. It was 
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64 found that a lot of thermal energy cannot be utilized, which results in a negative effect on the 

65 performance of thermal storage. Moreover, the results suggested that extracting thermocline can 

66 improve the efficiency of the tank with some negative impacts on steam generations and solar fields 

67 [35]. Some numerical studies also focused on the performance of the thermocline tank by adopting 

68 the phase change material (PCM) as part of the storage media. It was found that the effective 

69 discharging energy of the tank increased and it was more cost-competitive than the two tanks TES 

70 because of the PCM’s high energy storage density during the phase change process [21 ,48].

71 From the literature review, it can be concluded that great efforts have been focused on the 

72 following aspects to improve the thermal performance [36-41] including the investigation of the 

73 thermal performance of PBTT using different HTFs, the optimization of filler materials and the 

74 operation strategies of PBTT. Although the thermocline has negative effects on the thermal 

75 performance, it is still a significant issue that has been analyzed frequently. However, only a few 

76 studies focus on improving the thermal performance of PBTT by controlling the development of 

77 thermocline so far.

78 The objectives of work are to study the cyclic thermal performance of a Single-Layered and 

79 of a novel Multi-Layered Packed-Bed Molten Salt Thermocline Tank (SLPBTT, MLPBTT) , and 

80 further to improve the performance of MLPBTT by controlling the thermocline explosion. A 

81 numerical model is developed to simulate the charging and discharging processes. Based on the 

82 model, the cyclic thermal performance of SLPBTT and the effects of thermocline explosion on the 

83 performance are firstly analyzed. Then, detailed information of the thermocline interface effect is 

84 reported for the first time, and an MLPBTT is proposed to control the thermocline explosion by 
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85 utilizing the interface effect. Finally, after comparing the cyclic thermal performance and capital 

86 costs of several MLPBTTs, some suggestions of MLPBTT design are provided to guide the design 

87 and performance optimization of PBTT.

88 2. Model description

89 2.1 Physical model

90 In the paper, the packed-bed thermocline tanks are adopted to analyze the cyclic thermal 

91 performance of the tank and the effects of thermocline on performance. The packed-bed 

92 thermocline tanks include a traditional SLPBTT and a novel MLPBTT. The quartzite rock is treated 

93 as the filler in the SLPBTT, and several different fillers are adopted in the novel MLPBTT. The 

94 sketches of SLPBTT and MLPBTT are shown in Fig. 1 and Fig. 2, respectively.

95     
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Fig. 1. Sketch of a traditional Single-Layered Packed-
Bed Thermocline Tank (SLPBTT).

Fig. 2. Sketch of a novel Multi-Layered Packed-Bed 
Thermocline Tank (MLPBTT).

96 The geometry parameters of the SLPBTT are the same as those of the MLPBTT. Each tank 

97 consists of a packed-bed region, a tank wall, two insulation layers and two distributors. The 

98 diameter (D) of the packed-bed region is 3.0 m and its height (H) is 5.9 m. The thermal energy 
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99 storage region contains the solid filler and molten salt. The void fraction (ε) of salt in the packed-

100 bed region is 0.22. The filler is assumed to be a sphere and it is uniformly distributed in the packed-

101 bed region, and the average diameter of the sphere (dp) is 19.05 mm. The tank wall with the 

102 thickness (lst) of 0.04 m is made of stainless steel. Two insulation layers with the thickness (lin) of 

103 0.2 m are coated inside and outside the stainless steel wall, respectively. The heat transfer fluid 

104 (HTF) is Solar Salt (60wt% NaNO3, 40wt% KNO3). The thermal physical properties of tank body 

105 and that of molten salt are shown in Table 1 [42]. The properties of five alternative fillers, including 

106 high-temperature concrete, Silicon Carbide, Alumina Ceramics, cast iron, and quartzite rock are 

107 listed in Table 2 [32]. 

108 Table 1. The properties of tank body materials and molten salt [42].

Materials ρs/(kg.m-3) cp,s/(J.kg-1.K-1) ks/(W.m-1.K-1) μ/(kg.m-1.s-1)
Insulation layer 2000 960 0.1 -

Steel wall 7800 470 35.0 -
Molten salt 2090-

0.636T(oC)
1443+

0.172T(oC)
0.113+

1.9×10-4T(oC)
[22.714-0.12T(oC)+2.281×

10-4T(oC)2-1.474×10-7T(oC)3] ×10-3

109 Table 2. The properties of 5 solid fillers [32].

Materials ρs/(kg.m-3) cp,s/(J.kg-1.K-1) ks/(W.m-1.K-1) ρscp,s/( MJ.m-3.K-1)

High-temp. concrete 2750 916 1.0 2.519
Silicon Carbide 3210 750 120 2.408

Alumina Ceramics 3750 780 30 2.925
cast iron 7900 837 29.3 6.612

quartzite rock 2500 830 5.6 2.075

110

111 In the operation, the operational principles of tanks are presented as follows. During the 

112 charging process, the high-temperature salt (TC,in=390°C) flows into the packed-bed region after 

113 though the distributor. The cold filler is heated, and the cooled salt flows out from the bottom of 

114 the tank. The outlet salt temperature (TC,out) will be increased from 290°C while the thermocline 
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115 region arrives at the bottom of the tank. The charging process will be stopped when the value of 

116 TC,out has been increased to the threshold value (TC,th). On the contrary, during the discharging 

117 process, the low-temperature salt (TD,in=290°C) from the bottom of the tank will be heated by the 

118 hot filler. The heated salt flows out of the top of the tank. The outlet salt temperature (TD,out) starts 

119 will be decreased from 390°C while the thermocline region arrives at the top of the tank. The 

120 discharging process will be stopped when the value of TD,out has been reduced to the threshold value 

121 (TD,th). In the study, under the restriction of steam generation and solar field, the value of threshold 

122 temperature was determined by Eq. (1) [36]. 

123  (1)
   
   

C C,th D,in C,in D,in

D D,th D,in C,in D,in

= / =0.39;      Charging

/ =0.74;   Discharging

T T T T

T T T T





 

  

124 where TC,th and TD,th are 329°C and 364°C, respectively. 

125 2.2 Mathematical model

126 In this section, a transient, two-dimensional, axisymmetric, and local thermal non-equilibrium 

127 model is developed to analyze the effect of thermocline thickness on the thermal performance of 

128 the PBTT. First, the governing equations for the model and the boundary conditions of the 

129 computation region are expressed in Section 2.2.1 and Section 2.2.2, respectively. Then, the initial 

130 condition and solution methods of the model are introduced in Section 2.2.3. Finally, several 

131 parameters are defined to analyze the thermal characteristics of the PBTT in Section 2.2.4. The 

132 scheme of the computational domain is shown in Fig. 3. In the study, the assumptions are presented 

133 primarily to simplify the mathematical model as follows. 

134 (1) The thermal properties of filler are constant. The filler is placed uniformly in the packed-

135 bed region that can be regarded as a homogeneous, continuous, and isotropic porous medium.
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136 (2) The salt flow is uniform and symmetrical about the axis under the effect of a distributor at 

137 the inlet of the packed-bed region. In the packed-bed region, the salt flow can be treated as laminar 

138 and incompressible flow.

139 (3) The salt temperature is uniform at the inlet of a tank. There is no temperature undulation 

140 during a charging process and discharging process.

141

D/2

H

Tf Ts

Tair

hair

r

x

D/2+lin1

D/2+lin1+lst

D/2+lin1+lst+lin2

Tank wall

Insulation 
layers

Packed-bed
region 

142 Fig. 3. Sketch of the computational domain.

143 2.2.1 Governing equations

144 The governing equations for the model are expressed in Eq. (2)-(6) [43, 44], and the details are 

145 as follows.

146 Continuity equation for molten salt:

147  (2)f
f[ ] 0u

t
 

   




148 where ε is the porosity of the packed-bed region, ρf is the density of molten salt, and  is the u

149 superficial velocity vector based on the cross-sectional area of fluid (salt) and porous medium 

150 (filler).
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151 Momentum equation for molten salt:

152  (3)
   f

f f 2 f
1 ( )
2

u
uu u p g u C u u

t K
    


            




     

153 where μ is the viscosity of salt, K is the permeability of the packed-bed region evaluated as

154 , and C2 is the inertial coefficient evaluated as .2 3 2
p / [150(1 ) ]  K d 3

2 3.5 / 150 C K

155 Energy equation for molten salt:

156  (4)f f
f f f ,eff f s f

( )
[( ) ] ( ) ( )p

p V

c T
c T u k T h T T

t


 


        




157 Energy equation for solid filler:

158  (5)s
s s,eff s s f(1 )( ) ( ) ( )p V

Tc k T h T T
t

  
      



159 Energy equation for the tank wall and insulation layers:

160  (6),( )
( )


   


i p i i

i i

c T
k T

t

161 where cp, T, k , and hV represent heat capacity, temperature, effective thermal conductivity, and the 

162 volumetric interstitial heat transfer coefficient between the salt and filler, respectively. The 

163 subscript f, s, i, and eff represent salt, filler, insulation layers, and effective, respectively. 

164 The volumetric interstitial heat transfer coefficient (hV) can be calculated by Eq. (7) [45].

165  (7)
0.6 1/3

f p
2
p

6(1 ) [2 1.1 ]
=

 
V

k Re Pr
h

d

166 The effective thermal conductivity of salt and filler (kf,eff, ks,eff) can be calculated by Eq. (8) 

167 [46].
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168  (8)

f p
f,eff

p f p

s,eff all,eff f,eff

all,eff f s f f p

s f

0.7 , 0.8
0.5 , 0.8

( / ) 0.5
0.28 0.757 ln 0.057 ln( / )






  
 

 

  

m

k Re
k

PrRe k Re

k k k

k k k k k PrRe
m k k

169 2.2.2 Boundary conditions

170 The boundary conditions of the computation region are introduced in this section. For the 

171 bottom of the packed-bed region (i.e., x=0, 0≤r≤D/2), the cold salt enters through the boundary 

172 during a discharging process. The inlet condition of constant velocity (uin=4.186×10-4 m.s-1) and 

173 constant temperature of salt (TD,in) are determined by Eq. (9). During a charging process, the cooled 

174 salt flows out of this boundary, and the fully developed condition is employed in Eq. (10) .

175 Discharging:  (9)s
in f D, f,effin, 0,   , 0

   

Tu T ku v T
x

176 Charging:  (10)sf
f,eff0,   0,   0,   0

   
  

TTu v
x x x

k

177 For the top of the packed-bed region (i.e., x=H, 0≤r≤D/2), the heated salt flows out of this 

178 boundary during a discharging process, and the fully developed condition in Eq. (11) is employed. 

179 During a charging process, the hot salt enters through this boundary, and the inlet condition of uin 

180 and TC,in are determined by Eq. (12).

181 Discharging:  (11)sf
f,eff0,   0,   0,   0

   
  

TTu v
x x x

k

182

183 Charging:  (12)s
in f C,in f,eff,   0,   , 0

   

Tu T ku v T
x

184 For the symmetry axis of the cylindrical tank (i.e., 0≤x≤H, r =0), the symmetrical boundary 

185 conditions of the salt temperature (Tf) and filler temperature (Ts) are employed in Eq. (13).

186  (13)sf0,   =0,   0
  

  
TTu v

r r r

187 For the surface of the tank (i.e., 0≤x≤H, r =D/2+lin1+lst+lin2), the heat is transferred from this 
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188 boundary into the ambient air through forced convection. The boundary condition is determined 

189 by Eq. (14).

190  (14) in2
in2 air in2 air- 

 

Tk h T T
r

191 where hair is the convective heat transfer coefficient between ambient air and the insulation layer, 

192 and Tair is the temperature of ambient air.

193 For the inner surface of the insulation layer connecting filler and salt (i.e., 0≤x≤H, r =D/2), the 

194 non-slip boundary condition is employed. Moreover, the heat exchanges of the interface between 

195 salt and insulation layer, and the heat transfer between filler and insulation layer is zero because of 

196 the contactless surface area and negligible radiation. The conditions of the inner surface are 

197 determined by Eq. (15).

198  (15)sf in1
f in1 f,eff in1 s,eff0,   = ,  = ,   0TT Tu v T T k k k

r r r
 

  
  

199 There is no heat transfer at the boundary of the cross section of the stainless steel tank wall.The 

200 insulation layers at the bottom and top of the packed-bed region (i.e., x=0 & x=H, D/2≤r 

201 ≤D/2+lin1+lst+lin2), and the adiabatic condition in Eq. (16) is employed.

202  (16)stin1 in2 0 
  

  
TT T

x x x
203

204 2.2.3 Initial conditions and solution methods

205 The tank is filled with salt at the beginning of the cyclic processes. Both of Tf and Ts all over 

206 the tank are equal to TC,in (390°C). The forced convection heat transfer between the tank and air is 

207 steady with Tair=30°C and hair=10 W.m-2.K-1. The fluid is motionless in the tank before the start of 

208 the cyclic processes.
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209 The governing equations were numerically solved using the finite volume method in the 

210 Ansys Fluent 14.0 software [44]. The programmed user-defined functions (UDFs), including the 

211 fluid energy source, the solid energy source and the unsteady solid energy term, are coupled with 

212 Ansys Fluent 14.0 solver to compute the model equations. The pressure-velocity coupling field is 

213 solved by the SIMPLE algorithm. The momentum equations and energy equations are both 

214 discretized by the second-order upwind scheme. A time step of 5s and the max iterations of 50 for 

215 each step are employed during calculating.

216 2.2.4 Parameter definitions

217 Several parameters are defined as follows to analyze the thermal characteristics of the PBTT.

218 The ideal stored thermal energy of tank (Qideal) is defined as the maximum thermal energy 

219 stored in a tank within the operational molten salt temperature ranging from TD,in to TC,in, which is 

220 calculated by Eq. (17).

221  (17)   
2

ideal C,in D,in f ,f s, ,s,= 1
4

n

p j j p j
j

DQ T T H c h c   
 

     
 



222 where the subscripts j indicates different kind of solid filler materials, and hj represents the ratio 

223 between filling height of one filler (Hj) to packed-bed region height (H), evaluated as hj=Hj/H.

224 The effective charging time (tC) is the time when TC,out is lower than TC,th. Similarly, the 

225 effective discharging time (tD) is the time when TD,out is higher than TD,th. The stored thermal energy 

226 in charging process (QC) is defined as the thermal energy stored in the tank during tC. Similarly, 

227 the released thermal energy in discharging process (QD) is defined as the thermal energy transferred 

228 from the tank to salt during tD. QC and QD are determined by Eq. (18).

229  (18)
  

  

C

D

2

C in f ,f C,in C,out0

2

D in f ,f D,out D,in0

=
4

=
4

t t

p

t t

p

DQ u c T T t dt

DQ u c T t T dt

 

 





 

 




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230 The charging efficiency (ηC) or discharging efficiency (ηD) is defined as the ratio of QC (or 

231 QD) to the Qideal of the tank, which is determined by Eq. (19).

232  (19)C C ideal D D ideal=    = /Q Q Q Q / ;

233 The periodic state is defined as the variation of the stored energy and the released energy from 

234 cycle i to cycle (i-1) is less than 1.0 % as shown in Eq. (20). 

235  (20)C, C, 1 D, D, 1

C, D,

1.0%  ,  1.0%i i i i

i i

Q Q Q Q
Q Q

  
 

236 where the subscript i represents the number of ith cycle.

237 The thermocline thickness (L) is the covering length of the thermocline region, which is 

238 determined by Eq. (21).

239  (21)

 
   

 

h s,in l

h l s,in l s,out h

l s,out h

0 ,  

,     and

,  

  


   
  

x T T T

L x T x T T T T T

H x T T T

240 where Th and Tl are the critical high and low temperature of thermocline region, respectively. In 

241 this study, Th and Tl are chosen to be 385°C (TC,in-5°C) and 295°C (TD,in+5°C) , respectively. Ts,in 

242 and Ts,out represent the temperatures of filler at the inlet and outlet, respectively.

243 2.3 Cost model for the thermocline TES system

244 The direct costs including the filler cost, container cost, and the cost of purchased equipment 

245 are considered as the total capital cost of a thermocline TES system (CTES,total) [22]. The filler cost is 

246 evaluated by weight as shown in Table 3 [47, 48].The container costs include the costs of carbon steel, 

247 insulation, foundation and platform as shown in Table 3 [47, 48]. The carbon steel and insulation 

248 costs are evaluated by the cover area of the tank, and the foundation and platform costs are 

249 evaluated by foundation area of the tank. The cost of the purchased equipment is shown in Table 4 

250 when QD=100 MWht [22]. The capital cost per kWht of the system (CTES) is defined as the ratio of 

251 the total capital cost (CTES,total) to the released thermal energy (QD), which is determined by Eq. 
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252 (22).

253  (22)TES TES,total D/C C Q

254 Table 3 Cost details of filler and container for thermocline storage tank [47, 48].

 Filler  Unit cost Container Unit cost

Quartzite rock, $ ton-1 13 Carbon steel of cover, $ m-2 3799
Cast iron, $ ton-1 465 Insulation of cover , $ m-2 206
Concrete, $ ton-1 105 Foundation of tank, $ m-2 1199

Platform of tank, $ m-2 292

255 Table 4 Cost details of purchased equipment for thermocline storage tank [22].

 Purchased equipment Cost for QD=100 MWht  Purchased equipment Cost for QD=100 MWht

Salt melting system, k$ 1420 Distributors, k$ 100
Electrical, k$ 179 Surge tanks, k$ 32

Preheating equipment, k$ 215 Pumps & PCE, k$ 1170
Interconnecting 

piping & valves, k$
464

Instrumentation & 
controls, k$

293

256 3. Grid independence test and model validation

257 3.1 Grid independence test

258 A grid independence test is conducted to guarantee the accuracy of the computation, and the 

259 variations of molten salt temperature (Tf) at different positions for seven grid systems and different 

260 discharging times (x=2.5 m, r=0 m, t=56 min; x=5.0 m, r=0 m, t=146 min) are shown in Fig. 4. 

261 The seven grid systems (Axial grid number × Radial grid number) are 60×35, 80×45, 100×55, 

262 110×65, 120×75, 140×90, 160×110, respectively.  It can be found out that there is a wide variation 

263 of Tf when the grid number is below 7150 (110×65) in Fig. 4. However, the Tf almost remains the 

264 same when the grid number is larger than 7150. So, the fifth grid model (120×75) is used in the 

265 following simulations after considering the computational accuracy and time.
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267 Fig. 4. Grid independence test.

268 3.2 Model validation

269 The model is validated by comparing the axial variation of Tf at the different discharging time 

270 obtained from the present numerical results with the experimental results reported by Pacheco et 

271 al.[23]. It can be observed in Fig. 5 that the present temperature profiles are similar to the 

272 experimental results. However, the experimental results indicate some scatter due to the 

273 uncontrolled environmental condition. Generally, considering the uncertainty in experimental test 

274 and the assumptions in numerical calculation, the agreement between the present numerical results 

275 and experimental results is satisfactory. The good agreement indicates that the numerical model is 

276 accurate and reliable.
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278 Fig. 5. Comparison between present numerical result of the axial molten salt temperature and the experimental 
279 results from Pacheco et al.[23].

280 4. Results and discussions

281 The thermal performance of thermal storage subsystem is one of the major factors to determine 

282 the electricity-generation power and efficiency of the CSP. The thermal storage subsystem keeps 

283 repeating charging and discharging processes in the operation, so cyclic thermal performance of 

284 this subsystem is of primary interest and is studied in following sections. 

285 4.1 Thermal performance of the SLPBTT in cyclic processes

286 In this section, the thermal performance of a SLPBTT in cyclic processes is analyzed. The 

287 variations of key performance parameters are analyzed, and the temperature distributions are 

288 revealed in the periodic state. Moreover, the effects of the thermocline on the thermal performance 

289 are discussed.

290 4.1.1 Variations of useful energy and efficiency

291 Fig. 6 shows the variations of QC, QD, ηC, and ηD in cyclic processes for a SLPBTT. It can be 

292 observed that QC, QD, ηC, and ηD decrease with increasing cycle numbers. Specifically, it can be 
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293 found that all the four parameters decrease sharply from Cycle 1 to Cycle 2, while the variations 

294 are small among Cycle 2 to Cycle 4. This is because the tank is fully charged for Cycle 1 with 

295 QC,1=Qideal and ηC,1=100%. However, in subsequent cycles, the tank could not be fully charged or 

296 discharged due to the limitation of outlet temperature. It also can be proved that the variations of 

297 parameters between Cycle 3 and Cycle 4 are lower than 0.7%, which means the charging and 

298 discharging processes enter a periodic state from Cycle 3. In addition, QD is lower than QC at the 

299 periodic state, and around 2.7% of QD is lost because of the convective heat transfer between the 

300 tank wall and air.
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302 Fig. 6 Variation on QC, QD, ηC and ηD with cycles.

303 4.1.2 Temperature distribution and thermocline expansion

304 Fig. 7 demonstrates the axial temperature distributions of molten salt at different times (t1=0 

305 h, t2=1.2 h, t3=tD or tC) of the charging and discharging processes in the periodic state. It can be 

306 seen from Fig. 7 that there is a large-temperature-gradient region called thermocline, segregating 

307 the hot region (T=390°C) and cold region (T=290°C) in the tank. The thermocline region moves 

308 downward during the charging process and upward during the discharging process. It is also can 
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309 be seen in Fig. 7 that there is a retention thermocline region at the end of charging or discharging 

310 process (t3) due to the limitation of outlet salt temperature.The thickness of retention thermocline 

311 of charging process (1.5 m) is smaller than that of discharging process (1.8 m).

312  
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313  (a) Charging                    (b) Discharging
314 Fig. 7 Axial temperature distributions of salt at t1=0 h, t2=1.2 h and t3=tD or tC in the periodic state.

315 Fig. 8 shows the variation of the thermocline thickness (L) with cycles. The L varies greatly in 

316 each charging or discharging process, and it expands firstly from the beginning of a process, and 

317 then reaches a peak when the thermocline arrives at the outlet.Finally it drops sharply until the end 

318 of process. It is also observed that the retention thermocline expands slightly with cycles before the 

319 cycle enter a periodic state after Cycle 3, e.g., LR for the discharging process increases from 1.67 

320 m in Cycle 1 to 1.77 m in Cycle 3. 
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322 Fig. 8 Variation of thermocline thickness L with cycles.

323 4.1.3 Effect of thermocline on thermal performance

324 The axial temperature distributions of salt at the final state of charging and discharging 

325 processes in a periodic cycle are given in Fig. 9. At the end of the charging process, there is a 

326 retention thermocline region at the bottom of the tank, so this part is not fully charged. As a result, 

327 the stored energy (QC) is smaller than the ideal stored energy (Qideal) of SLPBTT. Region 1 in Fig. 

328 9 indicates the energy storage ability wasted (Q1) due to the partially charging. 
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330 Fig. 9 Axial temperatures of salt at final state of charging and discharging processes at periodic cycle.

331 Similarly, at the end of discharging process, there is a retention thermocline region at the top 
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332 of the tank, so this part is not fully discharged. It means that the released energy (QD) is smaller 

333 than Qideal. Region 3 in Fig. 9 indicates the energy discharging ability wasted (Q3) because of the 

334 partially discharging. The region 2 of Fig. 9 indicates the sum (Q2) of the stored energy (QC) and 

335 the heat loss (QC,loss) in the charging process, or it presents the released energy (QD) and the heat 

336 loss (QD,loss) in the discharging process. The relationships of these parameters are expressed in Eq. 

337 (23) and (24). 

338  (23)
2 C C,loss D D,lo

ideal 1 3

s

2

s

=
  

 

Q Q
Q

Q
Q

Q
Q

Q
Q

339  (24) 
 

C C ideal 2 C,loss ideal

D D ideal 2 D,loss ideal

= / =  / 

= / = /

Q Q Q Q Q

Q Q Q Q Q









340 The efficiency of the SLPBTT (η) is the ratio of the useful energy (QC, QD) to the ideal stored 

341 energy (Qideal). Qideal will remain unchanged if the structure of SLPBTT is defined. Hence, for 

342 improving η, the numerators (Q2-QC,loss, Q2-QD,loss) in Eq. (24) should be increased by reducing 

343 QC,loss and QD,loss, and increasing Q2. On the one hand, QC,loss and QD,loss can be reduced by 

344 enhancing the insulation of the wall. On the other hand, Q2 can be increased by reducing Q1 and 

345 Q3. It can be provided that if the retention thermocline becomes thinner, lower Q1 and Q3 will be 

346 achieved in Fig. 9 . For reducing the retention thermocline thickness, the proper approach is to 

347 control the expansion of thermocline. 

348 From the above analysis, it has been found that the thermal performance of SLPBTT varies 

349 with cycles, thresholds of outlet temperatures and time. The retention thermocline of the previous 

350 cycle has direct effects on thermal performance.

351 4.2 The interface effect on thermocline
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352 In this section, first, the effects of five promising solid fillers on the thermocline expansion in 

353 the SLPBTT are investigated. Then, a phenomenon is first reported and analyzed which is called 

354 interface effect between two different fillers on thermocline development.. 

355 4.2.1 Effect of fillers on thermocline expansion

356 The effect of different fillers on the thermocline expansion is discussed by comparing the 

357 thermocline thickness (L) in discharging for Cycle 1.The influences of five promising fillers given 

358 in Table 2 as shown in Fig. 10. It is seen that the expanding velocity of L and the retention 

359 thermocline thickness (LR) vary with solid fillers. 

360 For the fillers with similar volumetric heat capacity (ρscp,s) of 2.075~2.925 MJ.m-3.K-1 as given 

361 in Table 2, Silicon Carbide owns the thickest LR and the fastest expanding velocity of L, followed 

362 by Alumina Ceramics, quartzite rock, and high-temperature concrete. This is because the filler with 

363 larger thermal conductivity (ks) will result in more significant thermal diffusion, which leads to 

364 larger LR and faster expanding velocity of L, and vice versa. 

365 For the cast iron with the volumetric heat capacity (ρscp,s) of 6.612 MJ.m-3.K-1 which is much 

366 larger than those of other fillers, the expanding velocity of L is the second lowest one among the 

367 five. However, LR is relatively large and claims the second largest position, even its conductivity 

368 (ks=29.3W.m-1.K-1) is not very large. This is because the expansion time for thermocline in cast iron 

369 is quite long, which results in the large LR at a relatively low expanding velocity.

370 As mentioned before, ηC and ηD increase with the decreasing retention thermocline thickness. 

371 Therefore quartzite rock and high-temperature concrete with small LR are recommended as solid 
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372 filler based on the above analysis. In addition, for increasing the useful energy (QC, QD), the cast 

373 iron with large ρscp,s is suggested.
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375 Fig. 10 Variations of thermocline thickness with discharging time for 5 solid fillers in Cycle 1.

376 4.2.2 The interface effect on thermocline development

377 From previous analysis, it is found that the thermocline expanding velocity varies with the 

378 change of filler materials. If a tank is filled with two different fillers orderly, which constitute the 

379 Multi-Layered Packed-Bed Thermocline Tank (MLPBTT) with two layers, there will be an 

380 interface between the two layers. The effect of the interface on thermocline development, which 

381 can be divided into the expanding effect and shortening effect, will be observed. The interface 

382 effect in discharging is taken as an example to illustrate the phenomenon, where the thicknesses of 

383 lower and upper layers are 2.5 m and 3.4 m, and the cast iron and quartzite rock are adopted as 

384 fillers. Fig. 11 and Fig. 12 show the expanding effect and shortening effect on thermocline 

385 development, respectively.

386 In the expanding effect case, cast iron is placed at the bottom of the tank, and quartzite rock 

387 is placed at the top. When thermocline flows from cast iron to quartzite rock, the thickness of the 
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388 thermocline (L) in Fig. 11(b) during the crossing process becomes much thicker than that before 

389 crossing the interface in Fig. 11(a). This is because the expanding velocity of the thermocline in 

390 the quartzite rock is quicker as shown in Fig. 10. The phenomenon, which is the thermocline 

391 thickness increases sharply when the thermocline crosses the filler interface, is defined as the 

392 “expanding effect”.
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394 (a) Before crossing the interface.  (b) During the crossing process.
395 Fig. 11. Expanding effect on salt temperature distribution in discharging.

396 Furthermore, in the shortening effect case, quartzite rock is placed at the bottom of the tank, 

397 and cast iron is placed at the top. When thermocline flows from quartzite rock to cast iron, it can 

398 be seen that L in Fig. 12(b) during the crossing process becomes thinner than that before crossing 

399 the interface in Fig. 12(a). This phenomenon, which is the thermocline thickness decreases when 

400 the thermocline crosses the interface, is defined as the “shortening effect”.
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403 Fig. 12. Shortening effect on salt temperature distribution in discharging.

404 Through the above discussion, an interesting issue has been proposed that the development of 

405 thermocline can be controlled by utilizing the interface effect in a reasonable way to improve the 

406 thermal performance. 

407 4.3 Thermal performance of the MLPBTT in cyclic processes

408 In this part, a novel multi-layered design using several different fillers is primarily proposed. 

409 After that, the effects of layer structures are discussed, and some suggestions are provided. 

410 4.3.1 The design of a novel MLPBTT 

411 A novel MLPBTT shown in Fig. 2 is designed in the following way to optimize the thermal 

412 performance, including the useful energy and thermal efficiencies. 

413 First, to improve the charging and discharging efficiencies (ηC, ηD), the cheap quartzite rock 

414 with small LR are chosen as the primary solid filler based on the results in Section 4.2.1.A thickness 

415 of 3.5m is designed to achieve a relatively low cost after considering the price. To increase the 

416 useful energy (QC, QD), a relatively thin layer of cast iron with large ρscp,s is also chosen. In addition, 
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417 to control the expansion of thermocline, high-temperature concrete with the lowest conductivity (ks) 

418 is used.

419 Second, if cast iron is placed at the top of the tank, a large proportion of the stored energy will 

420 be left in tank and wasted in discharging. However, if cast iron is placed at the bottom of the tank, 

421 its storage ability will not be adequately unitized in charging. For these reasons, the cast iron should 

422 be placed in the middle of the tank, and other two fillers are placed near the upper and lower borders, 

423 respectively.

424 Finally, the following items are optimized for controlling the development of the thermocline 

425 thickness to improve the thermal performance including positions of quartzite rock and high-

426 temperature concrete, and the thicknesses of the high-temperature concrete and cast iron..

427 Fourteen layer structures are designed by using the above procedures.  The considering 

428 positions and ratios of the fillers are shown in Table 5. These structures can be divided into group 

429 A and group B. In group A including structures A-1 to A-7, the quartzite rock is placed at the 

430 bottom, and high-temperature concrete is placed at the top. In group B including structures B-1 to 

431 B-7, the high-temperature concrete is placed at the bottom and quartzite rock is placed at the top. 

432 The thicknesses of the layers in structure A-i is the same as that in corresponding structure B- i as 

433 given in Table 5. Moreover, the typical SLPBTTs using quartzite rock, cast iron and high-

434 temperature concrete are also listed in Table 5.

435 After conducting the examination in the similar way as shown in section 4.1.1, it is also found 

436 that the charging and discharging processes of all structures will enter a periodic state from Cycle 

437 3. Therefore, Cycle 3 is chosen as the periodic state in the subsequent study. 
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438 Table 5. Structures of fourteen MLPBTTs and three SLPBTTs.

Percentages of the fillers’ height /m
Structures

High-temp. concrete Cast iron Quartzite rock

S-quartzite 0 0 100%
S-iron 0 100% 0

S-concrete 100% 0 0
A-1/B-1 40.68% 0 59.32%
A-2/B-2 35.59% 5.08% 59.32%
A-3/B-3 30.51% 10.17% 59.32%
A-4/B-4 20.34% 20.34% 59.32%
A-5/B-5 10.17% 30.51% 59.32%
A-6/B-6 5.08% 35.59% 59.32%
A-7/B-7 0 40.68% 59.32%

439 4.3.2 Variation of thermal performance and cost analysis 

440 It has been demonstrated that the thermal performance (QC, QD, ηC, ηD) of the 14 structures in 

441 two groups in a period cycle in Fig. 13. The results show that the variations of ηC and ηD between 

442 structure A-1 in group A and corresponding structure B-1 in group B are around 2.0%.In respect 

443 of other structures, the variations are within 1.0%. This result indicates that the effects of positions 

444 of quartzite rock and high-temperature concrete in the MLPBTT on thermal performance can be 

445 negligible. Therefore, group A will be taken as the example for further discussion in the following 

446 sections.
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448 (a) Charging                                      (b) Discharging
449 Fig. 13. Comparison of the thermal performance of group A and group B in a period cycle.

450 The cost analysis is conducted using more realistic large-scale tanks rather than the small-

451 scale tanks studied above. The large-scale tanks are all assumed to have the QD of 100 MWht. It is 

452 known that the thermal efficiencies of a thermocline tank are affected by the tank height, but they 

453 are barely affected by the tank diameter. Therefore, the heights of the large-scale tanks are assumed 

454 be the same as that of the small-scale tanks, and the efficiency data obtained in previous study is 

455 employed in the cost analysis. Meanwhile, the diameters are adjusted to ensure that QD=100 MWht. 

456 Table 6 shows the capital costs of large-scale (QD=100 MWht) SLPBTTs and MLPBTTs as 

457 described in Section 2.3. First, it is seen in Table 6 that the CTES of SLPBTT using quartzite rock 

458 is the lowest among the single-layer structures because of its low price and relatively high 

459 efficiency. Besides, the experiment has proved that the quartzite rock held up remarkable thermal 

460 performance after 553 cycles in the Sandia National Laboratories [23]. So the characteristics of 

461 quartzite rock including low price, high efficiency and good thermal stability made the quartzite 

462 rock be chosen as the best filler material for SLPBTT in the present work. SLPBTT using the 

463 quartzite rock will be taken as the typical SLPBTT for further discussion in the following sections. 

464 Second, the CTES of SLPBTT adopting cast iron is much higher than those of other structures, so 

465 the SLPBTT using cast iron is not suitable for the industrial application despite its large volumetric 

466 heat capacity. Moreover, the filler cost of MLPBTT increases from structure A-1 to A-7 due to the 

467 increment of the expensive cast iron, but the container cost decreases due to the decrement of the 

468 tank’s volume. Finally, it is found that the CTES of MLPBTT increases from structure A-1 to A-7.

469 Table 6 Capital costs of SLPBTTs and MLPBTTs for a 100 MWht thermocline storage tank.

javascript:void(0);
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Cost for per $ kWht-1

Structures
Fillers Container Purchased equipment

Capital cost CTES / 
$ kWht-1

S-quartzite 0.6 21.6 38.7 60.9
S-iron 22.8 11.7 38.7 73.2

S-concrete 4.0 19.1 38.7 61.8
A-1 2.1 20.6 38.7 61.4
A-2 4.5 19.9 38.7 63.1
A-4 6.8 19.3 38.7 64.8
A-5 10.5 18.2 38.7 67.4
A-6 13.7 17.2 38.7 69.6
A-7 14.8 16.6 38.7 70.1
A-8 15.6 15.9 38.7 70.2

470 Fig. 14 shows the thermal performance (QC, QD, ηC, ηD) and capital cost (CTES) of three 

471 SLPBTTs and seven MLPBTTs in a period cycle. First, in group A of Fig. 14, the useful thermal 

472 energy (QC, QD) increase from structure A-1 to A-7 with increasing cast iron’s height (Hci) due to 

473 large ρscp,s of it. For example, in a periodic discharging process in Fig. 14, QD for A-1 with Hci =0 

474 m is just 7.95×103 MJ, and QD for A-6 with Hci =2.1 m is 9.62×103 MJ. However, the efficiencies 

475 (ηC, ηD) decrease with increasing Hci except those of A-1 with Hci=0. It is seen that ηC and ηD 

476 decrease sharply from A-1 to A-4, whereas ηC and ηD remain approximately at 72% and 69%, 

477 respectively, from A-5 to A-7.

478 In addition, by comparing the performance of group A with that of SLPBTT using quartzite 

479 rock, it is seen that the stored useful energy can be effectively improved with a small drop in 

480 thermal efficiency when cast iron is relatively thin. For example, an increase in QD of 10.5% and a 

481 drop in ηD of 2.1 % for structure A-2 can be observed compared with that of SLPBTT using 

482 quartzite rock. However, when cast iron is relatively thick, even though QC and QD are improved 

483 significantly, ηC and ηD are reduced importantly. For example, a rise in QD of 35.9% and a large 

484 drop in ηD of 10.7% for structure A-6 are observed compared with that of SLPBTT using quartzite 
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485 rock. Meanwhile, comparing with that of SLPBTT using cast iron, the ηD of A-1 and A-2 can be 

486 improved by 11.2 % and 8.3 %, respectively, and the CTES of A-1 and A-2 can be significantly 

487 reduced by 16.2 % and 14.0 %, respectively. From current results, the structure of MLPBTT with 

488 small Hci is recommended to achieve a high efficiency, reasonable useful large thermal energy and 

489 low capital cost, e.g., structure A-1and A-2. 
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491 Fig. 14. Comparison of the thermal performance and capital cost of SLPBTTs and MLPBTTs in a period cycle.

492 4.3.3 Effect of thermocline on thermal performance

493 Fig. 15 shows the development of thermocline thickness for seven structures in group A and 

494 SLPBTT using quartzite rock. From Fig. 15 (a), it can be seen that L of structures SLPBTT and 

495 A-1, without cast iron, is relatively small with the maximum thermocline thickness Lmax<2.8m in 

496 the charging process. However, once the cast iron is added, Lmax will become much larger due to 

497 the expanding effect at the interface between cast iron and quartzite rock, e.g., A-2 to A-7. 

498 From Fig. 15 (b), it is seen that L of SLPBTT, and A-1 to A-3 increases at the beginning of a 

499 discharging process due to the thermocline region expansion in quartzite rock. However, no 
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500 improvement of L is observed for other structures (A-4 to A-7) due to the shortening effect at the 

501 interface of quartzite rock and cast iron, where the thickness of retention thermocline in the 

502 previous charging cycle is larger than the filling height of quartzite rock (Hqr). 
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503 (a) Charging                                  (b) Discharging
504 Fig. 15 Comparison on thermocline thicknesses at different structures in a period cycle.

505 Fig. 16 shows the retention thermocline thickness of different structures in a periodic cycle, 

506 where the filling heights of three fillers are also illustrated. It is seen that the thickness of the 

507 retention thermocline for charging (LR,C) rises with the increasing Hci. It is mainly due to the 

508 increasing time for crossing the interface between cast iron and quartzite rock as shown in Fig. 15 

509 (a), which is caused by the expanding effect at this interface. However, the thickness of the 

510 retention thermocline for discharging (LR,D) process firstly increases and then decreases with the 

511 improvement of Hci from A-1 to A-7. This is because of the combined influence of the shortening 

512 effect between quartzite rock and cast iron, and the expanding effect between cast iron and concrete. 

513 In addition, it can be concluded that ηD of A-4 (71.0%) is much less than that of A-2 (77.3%), 

514 even though LR,D of A-4 (2.0m) is similar to that of A-2 (2.1m) in Fig. 16 and Fig. 14 (b) . It is seen 

515 that the retention thermocline region is within the region of Concrete for A-2 as well, but, it covers 
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516 both concrete and cast iron for A-4. Because a lot of thermal energy stored in cast iron where 

517 volumetric heat capacity is the largest among fillers for the A-4 cannot be adequately unitized. 

518 These results indicate that the thermal performance of MLPBTT is not only related to the thickness 

519 of retention thermocline (LR), but also closely related the relation of LR and filling height of filler. 

520 From above results, it is recommended that the retention thermocline thickness for present three-

521 layered PBTT should follow the relation in Eq. (25) for achieving a relatively high efficiency. 

522 Therefore, the structure A-2 without retention thermocline in the cast iron is recommended. 

523  (25)
R,C qr R,D hc  and    L H L H 

524
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525  Fig. 16 Relations of retention thermocline region and filler heights for the structures in a periodic cycle.

526 5. Conclusions

527 In the work, cyclic thermal performance of a traditional Single-Layered and of a novel Multi-

528 Layered Packed-Bed molten salt Thermocline Tank (SLPBTT, MLPBTT) was studied. The 

529 following conclusions could be derived.

530 (1) The analysis of the cyclic thermal performance of SLPBTT and the effect of thermocline 

531 indicates that the following items, including the stored thermal energy (QC), the released thermal 
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532 energy (QD), the charging efficiency (ηC), and the discharging efficiency (ηD), can be increased by 

533 reducing the retention thermocline thickness (LR). 

534 (2) The interface effect on thermocline, which refers to the expanding or shortening effect at 

535 the interface between two kinds of filler on thermocline thickness, is first reported. When salt flows 

536 from one filler with a slower expanding velocity of thermocline to another one with a fast 

537 expanding velocity, thermocline thickness will be increased, and vice versa. It is suggested that the 

538 thermocline development can be controlled by utilizing the interface effect in the MLPBTT, which 

539 is filled with different fillers orderly.

540 (3) Study on the performance of MLPBTTs designed by utilizing the interface effect presents 

541 that QC, QD can be increased while ηC, ηC will be reduced with the increasing cast iron’s height 

542 (Hci) in the MLPBTT. It is also found that the retention thermocline for present MLPBTT should 

543 not stay at the cast iron region for achieving a relatively high efficiency. 

544 (4) The optimization of the MLPBTT shows that the stored useful energy can be significantly 

545 improved with a small drop in thermal efficiency compared with those of SLPBTT using quartzite 

546 rock. A rise in discharging useful energy of 10.5% and a drop in discharging efficiency of 2.1 % 

547 can be observed for this MLPBTT in which the filling heights of quartzite rock, cast iron, and high-

548 temperature concrete are 3.5m, 0.3m, and 2.1m, respectively.

549 In conclusion, results can be useful to provide guidance of the further design and performance 

550 optimization of packed-bed thermocline thermal storage tanks. 
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557 Nomenclature

C2 inertial coefficient
CTES the total capital cost of the thermocline TES ($)
CTES,total the capital cost of the thermocline TES ($.kWht-1)
cp specific heat capacity (J.kg-1.K-1)
D diameter of packed-bed region (m)
dp diameter of the particle filler (m)
g acceleration due to gravity  (m.s-2)
H height of packed-bed region (m)
h heat transfer coefficient (W.m-2.K-1)
hV volumetric interstitial heat transfer coefficient (W.m-3.K-1)
K permeability
k thermal conductivity (W.m-1.K-1)
L thermocline thickness (m)
LR retention thermocline thickness (m)
l thickness (m)
Pr Prandtl number
p pressure (Pa)
Q thermal energy (J)
Qideal the maximum thermal energy stored in a tank (J)
Q thermal power (W)
Re Reynolds number
r radius (m)
T temperature (°C)
Th critical high temperature of thermocline region (°C)
Tl critical low temperature of thermocline region (°C)
t time (h)
u velocity (m.s-1)
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x location along the axis of the tank (m)
Greek symbols
ε porosity of packed-bed region
η thermal efficiency
μ viscosity (kg.m-1.s-1)
ρ density (kg·m-3)
Subscripts
air ambient air
C, D charging / discharging parameter
ci cast iron
eff effective
f fluid
hc high- temperature concrete
in, out inlet / outlet parameter
in1 inside insulation layer
in2 outside insulation layer
loss heat loss
qr quartzite rock
s solid filler material
st stainless steel
th threshold value

558
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