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Abstract: 10 

The key to improving the energy storage efficiency of solar thermal storage systems lies 11 

in developing high-performance thermal storage materials and optimizing the structure of 12 

thermal storage devices to address the technical challenges posed by the intermittent and 13 

unstable nature of solar radiation. Currently, nitrates salt phase change materials (PCMs) are 14 

widely used in solar thermal power generation systems, however, conventional molten salts 15 

suffer from limitations such as a narrow operating temperature range and poor thermal 16 

conductivity. Thermal storage devices, meanwhile, face challenges including limited 17 

optimization options and low thermal storage efficiency. To address these issues, this paper 18 

summarized the preparation of modified nitrates and the performance optimization of casing 19 
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heat accumulators. The performance of single and mixed nitrates was compared and methods 20 

for improving performance were analyzed. Subsequently, the optimization of casing heat 21 

accumulator structures is examined, focusing on tube geometries, fin configurations, topology 22 

optimization and biomimetic design. Moreover, the synergistic optimization between nitrate-23 

based PCMs and casing heat accumulators was proposed. Finally, the critical challenges and 24 

promising future research directions were prospected from nitrate-based PCMs development 25 

and heat accumulator optimization perspectives. 26 

Keywords: Nitrate phase change material; Casing heat accumulator; Thermophysical property 27 

improvement; Heat accumulator optimization; Solar thermal storage 28 

Nomenclature   

Symbols  Fe2O3 iron oxide 

cp specific heat capacity, J/(kg·K) GA graphene aerogel 

ΔH fusion enthalpy, J/g GNS graphene nanosheets 

T temperature, K GO graphene oxide 

Greek symbols  HTF heat transfer fluid 

λ thermal conductivity, W/(m·K) MgO magnesium oxide 

ρ density, kg/m3 SiO2 silicon dioxide 

Subscripts  TiO2 titanium oxide 

m melting point LHTES latent heat thermal energy storage  

d decomposition temperature MWCNTs multi-walled carbon nanotubes 

Abbreviations  NaNO3 Sodium nitrate 
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Al2O3 Aluminum oxide PCMs Phase change materials 

CNTs carbon nanotubes SWCNTs Single-walled carbon nanotubes 

CSP Concentrated solar power TES Thermal energy storage 

CuO copper oxide TNC ternary nitrate-carbonate  

EG expanded graphite   

 29 

1 Introduction 30 

Industrial development has long been a cornerstone of national economic growth and 31 

social progress, with advancements in technology serving as a key driver of modernization [1]. 32 

In this context, the efficiency of energy utilization and innovation mode directly affect the 33 

competitiveness of industry and the sustainable development of the country. Since the Industrial 34 

Revolution, fossil energy as the dominant energy source has driven the rapid development of 35 

global industrialization. However, with the continuous increase in global energy demand, the 36 

depletion of conventional fossil fuels and the intensification of environmental pollution have 37 

become increasingly serious issues, driving a global shift toward clean and renewable energy 38 

sources [2]. Clean energy technologies such as solar thermal power, wind, photovoltaic, 39 

hydrogen and fourth-generation nuclear energy have become the critical directions for energy 40 

transformation [3].  41 

Solar energy has been widely used in photovoltaic and solar thermal power generation due 42 

to the short life cycle, low cost and low carbon emissions [4]. Although Chinese solar power 43 

capacity has grown rapidly in recent years, the inherent intermittency and volatility of solar 44 
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power have limited its stable grid integration. Efficient thermal energy storage (TES) 45 

technology has become the key to overcoming this bottleneck [5]. TES technologies enable the 46 

storage of excess energy during periods of low demand and its release during peak demand, 47 

thereby significantly enhancing overall energy utilization efficiency and facilitating the large-48 

scale deployment of renewable energy systems. Concentrated solar power (CSP) systems, 49 

relying on molten salt thermal storage technology to achieve all-weather stable power 50 

generation [6], have become a key direction of renewable energy development, with higher 51 

operational stability and peak-shaving capacity than photovoltaic power generation [7]. Among 52 

various TES technologies, phase change materials (PCMs) have become a key solution to 53 

address solar energy fluctuations due to high energy storage density and reversible phase change 54 

characteristics [8]. In the mid-to-high temperature range, typically 120-500 ℃, which is 55 

particularly relevant for CSP and industrial waste heat recovery, molten salt PCMs exhibit 56 

unique and irreplaceable advantages. Compared with other PCM candidates, molten salts offer 57 

excellent thermal stability, high latent heat, wide availability and low cost [9]. Notably, nitrate-58 

based molten salts stand out due to their favorable melting temperature range, low corrosivity, 59 

and superior thermal stability, making them among the most promising TES materials for CSP 60 

applications. Despite these advantages, their practical deployment is constrained by inherent 61 

limitations, including relatively low thermal conductivity and a narrow operating temperature 62 

window, which hinder efficient heat transfer and system responsiveness [10]. 63 

The heat accumulator is the core component of an integrated PCM system and its 64 

performance directly determines the overall efficiency and economic viability of the TES 65 
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system [11]. Conventional accumulator designs often suffer from uneven heat flow distribution, 66 

slow melting rates, and incomplete phase change, which can lead to localized overheating, 67 

material corrosion, and salt decomposition, ultimately shortening equipment lifespan [12]. 68 

Rational design of rib structures and heat exchange surfaces can significantly improve heat 69 

transfer efficiency and boost the effectiveness of the thermal energy storage system. [13]. These 70 

issues have become key obstacles hindering the large-scale engineering application of nitrate-71 

based PCM TES technology in solar thermal power generation. Therefore, optimization of 72 

nitrate-based PCM and heat accumulator is crucial for improving system performance. 73 

To address the limitations of nitrate-based PCMs and their associated heat accumulators, 74 

this review systematically synthesizes recent advances in material modification and structural 75 

optimization, with a particular focus on casing heat accumulator. Unlike previous reviews that 76 

have addressed material development or heat exchanger design separately, this work presents a 77 

holistic integration of material-structure-performance strategies. Specifically, we summarize 78 

advanced approaches for enhancing nitrate PCMs, including mixed molten salt formulations 79 

and thermal conductivity improvement techniques. We further discuss various optimization 80 

strategies for casing heat accumulators, such as fin configurations and heat surface 81 

modifications, providing practical guidance for integrated system design. The optimization 82 

strategies for hybrid nitrate PCMs, thermophysical enhancements and practical applications, 83 

are illustrated in Fig. 1. Finally, we identify key challenges and future research directions for 84 

the synergistic optimization of nitrate-based PCMs and casing heat accumulator. Overall, this 85 
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review aims to advance the development and application of nitrate-based PCMs and their 86 

coupled accumulator systems in the field of solar thermal energy storage. 87 

 88 

Fig. 1. Performance improvement of molten salt and casing heat accumulator. 89 

2 Nitrate molten salt PCMs 90 

PCM plays an important role in phase change heat storage in industrial and civil 91 

applications [14] and can be categorized according to the form of phase change, temperature 92 

range and chemical components. They can be categorized into three types according to the 93 

temperature range: low temperature (-50~100 ℃), medium temperature (100~250 ℃) and high 94 

temperature (above 250 ℃) [15]. Low-temperature PCM, such as hydrogels and inorganic 95 

hydrated salts, are mainly used in construction [16]. Medium-temperature PCM, like molten 96 

salts and polymers, are widely used in the field of construction and solar energy [17]. High-97 

temperature PCM, such as molten salts, metals and alloys, are mainly used in industrial waste 98 
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heat recovery and power peaking [18]. With the growing demand for energy-efficient 99 

technologies, the application of phase change materials (PCMs) is expanding, particularly in 100 

the field of solar energy, where their thermal storage performance directly impacts overall 101 

system efficiency. 102 

2.1 Single nitrates utilized for solar energy 103 

In solar energy utilization, concentrated solar power (CSP) systems impose particularly 104 

stringent requirements on thermal storage media, which must balance thermal stability, 105 

temperature adaptability, and cost-effectiveness. Therefore, the selection of appropriate thermal 106 

storage materials is critical for the design and operation of CSP systems. Molten salts have 107 

emerged as one of the preferred choices due to their excellent thermal stability, high heat storage 108 

density, and wide operational temperature range [19]. The improvement of the efficiency and 109 

stability of CSP systems relies on in-depth studies of the thermophysical properties of molten 110 

salts. Molten salts include nitrates, carbonates and chlorides [20], among which nitrate materials 111 

have the advantages of relatively low melting points (usually below 300 ℃), moderate heat 112 

capacity and good chemical stability. Carbonates and chlorinated salts perform well in 113 

environments above 400 ℃ and have potential application in high temperature systems. 114 

According to the chemical composition, the classification of molten salt PCM suitable for CSP 115 

is listed in Table 1. Compared to conventional high-temperature molten salts, low and medium-116 

temperature molten salt systems are able to operate at lower temperatures, reducing energy 117 

consumption and improving energy utilization efficiency, saving energy costs. Therefore, 118 

nitrate-based materials are considered the optimal choice for low- to medium-temperature CSP 119 
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systems. Their phase transition temperatures range from 300 to 550  ℃ aligning well with the 120 

typical operating ranges of trough (300–400  ℃) and tower (500–550 ℃) CSP systems, without 121 

the need for additional heating or cooling. The thermophysical properties of individual nitrate 122 

salts are summarized in Table 2. 123 

Table 1. Classification of molten salt PCM for CSP. 124 

Molten salt type Tm (℃) Advantages and disadvantages 

Nitrates 200-600 

High latent heat of phase change, Chemically 

stable, Low cost, Non-toxic, Good liquidity 

Less corrosive 

Chlorides 400-800 

Good high-temperature stability, High thermal 

conductivity, Easy to absorb moisture, Strong 

corrosiveness, High cost 

Carbonates 400-800 

Good high-temperature stability, Low latent 

heat of phase change, Easy to react with water, 

Poor liquidity 

Fluorides 600-1000 

High temperature resistance, High toxicity, 

Extremely high cost, Extremely corrosive, 

Poor safety 

 125 

Table 2. Thermal-physical properties of single nitrate salts. 126 

Nitrates Tm (℃) Td (℃) ΔH (J/g) Ref. 
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KNO3 336.9 400 95 [21] 

NaNO3 309.08 380 165.25 [22] 

Ca(NO3)2 561 561-660 145 [23] 

LiNO3 264 600 360 [23] 

NaNO2 270 320 180 [23] 

Ba(NO3)2 561 592 145 [23] 

Sr(NO3)2 608 645 221 [23] 

Mg(NO3)2 129 330 189 [24] 

2.2 Nitrate-nitrate mixture 127 

Solar Salt (60% NaNO3-40% KNO3) has a melting point of 220 ℃ and Hitec salt (53% 128 

KNO3-40% NaNO2-7% NaNO3) melts at 142 ℃ [25]. The phase transition temperature of 129 

mixed nitrate salts can be flexibly adjusted by varying the component ratios, making them 130 

suitable for most medium and high temperature thermal energy storage applications. 131 

Solidification can be effectively prevented through heat tracing and insulation, enabling large-132 

scale pipeline transport and storage tank design. The long-term reliability of these salts has been 133 

demonstrated in multiple commercial CSP power plants worldwide [26, 27]. Mixed nitrate salts 134 

can be classified into binary, ternary, quaternary, and multinary mixtures based on the number 135 

of components they contain, as shown in Fig. 2. 136 
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 137 

Fig. 2. Classifications of nitrate-nitrate mixture. 138 

2.2.1 Binary nitrate-nitrate hybrid salts 139 

The introduction of other nitrates to the molten salt can alter the properties of the single 140 

nitrate. Solar salt containing 40% KNO3 and 60% NaNO3 is commonly used binary nitrate 141 

molten salts due to their suitable melting point and high decomposition temperature [28]. Wang 142 

et al. [29] focused on 50% NaNO3-50% KNO2 and 44% NaNO3-56% NaNO2 binary 143 

nitrate/nitrite molten salts, and predicted the thermal properties of mixed molten salts through 144 

machine learning and phase diagrams. Wang et al. [30] investigated various binary nitrate 145 

molten salts, including NaNO3-KNO3, NaNO3-LiNO3, KNO3-LiNO3, KNO3-Ca(NO3)2, 146 

LiNO3-Ca(NO3)2 and NaNO3-Ca(NO3)2. The melting points (Tm) of these binary nitrate salts 147 

ranged from 136.7 ℃ to 239.2 ℃. The common binary nitrate-nitrate hybrid salt is shown in 148 

Table. 3. Some binary nitrate molten salts have high decomposition temperatures and can 149 

operate stably at elevated temperatures. For example, the decomposition temperature of 50% 150 

NaNO3-50% KNO2 was 642.2 ℃, which could meet certain high-temperature application 151 

requirements. By adjusting the component ratios, certain binary nitrate molten salts can achieve 152 

lower melting points, which helps reduce energy consumption during system start-up and 153 

operation while preventing solidification. For example, the melting point of 50% NaNO3-50% 154 

KNO2 is 139.1 ℃, which is lower than the single nitrates. Moreover, binary molten salts based 155 



11 

on NaNO3 and KNO3 have relatively low raw material costs and are suitable for large-scale 156 

application. However, binary molten salts containing nitrite ions (NO2
-) may exhibit some 157 

corrosion potential toward metals at high temperatures, potentially affecting the service life of 158 

system equipment. The phase transition behavior of binary nitrate molten salts may exhibit 159 

irregularities, potentially affecting the stability of energy storage and release. Although a variety 160 

of binary nitrate compositions have been developed, comprehensive data on their 161 

decomposition temperatures (Td) and fusion enthalpy (ΔH) remain limited. Further refinement 162 

of these thermophysical properties is necessary to provide reliable technical data for practical 163 

applications. Clearly, the melting point can be significantly lowered by adding KNO2 or LiNO3, 164 

reaching as low as 136.7 ℃, whereas the melting point of binary nitrate mixtures containing 165 

Ca(NO3)2 is typically above 220 ℃. The decomposition temperature of binary mixtures 166 

containing nitrite is slightly higher than that of Solar salt, but the latent heat is significantly 167 

lower. Consequently, binary systems containing LiNO3 offer significant advantages in terms of 168 

melting point, addressing the issues of pipe blockages and high energy consumption for system 169 

insulation associated with traditional molten salts. 170 

Table. 3. Summary of binary nitrate-nitrate hybrid salts. 171 

Component Tm (℃) Td (℃) ΔH (J/g) Ref. 

60% NaNO3-40% KNO3 (Solar salt) 220.0 600.0 161 [28] 

50% NaNO3-50% KNO2 139.1 642.2 74.7 [29] 

44% NaNO3-56% NaNO2 222.0 632.0 121.2 [29] 

48.9% NaNO3-51.1% KNO3 224.3 - - [30] 
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48.4% NaNO3-51.6% LiNO3 196.7 - - [30] 

57.5% KNO3-42.5% LiNO3 136.7 - - [30] 

67% KNO3-33%Ca(NO3)2 148.3 - - [30] 

86.3% LiNO3-13.7% Ca(NO3)2 239.3 - - [30] 

67.7% NaNO3-32.3% Ca(NO3)2 224.3 - - [30] 

2.2.2 Ternary nitrate-nitrate hybrid salts 172 

Compared to conventional Solar Salts, ternary molten salts based on NaNO3 and KNO3 173 

can further enhance key performance characteristics. The addition of a third nitrate component, 174 

such as Li NO3 or Ca(NO3)2, preserves the high thermal storage density and chemical stability 175 

of the molten salts while maintaining relatively low cost. Hitec salt, a ternary mixture consisting 176 

of 7% NaNO3, NaNO2, and 53% KNO3, features a low melting point (142 °C), high 177 

decomposition temperature (Td 535 ℃), low cost, and non-toxic properties, making it widely 178 

adopted in CSP systems [31]. Olivares et al. [32] studied the thermal stability of a ternary nitrate 179 

composed of 30% LiNO3-18% NaNO3-52% KNO3 and determined the applicable temperature 180 

(121 ℃) and enthalpy value (141.2 J/g) for TES. Recently, Fernández et al. [33] studied the 181 

effect of adding LiNO3 and Ca(NO3)2 to Solar Salt on physical and chemical properties. The 182 

results showed that the addition of LiNO3 improved the thermal stability of the salt, while the 183 

addition of Ca(NO3)2 lowered the Tm. Li et al. [34] investigated the degradation mechanism of 184 

the thermal-physical properties of a ternary molten salt composed of 16% NaNO3-48% KNO3-185 

36% Ca(NO3)2 after long-term high-temperature heat treatment. The results showed that the Tm 186 

decreased from 103.3 ℃ to 98.3 ℃ and the ΔH increased from 28.83 J/g to 32.45 J/g after 15 187 
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days of high-temperature treatment at 480.0 ℃. Zhao et al. [35] developed a ternary nitrate 188 

mixtures composed of 63.7% KNO3-27.3% Ca(NO3)2-9% LiNO3 and the results showed that 189 

the mixtures have a Tm of 100 ℃ and high Td of 500 ℃. The detailed information of ternary 190 

nitrate is listed in Table. 4. Henríquez et al. [36] reported that the Tm of 30% LiNO3-13% 191 

NaNO3-57% KNO3 was 124 ℃ and the Td was 594 ℃, which meant that the mixture could 192 

operate at the highest operating temperature similar to that of Solar Salts. It can be seen that 193 

ternary nitrates have lower Tm, which can effectively broaden the operating temperature range 194 

and reduce the risk of system freezing. Compared with binary salts, ternary salts can further 195 

lower the melting point and are generally much lower than binary Solar Salts. The nitrite-based 196 

system exhibits the best thermal stability, with a decomposition temperature as high as 652 ℃. 197 

LiNO3-based ternary systems are the primary focus for medium-temperature TES. They 198 

combine the advantages of low melting points and high phase-change enthalpy, offering TES 199 

densities close to those of traditional Solar Salt while featuring lower melting points, achieving 200 

the best overall performance. However, the relatively high cost of LiNO3 makes ternary 201 

mixtures containing this component less competitive compared to conventional Solar Salts. 202 

Therefore, both the performance benefits and material costs of ternary nitrates should be 203 

carefully considered in future research and system design. 204 

Table. 4. Summary of ternary nitrate-nitrate hybrid salts. 205 

Component Tm (℃) Td (℃) ΔH (J/g) Ref. 

53% KNO3-40% NaNO2-7% NaNO3(Hitec salt) 142.0 610.0 72.5 [25] 

30% LiNO3-18% NaNO3-52% KNO3 141.2 602 141.2 [32] 
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32.4% Ca(NO3)2-12.4% NaNO3-55.2% KNO3 115.6 500.0 - [37] 

48% Ca(NO3)2-7% NaNO3-45% KNO3 130.6 554.4 - [38] 

20% LiNO3-52% KNO3-28% NaNO3 130.2 600.1 - [38] 

30% LiNO3-60% KNO3-10% Ca(NO3)2 132.2 567.1 - [38] 

42% KNO3-48.5% NaNO2-9.5% KNO2 139.8 652.0 - [33] 

40% NaNO2-7% NaNO3-53% KNO3 142.0 631.0 - [39] 

2.2.3 Quaternary nitrate-nitrate hybrid salts 206 

Although binary and ternary nitrate molten salts such as Solar Salts and Li-containing 207 

ternary salts have been extensively investigated, practical applications still face challenges 208 

including high melting points, limited high-temperature stability, and elevated costs. To address 209 

these issues, quaternary nitrate salts, which incorporate a fourth nitrate component into ternary 210 

systems, have been developed. These quaternary mixtures exhibit lower melting points, as 211 

summarized in Table. 5. Fernández et al. [40] proposed a quaternary nitrate containing LiNO3 212 

and Ca (NO3)2 to improve the solar salt used in CSP, extending the operating temperature range 213 

to 132-580 ℃. Zhong et al. [24] conducted thermodynamic calculations on quaternary 11.3% 214 

Mg(NO3)2-20.7% LiNO3-56.4% KNO3-11.6% NaNO3 with the aim of designing a new type of 215 

Mg(NO3)2 based molten salt with a low melting point, which had Tm=116.9 ℃ and Td=473.2 ℃, 216 

ΔH=133.7 J/g. Gasanaliev et al. [41] proposed a quaternary salt consisting of 29% LiNO3-17% 217 

NaNO3-49.4% KNO3-4.6% Sr(NO3)2, which had a high ΔH=229.6 J/g. Moreover, Mantha et al. 218 

[42] developed a new model based on thermodynamic principles to predict the thermal 219 

parameters of 17.5% LiNO3-14.2% NaNO3-50.5% KNO3-17.8%NaNO2. The results showed 220 
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that Tm=99.8 ℃, ΔH=16.8 J/g. Iverson et al. [43] developed quaternary nitrates with Tm below 221 

100 ℃ to reduce the risk of molten salt solidification. Zou et al. [44] improved the thermal 222 

properties of Hitec salt by introducing Ca(NO3)2 and conducted long-term and cyclic thermal 223 

stability tests. The results showed that the molten salt had a low Tm=83.1 ℃ and a high 224 

Td=628.5 ℃, making it suitable as a heat transfer and heat storage medium for CSP systems. 225 

Kwasi-Effah et al. [45] developed and characterized a novel quaternary nitrate molten salt 226 

mixture and investigated the effect of LiNO3 on thermal properties. The results showed that Tm 227 

decreased with increasing LiNO3, with the lowest Tm=73.5 ℃ at a LiNO3 mass content of 35%. 228 

As the ratio of LiNO3 to Ca(NO3)2 increases and NaNO2 is introduced, the Tm of the mixed 229 

nitrates shows a significant downward trend, decreasing from 132.1 ℃ to 73.5 ℃. The low Tm 230 

can reduce the risk of pipe freezing and lower insulation energy consumption during winter or 231 

at night, making them particularly suitable for applications with high requirements for low-232 

temperature fluidity, such as parabolic trough solar power plants. Unfortunately, decomposition 233 

temperatures or enthalpies of phase transition are unavailable for most quaternary systems, 234 

posing a key obstacle to engineering applications. Future research should systematically test 235 

the thermal properties of quaternary systems with different compositions to clarify the 236 

regulatory mechanisms of component ratios on melting point, decomposition temperature and 237 

phase transition enthalpy, providing data support for the precise selection of thermal storage 238 

media in solar thermal power generation. 239 

Table. 5. Summary of quaternary nitrate-nitrate hybrid salts. 240 

Component Tm (℃) Td (℃) ΔH (J/g) Ref. 
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10% LiNO3-20% NaNO3-60% KNO3-10% 

Ca(NO3)2 

132.1 580.4 - [40] 

29% LiNO3-17% NaNO3-49.4% KNO3-4.6% 

Sr(NO3)2 

105 - 229.6 [41] 

11.3% Mg(NO3)2-20.7% LiNO3-56.4% KNO3-

11.6% NaNO3 

116.9 473.2 133.7 [24] 

17.5% LiNO3-14.2% NaNO3-50.5% KNO3-

17.8%NaNO2. 

99.8 - 16.8 [42] 

42.3% KNO3-39.4% Ca(NO3)2-12.1% NaNO3-

6.1% LiNO3 

90 - 15.2 [43] 

16.7% Ca (NO3)2-44.2% KNO3-5.8% NaNO3-

33.3% NaNO2 

83.1 628.5 71.75 [44] 

28% Ca(NO3)2-35% LiNO3-18% KNO3 

-19% NaNO2 

73.5 620 - [45] 

2.3 Nitrate-chloride mixture 241 

In addition to combining multiple nitrate salts, researchers have also explored mixtures of 242 

nitrates with chlorides and carbonates. The straightforward preparation of binary eutectic 243 

systems has attracted considerable attention due to their potential for lowering melting points 244 

and enhancing thermal properties. Zhou et al. [46] synthesized 87% LiNO3-13% NaCl eutectic 245 

salts as PCM. The eutectic mixture showed Tm=221.65 ℃ and ΔH=316.5 J/g. They concluded 246 

that eutectic PCM were characterized by suitable phase transition temperatures, high fusion 247 
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enthalpy, minimal thermal performance degradation after multiple thermal cycles and excellent 248 

chemical stability below 400 ℃. Kumar et al. [47] prepared a binary eutectic system of LiNO3 249 

and NaCl, with a Tm=230 ℃ for the mixed salt. In addition to binary mixed salts, ternary mixed 250 

salts have also garnered attention. Sang et al. [48] prepared a novel ternary molten salt by adding 251 

KCl to a binary nitrate system (NaNO3-KNO3). They found that the 10% NaNO3-78% KNO3-252 

12% KCl system exhibited superior phase-change enthalpy and specific heat capacity, 253 

demonstrating promising application potential for medium-to-high-temperature thermal energy 254 

storage in CSP systems. Li et al. [49] synthesized a novel ternary mixed molten salt LiNO3-255 

KNO3-KCl. They observed no chemical reactions between the components, demonstrating 256 

excellent compatibility. The salt exhibited a low phase transition temperature, high 257 

decomposition temperature and outstanding thermal stability during cycling. Furthermore, it 258 

showed excellent corrosion resistance against 304 stainless steel, 316 stainless steel and pure 259 

aluminum, making it suitable as an encapsulation material. Additionally, Li et al. [50] prepared 260 

a ternary molten salt system of 48.08% LiNO3-49.86% NaNO3-2.06% NaCl with high latent 261 

heat. This molten salt exhibited a Tm=191.1 ℃, Td=550 ℃ and ΔH=255.2 J/g. They also found 262 

that the mixture had excellent thermal stability during cycling. Castro-Quijada et al. [51] 263 

prepared a mixture of solar salt with added NaCl and KCl. The results showed that the Tm 264 

ranged from 211 ℃ to 243 ℃, and the Td ranged from 592 ℃ to 642 ℃. The addition of 265 

chlorides improved the thermal stability of the solar salt. The properties of the nitrate-chloride 266 

mixtures and their physical information were presented in Table. 6. Furthermore, Lai et al. [52] 267 

designed and optimized a novel ternary molten salt mixture of NaNO3-NaCl-NaF. They 268 
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demonstrated an 86.7% increase in fusion enthalpy compared to Solar salt, a Td higher than 269 

traditional nitrate molten salts, and thermal storage costs at only 50% of Solar salt and 25% of 270 

Hitec salt. This makes nitrate–chloride mixtures promising candidates for efficient thermal 271 

energy storage in CSP systems. Notably, these salts can reduce the melting points of pure 272 

nitrates by adjusting the mixing ratios, thereby extending their operational temperature range 273 

and broadening their potential applications. Compared with pure nitrate systems, mixed nitrate-274 

chloride salts generally have higher melting points, mostly ranging from 200 to 288 ℃. 275 

However, their thermal stability is generally improved, with decomposition temperatures 276 

ranging from 550 to 650 ℃. The enthalpy of phase transition (ΔH) is significantly increased in 277 

some systems, reaching as high as 316.5 J/g. Nitrate-chloride composite salts allow for flexible 278 

matching of melting point, enthalpy of phase transition, and thermal stability through 279 

component regulation. they will gradually replace some pure nitrate molten salts to meet the 280 

TES requirements of different temperature ranges in solar thermal power generation. 281 

Table. 6. Summary of nitrate-chloride hybrid salts. 282 

Component Tm (℃) Td (℃) ΔH (J/g) Ref. 

87% LiNO3-13% NaCl 221.65 - 316.5 [46] 

88.8% LiNO3-11.2% NaCl 230.0 - 302 [47] 

10% NaNO3-78% KNO3-12% KCl 206.12 641.73 110.48 [48] 

33.12% LiNO3- 62.64% KNO3- 4.24% KCl 117.4 553 148.5 [49] 

48.08% LiNO3-49.86% NaNO3-2.06% NaCl 191.1 550 255.2 [50] 

(25%-60%) NaNO3-(25%-36%) KNO3-(0-25%) 211-243 592-642 - [51] 
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NaCl-(0-25%) KCl 

94% NaNO3-1.8% NaCl-4.2% NaF 288 650 211 [52] 

2.4 Nitrate-carbonate mixture 283 

In the nitrate-carbonate system, Na et al. [53] prepared a NaNO3-Na2CO3 mixed molten 284 

salt. Results indicated the mixed molten salt exhibited a Tm,min=300.7 ℃, Td,max=639 ℃ and a 285 

maximum average thermal conductivity of 0.79 W/(m·K). Sang et al. [48] prepared a ternary 286 

molten salt mixture of 47% NaNO3-46% KNO3-7% K2CO3. They revealed that the Td increased 287 

to over 640 ℃, significantly higher than conventional solar salts (600 ℃). Moreover, Na et al. 288 

[54] experimentally investigated the effect of Na2CO3 addition on the thermophysical properties 289 

of KNO3-NaNO2 binary molten salts. Results indicated that adding 7% Na2CO3 to the binary 290 

molten salt reduced Tm by 5.8%. The addition of 9% Na2CO3 increased the Td by 20.6%, specific 291 

heat capacity by 4.8% and thermal conductivity by 7.5%. Sang et al. [55] investigated the 292 

thermophysical properties of the ternary eutectic salt 25.9% KNO3-68.7% KNO2-5.4% K2CO3 293 

through experiments combined with theoretical calculations. The results demonstrated that the 294 

eutectic salt had Tm=342.1 ℃ and Td=750.1 ℃. The thermal properties remained stable after 295 

100 thermal cycles within the temperature range of 30-800 ℃. It effectively met the high-296 

temperature thermal storage material requirements of supercritical CO2 for CSP systems. The 297 

nitrate-carbonate molten salt had a high Td, as presented in Table. 7. To address issues of low 298 

upper operating temperature limits in traditional solar salts, Huang et al. [56] designed and 299 

developed a novel quaternary mixed molten salt composed of NaNO3-KNO3-Na2CO3-NaCl. 300 

They revealed that this mixture achieved a 21.5 ℃ reduction in Tm and a 55.0 ℃ increase in Td 301 
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compared to solar salts, making it an excellent candidate material for high-temperature thermal 302 

storage and heat transfer media in CSP systems. Compared with pure nitrate and nitrate-chloride 303 

systems, nitrate-carbonate mixed salts exhibit significantly improved thermal stability, with 304 

decomposition temperatures generally exceeding 600 ℃ and reaching as high as 750 ℃. 305 

However, their melting points are generally higher, mostly ranging from 200 to 300°C and ΔH 306 

is relatively low at 72-114 J/g. The introduction of components such as KNO3 and NaNO2 can 307 

effectively lower the melting point, while increasing the proportion of carbonates can raise the 308 

decomposition temperature. However, it is essential to address the issues of high-temperature 309 

corrosion and viscosity associated with carbonates. Integrating corrosion-resistant alloys with 310 

heat exchanger design will facilitate their engineering application in next-generation solar 311 

thermal power plants. 312 

Table. 7. Summary of nitrate-carbonate hybrid salts. 313 

Component Tm (℃) Td (℃) ΔH (J/g) Ref. 

90% NaNO3-10% Na2CO3 298.9 600 - [53] 

80% NaNO3-20% Na2CO3 300.1 622 - [53] 

70% NaNO3-30% Na2CO3 299.1 639 - [53] 

47% NaNO3-46% KNO3-7% K2CO3. 207.24 642.66 87.12 [48] 

51.15% KNO3-41.85% NaNO2-7% Na2CO3 133.1 650.3 72.21 [54] 

50.05% KNO3-40.95% NaNO2-9% Na2CO3 140.9 659.9 - [54] 

25.9% KNO3-68.7% KNO2-5.4% K2CO3 342.1 750.1 114.5 [55] 

54% NaNO3-36% KNO3-6% Na2CO3-4% NaCl 199.1 620 111.9 [56] 
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2.5 Nitrate/nitrate-based corrosion 314 

Pure nitrate PCM inherently possesses some oxidizing properties. Corrosion of common 315 

energy storage materials such as carbon steel, stainless steel, and alloy steel is primarily 316 

electrochemical in nature [57]. However, the introduction of chloride and nitrite impurity ions 317 

into the system can completely alter the corrosion mechanism, significantly exacerbate 318 

localized corrosion, and even pose a risk of equipment failure. The corrosion reactions of nitrate 319 

and nitrate-based salts are as follows [58, 59]. 320 

2

3 22NO e NO O                              (1) 321 

2 2Fe O FeO e                            (2) 322 

2

3 43 2FeO O Fe O e                            (3) 323 

2 2

3 2 2NO O NO O                              (4) 324 

2

2 42 4Fe Cr O FeCr O                           (5) 325 

In stainless steels and nickel-based alloys containing chromium and nickel, a dense spinel-326 

type oxide layer (FeCr2O4) forms spontaneously on the surface, temporarily preventing molten 327 

salt and mitigating uniform corrosion. Cl⁻ can penetrate or destroy the originally dense oxide 328 

protective layer on the metal surface, such as Fe3O4 and Cr2O3, inducing localized corrosion. 329 

NO2⁻ exhibits strong oxidizing properties at high temperatures and readily reacts with Cr and 330 

Fe in the alloy to form porous layers of oxides or nitrides. When nitrites and nitrates coexist, 331 

their redox cycle may continuously deplete the alloy’s passivation elements.  332 

The primary factors influencing corrosion behavior include the composition of the molten 333 

salt, operating temperature and the composition of the structural materials. Lague et al. [60] 334 
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systematically summarized the corrosion mechanisms and challenges associated with nitrates 335 

in CSP systems and identified directions for both short-term and long-term research. Based on 336 

engineering applications, feasible and effective mitigation strategies should be developed to 337 

address the corrosion challenges posed by nitrate-based PCMs containing chloride ions and 338 

nitrite ions. These strategies address four key areas: material selection, molten salt modification, 339 

surface protection and operating condition control. 340 

2.6 Preparation of mixed salts 341 

The preparation method for mixed molten salts includes three steps: drying treatment, 342 

weighing and mixing, and melting followed by cooling treatment, as illustrated in Fig. 3. This 343 

methodology has been widely adopted by researchers both domestically and internationally [61-344 

63]. The specific preparation process is as follows: (1) Drying treatment: The single-component 345 

salt is placed in an electric hot-air drying box (180 ℃, 48 h) to remove moisture. (2) Weighing 346 

and mixing: A high-precision balance is used to weigh single-component salts, which are then 347 

thoroughly ground using a mortar and placed in a crucible. (3) Melting and cooling: The sample 348 

is placed in a muffle furnace (300 ℃, 12 h) and the mixed salt is prepared using the static 349 

melting method. After the sample has completely melted and mixed evenly, the mixed sample 350 

is poured into a steel tray to cool naturally. Once crystallized, it is crushed using a crusher and 351 

stored in a drying oven. 352 
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 353 

Fig. 3. Preparation method of mixed molten salt. 354 

2.7 Summary 355 

The aforementioned studies revealed that nitrates exhibited a relatively high Tm, typically 356 

exceeding 200 ℃ and a low Td, generally below 600 ℃. Mixing nitrates or adding additional 357 

salts to nitrate could modify the melting point of molten salts and optimize their thermal 358 

stability to some extent. Molten salts with various temperature ranges and performance 359 

characteristics can be developed by appropriately adjusting material ratios to meet the demands 360 

of different application fields. In solar thermal power generation systems, low-melting-point 361 

molten salts can efficiently store and transfer thermal energy at lower operating temperatures, 362 

reducing energy losses and enhancing overall system efficiency. Key thermophysical properties, 363 

including melting point, decomposition temperature, thermal conductivity, and heat storage 364 

capacity, can be further optimized through rational compositional design, facilitating the 365 

development of high-performance molten salt systems for efficient solar energy storage. 366 

Consequently, further investigation into the thermal properties and operational performance of 367 



24 

nitrate-based molten salts is essential to advance their application in solar thermal power 368 

systems. 369 

3 Performance enhancement of nitrates 370 

As an important heat storage and transfer medium, nitrates exhibit poor thermal 371 

conductivity (λ). Therefore, improving thermal conductivity can effectively boost heat charging 372 

and discharging capacity [64]. Preparing composite PCM by incorporating high-thermal-373 

conductivity materials, such as carbon-based materials [65], nano-additives [66] and micro-374 

encapsulation technology [67], can significantly improve their thermal conductivity. The 375 

method and material for improving thermal conductivity is illustrated in Fig. 4. Three methods 376 

for enhancing thermal conductivity are discussed in detail below. 377 

 378 

Fig. 4. Approaches to enhancing the thermal performance of nitrates. 379 

3.1 Carbon-based materials 380 

Carbon-based materials possess high structural stability, excellent thermal conductivity 381 
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and chemical inertness, making them ideal for providing mechanical support and efficient 382 

thermal conduction pathways in phase change materials (PCMs). Common carbon-based 383 

materials include carbon nanotubes (CNTs), graphite, and expanded graphene (EG). Carbon 384 

nanotubes exhibit exceptionally high thermal conductivity, ranging from 1100 to 7000 W/(m·K), 385 

which has motivated extensive research into incorporating CNTs into molten salts to fabricate 386 

high-performance composite PCMs. Yu et al. [68] experimentally prepared composite PCM 387 

using KNO3 as the matrix and single-walled carbon nanotubes (SWCNTs) as reinforcements, 388 

is presented in Fig. 5(a). Their research revealed that carbon nanotubes could enhance both 389 

thermal conductivity and specific heat capacity, but resulted in a decrease in ΔH. Wu et al. [69] 390 

prepared composite solar salt materials with varying doping levels of multi-walled carbon 391 

nanotubes (MWCNTs) at ratios ranging from 0 to 0.5%, identifying 0.3% as the optimal doping 392 

ratio. 393 
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 394 

Fig. 5. Approach for enhancing nitrate salts using carbon-based materials, (a) preparation 395 

process of PCM with SWCNTs [68], (b) scanning electron micrograph of GNS@NaNO3 [70], 396 

(c) melting point and phase change enthalpy[70], (d) SEM images of EG and CMS [71]. 397 

Graphene possesses low density, high porosity, superior thermal conductivity and 398 

excellent chemical stability, making it suitable for enhancing the thermal conductivity and 399 

mechanical properties of molten salts. Lyu et al. [70] proposed a composite phase-change 400 
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material with NaNO3 as the matrix and graphene nanosheets (GNS) as the reinforcing agent. 401 

The morphology scanning is shown in Fig. 5(b). They found that the thermal conductivity of 402 

the composite PCM increased continuously with rising GNS content, reaching a 245% increase 403 

at 3.0 wt% doping ratio. Although GNS enhanced thermal conductivity, it reduced Tm and ΔH, 404 

as illustrated in Fig. 5(c). Therefore, an optimal doping ratio should be selected to balance 405 

thermal conductivity enhancement with ΔH preservation. Zhu et al. [72] summarized recent 406 

research advances in enhancing the thermal conductivity of PCMs using graphene-based 407 

materials, including graphene, graphene oxide (GO), functionalized graphene/GO and graphene 408 

aerogel (GA). They analyzed their applications in solar energy and battery thermal management. 409 

EG has become a research focus due to the low cost, the high thermal conductivity, 410 

excellent adsorption properties, and the strong chemical stability [73]. Li et al. [74] prepared 411 

LiNO3-NaCl/EG composite PCM with EG mass fractions of 10%, 15%, 20%, and 30%. 412 

Experimental results indicated that as the mass fraction of EG increased, the Tm and ΔH of the 413 

composite PCM gradually decreased, while the thermal conductivity increased. In related work, 414 

Li et al. [75] prepared a NaNO3-LiNO3-NaCl/EG composite material. When the EG content 415 

was 20%, the molten salt exhibited a thermal conductivity of 5.017 W/(m·K). Li et al. [76] 416 

investigated the effect of EG on LiNO3-NaNO3-KCl mixed molten salts, finding that EG could 417 

enhance thermal conductivity and reduce supercooling. They reported that a 15%–20% EG 418 

content could balance thermal storage capacity and heat transfer efficiency. Wu et al. [71] 419 

investigated the enhancement mechanism of EG on the thermal conductivity of KNO3-NaNO2-420 

(Ca (NO3)2·4H2O (CKN) ternary nitrate, as illustrated in Fig. 5(d). Their study revealed that the 421 
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thermal conductivity surged after EG incorporation, reaching 8.171 W/(m·K) at 20 wt% EG. 422 

However, after EG exceeded 20%, the thermal conductivity decreased due to the aggregation 423 

of EG particles, which disrupted the heat transfer pathways. The addition of carbon-based 424 

materials such as EG and other materials to pure molten salts enhances thermal conductivity. 425 

However, the reduction in molten salt content leads to decreased heat capacity. Furthermore, 426 

these materials also lower Td and ΔH. Therefore, appropriate components should be selected to 427 

improve thermal conductivity. It is recommended to develop high-thermal-conductivity 428 

composite carbon-based materials, including graphene, carbon nanotubes, and porous carbon. 429 

This approach enhances thermal conductivity with minimal additions, mitigating the reduction 430 

in thermal capacity caused by a decrease in the molten salt content. 431 

3.2 Nanoparticles additives 432 

Metal oxides have attracted widespread attention for improving the low thermal 433 

conductivity of nitrates, owing to their chemical stability and distinctive structural 434 

characteristics. Common metal oxides include copper oxide (CuO), titanium oxide (TiO2), 435 

aluminum oxide (Al2O3), magnesium oxide (MgO) and iron oxide (Fe2O3). Myers et al. [77] 436 

modified KNO3, NaNO3 and KNO3-NaNO3 mixtures using CuO nanoparticles as a modifier. 437 

The study found that CuO enhanced heat transfer performance while maintaining chemical 438 

stability. It demonstrated the most pronounced enhancement effect on KNO3-NaNO3 mixtures, 439 

with 2 wt% significantly improving heat transfer performance without compromising thermal 440 

storage density. In subsequent research, Son et al. [78] prepared porous CuO nanowires to 441 

optimize LiNO3 performance, as illustrated in Fig. 6(a). The incorporation of 7 vol% CuO 442 
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nanowires enhanced thermal conductivity by 6.7 times and increased charge/discharge rates by 443 

1.3 times compared to pure LiNO3, with no significant performance degradation after 100 444 

thermal cycles. Awad et al. [79] dispersed CuO, Fe2O3 and TiO2 nanoparticles at concentrations 445 

of 0.5-1.5 wt% into solar salts. They found that Fe2O3 was the most effective in improving λ 446 

and specific heat (cp). The λ increased by 45.01% compared to pure salt at 0.5 wt% and the cp 447 

increased by 10.5% compared to pure salt at 1.5 wt%. Meanwhile, CuO demonstrated the most 448 

pronounced effect on ΔH, increasing it by 14.45% at 1 wt% relative to pure salt. Hu et al. [80] 449 

employed freeze-drying method to prepare solar salts modified with Al2O3 nanoparticles, as 450 

illustrated in Fig. 6(b). They found that Al2O3 particles effectively optimized the thermal 451 

properties of solar salts within the 0-2.0 wt% range, with cp monotonically increasing with 452 

Al2O3 content. Wei et al. [81] prepared solar salts modified with 2.5 wt%-10.0 wt% MgO 453 

nanoparticles. The properties of solar salts first improved and then stabilized with increasing 454 

MgO content. The 5wt% MgO solar salts demonstrated optimal performance and held great 455 

promise for application in high-temperature thermal storage and heat transfer within CSP 456 

systems. The SEM image shown in Fig. 6(c). 457 
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 458 

Fig. 6. Approach for enhancing nitrate salts using nanoparticles, (a) synthesis of porous CuO 459 

[78], (b) preparation PCM with nanoparticles using freeze-drying method [80], (c) SEM image 460 

for MgO and MgO solar salt [81], (d) cp and λ of TNC-MS with SiO2 [82]. 461 

In addition to incorporating metal oxides, studies have shown that the addition of SiO₂ can 462 

further enhance the thermophysical properties of molten salts. Jeong et al. [83] conducted 463 

research on the enhancement of cp of KNO3 by SiO2 nanoparticles and found that there was an 464 

optimal SiO2 concentration of 1 wt%, with a maximum increase of 24.1%/28.1% in solid/liquid 465 

state. However, concentrations exceeding 1 wt% caused particle agglomeration, resulting in 466 

decreased cp. El Far et al. [84] synthesized molten salt nanofluids by dispersing SiO2 467 

nanoparticles in a binary NaNO3-KNO3 mixture. Results showed that 1 wt% SiO2 nanoparticle 468 

increased the cp by 15%. In related work, Meng et al. [82] investigated the effects of adding 469 

SiO2 nanoparticles at different mass fractions to a ternary nitrate-carbonate molten salt (TNC-470 

MS) on thermophysical properties. SiO2 nanoparticles exerted no significant influence on the 471 

thermal stability of the molten salt, with Tm=140.2 ℃ and Td=688 ℃. Moreover, the cp and λ 472 
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first increased and then decreased with SiO2 content. The average cp and λ containing 1 wt% 473 

SiO2 were 29.6% and 97.9% higher than those of the base salt, respectively, as shown in Fig. 474 

6(d). 475 

The combined effect of incorporating two different types of nanoparticles on the 476 

thermophysical properties of molten salts has received relatively limited attention. Tian et al. 477 

[85] prepared SiO2/MgO composite nanoparticles to modify Hitec salt. It was demonstrated that 478 

the addition of nanoparticles slightly reduced the Td. The combination of 0.3% SiO2+0.7% MgO 479 

yielded the optimal results, with an average cp increase of 54.3% and λ improvement of 13.13%. 480 

Xiao et al. [86] proposed a composite modification strategy using Al2O3 nanoparticles and metal 481 

foams (copper/nickel) to enhance the low λ of solar salts. Their study showed that copper 482 

foam/2 wt% Al2O3 reduced charging time by 74% at 240 ℃, significantly improving the 483 

thermal response speed of latent heat thermal energy storage (LHTES) units. Wong et al. [87] 484 

prepared MWCNT/TiO2 composite nanoparticles and doped them into quinary nitrate. 485 

Experimental studies revealed a 94.77% reduction in viscosity, 17.66% increase in cp, 37.78% 486 

increase in ΔH and a 25.41% increase in λ when using 0.05 wt% MWCNT and 0.01 wt% TiO2 487 

nanoparticles. Yu et al. [88] investigated the addition of SiO2/TiO2 nanoparticles at different 488 

ratios to improve the cp and λ of quaternary nitrate molten salts. When 0.1 wt% SiO2 and 0.9 489 

wt% TiO2 was added, the cp increased by 28.1% and λ rose by 53.7% compared to the pure 490 

quaternary salt. Research conducted both domestically and internationally has demonstrated 491 

that modifying nitrates by preparing molten salt nanofluids through the addition of 492 

nanoparticles can significantly enhance the thermal conductivity λ of PCMs. This strategy also 493 
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improves the specific heat capacity cp and overall heat transfer performance of molten salts, 494 

offering new opportunities for their application in thermal energy storage and heat transfer 495 

systems. 496 

3.3 Encapsulation technology 497 

A significant challenge in CSP systems is the corrosion of equipment caused by molten 498 

salts. To mitigate this issue, microencapsulation technology has emerged as a promising 499 

solution. By encapsulating PCMs within a protective shell, this approach prevents direct contact 500 

between molten salts and equipment, thereby effectively reducing corrosion and enhancing 501 

system longevity. It not only increases the heat transfer area but also enhances the stability of 502 

PCMs. Our previous work [89] summarized methods for preparing microencapsulation, 503 

including physical , chemical and physical-chemical methods. Albdour et al. [90] not only 504 

summarized encapsulation methods but also compared encapsulation approaches at various 505 

scales, including macro, micro, and nano-scale encapsulation. Chen et al. [91] prepared 506 

SiO2@NaNO3 core-shell microcapsules, utilizing the SiO2 shell to address leakage and 507 

corrosion issues while enhancing thermal conductivity. Moreover, Lee et al. [92] proposed a 508 

water-in-oil (W/O) emulsion-sol-gel method for preparing SiO2-coated solar salt nanocapsules, 509 

as shown in Fig. 7(a). They found that the SiO2 shell significantly enhances thermal stability, 510 

making it suitable for high-temperature thermal storage applications in CSP systems. 511 
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 512 

Fig. 7. Microencapsulation method for nitrates, (a) three-step microencapsulation of SiO2 solar 513 

salts [92], (b) microcapsulation process GO/SiO2@Solar Salt [93], (c) synthesis of 514 

SiO2/Al2O3@binary nitrate salt [94]. 515 

Besides the aforementioned research on single-shell encapsulation, studies on multi-shell 516 

encapsulation have also been explored. Ji et al. [93] encapsulated Solar Salt by combining GO 517 

with SiO2, as illustrated in Fig. 7(b), which significantly enhanced thermal properties, solar-to-518 
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thermal conversion efficiency and cycle stability. Nithiyanantham et al. [94] proposed 519 

SiO2/Al2O3 core-shell nanoparticles to enhance the stability and thermophysical properties of 520 

nitrates, as displayed in Fig. 7(c). The study revealed that SiO2/Al2O3-35 core-shell particles 521 

form chain-like interconnected structures, providing continuous pathways for heat transfer and 522 

increasing λ by up to 19%. 523 

 524 

Fig. 8. Microencapsulation of CNTs-Fe3O4/SiO2@Solar salt, (a) magnetic load materials [95], 525 

(b) synthetic principle[95], (c) photothermal and magnetic to thermal conversion [95], (d) SEM 526 



35 

micrograph [95]. 527 

Wang et al. [95] developed a CNTs-Fe3O4/SiO2@Solar Salt magnetic phase-change 528 

microcapsule by encapsulating a molten salt core within a SiO2 shell and combining it with 529 

Fe3O4-functionalized carbon nanotubes (CNTs-Fe3O4). The study revealed that CNTs-Fe3O4 530 

enhanced λ by up to 53.4%, increased Td by 32 ℃ and exhibited no leakage and shape stability 531 

at high temperatures, meeting the long-term TES requirements for CSP. They observed that 532 

SiO2 has negligible effect on photothermal conversion, while the light absorption and 533 

conversion properties of carbon nanotubes, combined with the full-spectrum absorption 534 

capabilities of Fe3O4 nanoparticles, can significantly enhance the absorption performance and 535 

photothermal conversion efficiency of PCMs. The synthesis process, performance and SEM 536 

images of CNTs-Fe3O4 is shown in Fig. 8 [95]. Recently, Xiao et al. [96] focused on the leakage 537 

and equipment corrosion issues associated with high-temperature molten salts used in CSP. 538 

They summarized three encapsulation methods, melt infiltration, capsule encapsulation and 539 

mixed sintering. They pointed out that the multi-shell structure addresses high-temperature 540 

stability issues and is suitable for ultra-high-temperature, packed-bed thermal storage, but 541 

microcapsule preparation is complex and costly. Ren et al. [97] summarized current methods 542 

for improving the thermal conductivity of nitrates and compared the corrosion characteristics 543 

and economic costs of solar salt and Hitec salt in CSP systems. 544 

3.4 Summary 545 

Carbon-based materials, nanoparticles, and microencapsulation technologies represent the 546 

main strategies for enhancing the performance of nitrate salt PCMs. Carbon-based materials, 547 
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such as graphene and carbon nanotubes, with thermal conductivities typically exceeding 548 

500 W/(m·K), can improve the thermal performance of molten salts by 30%–80%. They also 549 

inhibit oxidation and decomposition at high temperatures, while their porous structures can 550 

adsorb molten salts to prevent leakage. However, their complex manufacturing processes may 551 

introduce impurities, and the high cost of materials, especially graphene, limits large-scale 552 

applications. Nanoparticles can enhance the specific heat capacity and convective heat transfer 553 

of molten salts, delay solidification and crystallization, and broaden the phase transition 554 

temperature range. Nevertheless, challenges remain in their preparation and dispersion, as 555 

nanoparticles are prone to agglomeration and sedimentation, which can degrade performance. 556 

Microencapsulation effectively prevents leakage, maintains stable phase-change volumes and 557 

mitigates corrosion. Yet, its disadvantages include complex fabrication, high cost and reduced 558 

overall thermal storage capacity due to the encapsulating shell. While all three technical 559 

approaches improve the thermal conductivity of nitrate-based PCMs, they exhibit significant 560 

differences in terms of cost, fabrication complexity and scalability. Carbon-based materials, 561 

particularly EG, offer the best overall performance. Nanoparticle additives deliver high 562 

performance but are costly and difficult to disperse, while encapsulation techniques prioritize 563 

structural stability but offer limited thermal conductivity gains and are the most expensive. A 564 

comparison of the three methods is presented in Table. 8. Clearly, each method has its own 565 

advantages and limitations. EG composites, which balance cost and scalability, are suitable for 566 

large-scale solar thermal power generation applications. It is recommended to adopt a 567 

composite approach combining a carbon-based scaffold (EG) with low-dose nanoparticles 568 
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(Al2O3/SiO2) to achieve multiple objectives, including enhanced thermal conductivity, 569 

structural stability, cost control, and scalability. 570 

Table. 8. Comparison of reinforcement methods. 571 

Methods 

Carbon-based 

material 

Nanoparticles 

additives 

Encapsulation 

technology 

Cost Low Medium to high High 

fabrication complexity Medium to high High High 

Scalability Medium Low Medium to high 

Advantages 

Significant 

improvement in 

thermal 

conductivity 

Improves specific 

heat capacity and 

aids heat transfer 

Prevents 

leakage and 

ensures 

structural 

stability 

Limitations 

High addition 

levels may reduce 

latent heat 

Agglomeration and 

failure after long-

term cycling 

High cost and 

complex 

preparation 

4 Casing heat accumulator 572 

With the development of new energy systems and the rapid expansion of the energy storage 573 

market, phase change heat accumulators have become a key technology for solving the problem 574 

of energy supply and demand matching due to their high heat storage density. Phase change 575 

heat accumulators can be classified into casing type, shell-and-tube type, plate type and spiral 576 
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tube type based on their structural design, as shown in Fig. 9. Among these, casing and shell-577 

and-tube heat storage devices have become research hotspots due to their simple structure and 578 

high heat transfer efficiency. The thermal storage efficiency of accumulators can be improved 579 

by increasing the thermal conductivity of the PCM mentioned in Section 3 and expanding the 580 

heat transfer surface area of the thermal storage structure. This can be achieved through pipe 581 

optimization, fin addition, topological optimization and biomimetic optimization [98]. 582 

Subsequent sections will discuss these various methods in detail. 583 

 584 

Fig. 9. Classification of phase change heat accumulator. 585 

4.1 Tube construction 586 

The positioning and geometry of pipes within phase change heat accumulators are critical 587 

factors that significantly influence their thermal storage and release performance. Mao et al. 588 

[99] proposed an eccentrically helical shell-and-tube heat storage tank. Results indicated that 589 

the optimal eccentricity can reduce melting time by 47.19% and increase the average heat 590 

storage rate by 83.85% compared to non-eccentric configurations. The liquid fraction 591 

distribution for different eccentricities is shown in Fig. 10(a). Zheng et al. [100] designed 592 

bidirectionally twisted tubes and investigated the influence of their structural parameters on 593 
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molten salt heat transfer performance. It was found that twisted tubes can significantly enhance 594 

the heat transfer of molten salt nanofluids, with Nu increasing by up to 20% compared to smooth 595 

tubes. Bidirectionally twisted tubes further optimized heat transfer through counter-twisting, 596 

with the optimal performance PEC=1.13 achieved at n=2 counter-twist cycles. Ye et al. [101] 597 

conducted numerical studies on L-shaped heat storage units, as shown in Fig. 10(b). Compared 598 

with traditional horizontal and vertical units of the same volume, the L-shaped unit exhibited 599 

the fastest melting rate during the initial melting phase. Moreover, increasing the radial 600 

eccentricity of the inner tube significantly shortened the total melting time. Li et al. [102] 601 

investigated the effects of twisted elliptical inner tube structure and annular fin distribution on 602 

the PCM melting process, as shown in Fig. 10(c). They found that the twisted elliptical tube 603 

enhanced fluid mixing between the core and wall by inducing spiral flow in the HTF, thereby 604 

increasing the average wall temperature. The annular fins significantly accelerated PCM 605 

melting by expanding the heat transfer area and intensifying local natural convection. In related 606 

study, Eisapour et al. [103] designed a novel elliptical double-tube heat accumulator, as 607 

illustrated in Fig. 10(d). The elliptical tubes incorporated corrugated, twisted, and corrugated-608 

twisted configurations featuring distinct wave characteristics and pitch lengths. The study 609 

concluded that the descending wave amplitude of the corrugated-twisted configuration 610 

represented the most effective waveform. Moghadam et al. [104] investigated the thermal 611 

performance of three distinct shell geometries under varying flow conditions. Results indicated 612 

that the trapezoidal shell exhibited the highest melting efficiency, while the spherical shell 613 

demonstrated the highest solidification efficiency. Khedher et al. [105] conducted a numerical 614 
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study on the effect of embedding a framework structure on the inner surface of a heat storage 615 

outer tube on melting performance. The results indicated that the framework structure 616 

significantly enhanced heat transfer by increasing the contact area between the heat transfer 617 

fluid (HTF) and PCM. The melting time for the framework structure was reduced by 55% 618 

compared to the structure without a framework. 619 

 620 

Fig. 10. Diagram of pipeline structure modification, (a) eccentric pipe [99], (b) half of the 621 

physical model of L-shape pipe [101], (c) twisted elliptical inner tube structure and annular fin 622 

[102], (d) twisted shape pipe [103]. 623 

4.2 Extend surface using fins 624 

Fins effectively promote heat exchange within PCMs, accelerating the melting and 625 

solidification processes. Extending the surface area with fins significantly enhances the heat 626 

transfer efficiency of PCMs by increasing the exposure area. In thermal storage equipment, the 627 



41 

rational arrangement and optimized design of fins can effectively enhance the heat transfer 628 

efficiency of phase change heat accumulators, thereby achieving high-efficiency thermal 629 

storage. 630 

Deng et al. [106] investigated the melting performance of PCM under four longitudinal fin 631 

arrangements, as illustrated in Fig. 11(a). Results showed that straight fins enhanced top and 632 

bottom heat conduction while strengthening lateral natural convection. Inclined fins suppressed 633 

the effect of natural convection on the bottom PCM. Bottom fins enhanced lower heat transfer, 634 

promoting uniform melting, conversely, top fins increased upper heat transfer, leading to non-635 

uniform PCM melting. Yang et al. [107] designed annular fins to enhance PCM melting, as 636 

shown in Fig. 11(b). Numerical simulations investigated the influence of annular fin parameters 637 

on PCM melting, revealing that LHTES units with annular fins exhibited superior thermal 638 

performance, reducing complete melting time by 65%. Wu et al. [108] designed stratified fins 639 

to enhance the performance of phase change heat accumulator, as displayed in Fig. 11(c). They 640 

found that stratified fin structure effectively eliminated dead zones between tubes and 641 

temperature stratification in the upper layer, reducing melting time by 31.6% and temperature 642 

homogenization by 30.4%. Mahdi et al. [109] conducted numerical analysis on the melting of 643 

PCM in three-tube system under different fin arrangements. Results indicated that more long 644 

fins in the lower half reduced melting time compared to a three-tube thermal accumulator with 645 

the same PCM volume. Rashid et al. [110] conducted a numerical analysis on the number of 646 

fins in a cylindrical shell-and-tube thermal accumulator affecting PCM melting. The study 647 

revealed that the number of fins significantly impacts melting, with the maximum reduction in 648 
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operating time reaching 81.4%. 649 

 650 

Fig. 11. Layout of different fins, (a) four longitudinal fin arrangements [106], (b) annular fins 651 

[107], (c) stratified fin structure [108]. 652 

Further studies have shown that optimizing the geometry of fins can lead to more efficient 653 

heat transfer. Tavakoli et al. [111] investigated sinusoidal fins inside heat accumulators. Results 654 

indicated that the optimal case with sinusoidal internal fins increased liquid fraction by 62% 655 

and reduced entropy generation by 59.5% compared to simple straight fins. Agrawal et al. [112] 656 

proposed a corrugated annular fin structure, and noticed that it reduced PCM temperature 657 

inhomogeneity by 57% through enhancing local turbulence and natural convection. Raj et al. 658 

[113] proposed a novel C-shaped fin (see Fig. 12(a)) design that effectively utilized natural 659 

convection within the molten PCM. Research demonstrated that C-shaped fins could reduce 660 

melting time by up to 59% compared to traditional fin designs. Wang et al. [114] designed a 661 

three-tube Y-type finned heat accumulator and found that the Y-type fins delivered optimal 662 



43 

performance. The complete melting time was reduced by 31.8%, the average heat absorption 663 

rate increased by 48.39%, and temperature uniformity was significantly superior to other 664 

designs. Wang et al. [115] conducted a simulation study on the melting/solidification 665 

characteristics of PCM in horizontal double-tube heat accumulator with elliptical fins, as 666 

illustrated in Fig. 12(b) . The results revealed that incorporating high-aspect-ratio elliptical fins 667 

significantly enhanced convective heat transfer at the top and bottom of the annular space, 668 

achieving a maximum melting enhancement rate of 16.9% and a solidification enhancement 669 

rate of 13.8%. Wołoszyn et al. [116] proposed a novel spiral-wound shell-and-tube heat storage 670 

device incorporating helical fins and varying shell-tube geometries. Results demonstrated that 671 

compared to vertical and horizontal configurations, the proposed device significantly reduced 672 

PCM melting and solidification times. Guo et al. [117] proposed a novel inclined fin with 673 

bending angles ranging from 0° to 75° both upward and downward, as illustrated in Fig. 12(c). 674 

Results demonstrated that the fin with downward bending angle of 10° shortened the complete 675 

heat storage time by 55.41% and improved temperature uniformity by 20.00%. Zhang et al. 676 

[118] proposed a heat accumulator with helical fins as shown in Fig. 12(d). Simulation results 677 

indicated that shortening the helical pitch and increasing the number of fins can accelerate the 678 

melting rate. Moreover, the fully melted state is achieved in the shortest time when the 679 

accumulator is placed horizontally, reducing the time by 14.3% compared to vertical placement 680 

and preventing uneven melting. In subsequent research, Lv et al. [119] designed four types of 681 

heat accumulators with longitudinal, H-shaped, helical, and finless configurations. 682 

Experimental results indicated that the helical fins exhibited the best heat transfer performance 683 
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during the charging process. 684 

 685 

Fig. 12. Fin shape modification structure, (a) C-shaped fins [113], (b) elliptical fins [115], (c) 686 

Inclined fins [117], helical fins [118]. 687 

Liu et al. [120] designed a composite fin integrating the advantages of longitudinal and 688 

annular fins. Results showed that the composite fin reduced melting time by 21.6% and 9.5%, 689 

respectively, compared to longitudinal and annular fin models. Tang et al. [121] designed novel 690 

discontinuous fins to enhance heat transfer efficiency. Research revealed that discontinuous fins 691 

shortened the complete melting time of PCM by 23.4% and improved temperature uniformity 692 

by 36.7% compared to traditional longitudinal straight fins. Recently, Izadi et al. [122] 693 

summarized the effects of fins on melting and solidification, including the influence of annular 694 

fins, longitudinal fins, and fin geometric parameters. 695 
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4.3 Topology optimization 696 

Traditional fin designs rely on empirical knowledge and fixed geometries, failing to 697 

adequately account for complex heat flux distributions and structural optimization. 698 

Consequently, conventional approaches limit heat exchange efficiency, potentially resulting in 699 

material wastage and suboptimal utilization. Topology optimization, however, can 700 

automatically generate optimal structural shapes tailored to specific heat flux and structural 701 

requirements, thereby reducing material waste. Zhang et al. [123] combined topology 702 

optimization theory with LTES solid-liquid phase change heat transfer to establish an optimized 703 

design method for LTES fins. The topology-optimized fins (see Fig. 13(a)) reduced discharge 704 

time by 31% compared to conventional fins, making them more suitable for rapid heat 705 

dissipation scenarios. Laasri et al. [124] compared topology optimization design with a single 706 

and double tube LHTES device without fins, and found that topology optimization design 707 

significantly improved performance, with a maximum performance improvement of 86.3%. Ge 708 

et al. [125] investigated the discharge process of a shell-and-tube heat accumulator equipped 709 

with topologically optimized fins. The results demonstrated that the topologically optimized 710 

device exhibited superior performance, with discharge time reduced by 57.1%. Chen et al. [126] 711 

conducted numerical simulations of the phase-change heat transfer process in a heat 712 

accumulator by integrating eccentricity optimization and topology optimization techniques. 713 

The results demonstrated that the heat storage rate increased by 36.43% and the heat release 714 

rate improved by 15.53% compared to the topology-optimized structure without eccentricity. 715 

Zhang et al. [127] employed a topology optimization method based on different optimization 716 
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objectives to develop a fin structure, as shown in Fig. 13(b). The results demonstrated that the 717 

naturally generated topology exhibited excellent thermal conductivity, effectively enhancing 718 

heat storage efficiency. He et al. [128] proposed a novel fin structure capable of evolving 719 

throughout the optimization process, as displayed in Fig. 13(c). Results demonstrated that the 720 

topologically optimized fins more effectively elevated the temperature and liquid fraction of 721 

the PCM compared to conventional rectangular fins. The above studies demonstrate that 722 

topology optimization, as an efficient design tool, offers significant advantages in enhancing 723 

the performance of heat exchanger systems in thermal accumulators. This approach not only 724 

addresses the limitations of traditional designs but also offers innovative solutions for the future 725 

development of thermal energy storage and conversion technologies. 726 

 727 
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Fig. 13. Topology optimization structure, (a) topology optimized fin structures [123], (b) 728 

Topology-optimized geometric model [127], (c) regularization of topology optimized fins [128]. 729 

Research on fin topology optimization design has revealed that the incorporation of 730 

branching fins significantly enhances heat transfer performance. Song et al. [129] proposed a 731 

novel 3D anisotropic fractal fin structure, as shown in Fig. 14(a). They found that the uniformly 732 

dispersed fractal fins enhanced heat conduction while reducing resistance to natural convection, 733 

achieving synergistic enhancement of heat conduction and convection. Li et al. [130] developed 734 

a non-uniform Y-shaped fractal fin, as illustrated in Fig. 14(b). Results demonstrated that the 735 

application of fractal fins enhances the performance of thermal storage devices, exhibiting 736 

superior heat transfer rates and temperature control capabilities. In subsequent research, Liu et 737 

al. [131] designed non-uniformly distributed Y-shaped fins. Comparative studies with uniform 738 

fins revealed that the lower Y-shaped fins significantly reduced melting time, shortening the 739 

complete melting time by 21.5%. Yan et al. [132] proposed a Y-shaped fin structure on both 740 

inner and outer surfaces, as shown in Fig. 14(c). Results indicated that reducing fin thickness 741 

and increasing fin angle effectively shortened PCM melting time. Ao et al. [133] investigated 742 

the influence of V-shaped fin (see Fig. 14(d)) parameters and arrangement patterns on the heat 743 

transfer performance of heat storage units. The optimal fin structure achieved a heat storage 744 

efficiency 2.57 times higher than the finless structure, with a 61.05% reduction in charging time. 745 

In related study, Yao et al.[134] conducted a numerical study on the heat storage performance 746 

of different V-shaped fin arrangements. Results indicated that optimally arranged V-shaped fins 747 

reduced the PCM melting time in the heat accumulator by 31.92% compared to conventional 748 
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rectangular fins. 749 

 750 

Fig. 14. Fin branch structure, (a) anisotropic fractal fin [129], (b) non-uniform Y-shaped 751 

fractal fin [130], (c) Y-shaped fin structure [132], (d) V-shaped fin [133]. 752 

4.4 Biomimetic structure 753 

Researchers drew inspiration from biological structures in nature and discovered that 754 

biomimetic structures can effectively enhance efficiency. In the study of pipeline shape, Gao et 755 

al. [135] proposed a lotus root type thermal storage device (see Fig. 15(a)), which reduced the 756 

total melting time by 89.1% and increased the average temperature by 13.2 ℃ compared to 757 

traditional shell and tube thermal storage devices. Zhang et al. [136] experimentally studied the 758 

effect of biomimetic snowflake shaped fins (see Fig. 15(b)) on the energy storage/release 759 

performance of LHTES devices. They found that snowflake fins can shorten the 760 

melting/solidification time by 32%-52%, increase the average heat transfer rate by nearly 2 761 

times during discharge and improve the charging and discharging efficiency by 51% and 25%, 762 

respectively. Qasem et al. [137] investigated octagonal shell-and-tube heat storage devices 763 

featuring straight double-radial fins, tree-like fins and root-like fin distributions, as illustrated 764 
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in Fig. 15(c). Their results demonstrated that root-like fins could significantly reduce heat 765 

storage time by over 56%. Wang et al. [138] designed a perforated tree-like fin structure and 766 

conducted numerical simulations to investigate the impact of the perforated layer on the overall 767 

performance of the device. The study revealed that the three-layer perforated structure showed 768 

the greatest improvement, with the number of holes having a more significant effect on heat 769 

transfer than the hole diameter. Perforations enhanced natural convection during the initial 770 

solidification stage. Yan et al. [139] investigated the effects of different structures and 771 

arrangements of novel leaf-vein-inspired fins (see Fig. 15(d)) on the complete melting time of 772 

PCM. Their results demonstrated that the novel fins could significantly shorten the complete 773 

melting time. Altering the number of fin branches could save up to 16.9% of the melting time, 774 

while increasing the fin angle could reduce the total melting time by up to 14.3%. Li et al. [140] 775 

conducted a numerical study on the PCM melting performance in leaf-shaped longitudinal fin 776 

assemblies with different structures. The results indicated that the total melting time for fins 777 

with a triangular branching structure could be reduced by 30.1%. Zhang et al. [141] designed a 778 

harpoon-shaped fin and found that longitudinal extension is more critical than horizontal 779 

extension. The results showed that the heat transfer efficiency of the optimized fin structure was 780 

6 times than finless structure and the total melting time was shortened by 85.9%. Moreover, 781 

incorporating topology optimization techniques with the evolutionary processes of natural plant 782 

structures, Liu et al. [142] proposed vertically arranged ring-shaped fins through biomimetic 783 

topology optimization to accelerate heat storage performance. Experimental measurements 784 

confirmed that the optimized biomimetic fins reduced melting time by 45.9% compared to 785 
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conventional fins. Huang et al. [143] employed biomimetic techniques to design an innovative 786 

heat accumulator featuring palmate-shaped fins. Research demonstrated that the charging and 787 

discharging times of the palmate-shaped fin heat storage device were reduced by 21.0% and 788 

38.2%, respectively. Ren et al. [144] proposed a synergistic enhancement scheme combining 789 

bionic alveolar-like fins and pulsatile flow. Through numerical simulation and multi-objective 790 

optimization, they validated the effectiveness in improving PCM melting performance, 791 

achieving a 41.4% increase in melting efficiency. 792 

 793 

Fig. 15. (a) structure of the lotus-root [135], (b) snowflake shaped fins [136], (c) root-like fin 794 

[137], (d) leaf-vein-inspired fins [139]. 795 

4.5 Summary 796 

In summary, factors such as the shape and number of inner tubes, fin structural parameters 797 

and arrangement configurations in phase change heat accumulators all affect their heat transfer 798 

efficiency and thermal storage performance. By rationally designing and optimizing these key 799 

parameters, the performance of such accumulators can be significantly improved, enhancing 800 

their suitability for engineering applications such as solar thermal energy storage. 801 
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The aforementioned studies indicated that structural optimization of heat accumulator can 802 

enhance the thermal storage and heat transfer performance to a certain extent. However, current 803 

research still faces several limitations. For example, existing topology optimization efforts have 804 

primarily focused on single-fin designs, lacking comprehensive optimization across multiple 805 

configurations. Additionally, the impact of reduced PCM volume due to fin insertion on the 806 

heat storage process has been neglected. Most studies have concentrated on the heat storage 807 

phase, while the thermal behavior during heat release and its correlation with structural 808 

parameters still require in-depth investigations. Future research should adopt multi-objective 809 

optimization strategies to balance heat transfer enhancement with the thermal storage capacity. 810 

Moreover, a comprehensive evaluation of thermal performance across the entire heat storage 811 

and release cycle is crucial for promoting the practical application of phase change thermal 812 

storage technologies. 813 

5 Synergistic optimization of PCM and heat accumulator 814 

Based on the findings of the aforementioned study, current research treats the optimization 815 

of PCM performance and the optimization of heat storage structure as two separate processes. 816 

Conventional PCM optimization typically focuses on improving thermal properties, such as 817 

phase change enthalpy, thermal conductivity, phase change temperature stability and cycle life. 818 

Whereas thermal storage structure optimization emphasizes enhancing heat transfer efficiency, 819 

optimizing flow field distribution, accelerating heat storage and release rates and improving 820 

structural compactness. Both types of optimization overlook the interdependent constraints 821 

between material properties and structural configuration, failing to leverage the performance 822 
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advantages of PCMs and heat accumulators simultaneously. This can even result in wasted 823 

material performance and low heat transfer efficiency. The synergistic optimization of PCMs 824 

and heat accumulators follows the principle of precision matching between performance and 825 

structure, with the ultimate optimization goals being the system’s overall thermal storage 826 

density, heat transfer efficiency, cycle stability, and energy-saving benefits, achieving globally 827 

optimal performance. The synergistic design of PCMs and heat accumulators can significantly 828 

improve the overall thermal storage efficiency, shorten heat storage and release times, enhance 829 

internal temperature uniformity and prevent localized overheating issues [145]. Simultaneously, 830 

synergistic optimization can fully leverage the thermal storage potential of PCMs [146]. For the 831 

same thermal storage requirements, it reduces the need of PCMs, increasing the compactness 832 

and cost-effectiveness of the thermal storage system. Furthermore, a well-designed synergistic 833 

approach can enhance the structural stability and service life of the thermal storage unit, 834 

mitigating issues such as performance degradation, leakage, and failure of the PCMs caused by 835 

structural design flaws, advancing the application of phase-change energy storage technology 836 

in solar power generation. 837 

6 Conclusions and perspectives 838 

Thermal storage materials and heat accumulators are equally vital components in thermal 839 

storage systems. Based on a systematic analysis of the literature, the current state of research 840 

on nitrate-based PCMs and casing heat accumulators can be summarized as follows: 841 

(1) Nitrate-based PCMs offer high thermal storage density and excellent thermal stability, 842 

making them suitable for direct application in medium-to-high temperature thermal storage 843 
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scenarios such as solar thermal power generation. Nitrate-based PCM mixtures are composed 844 

of proportionally blended nitrates, allowing flexible adjustment of phase transition temperatures 845 

to suit diverse scenarios between 100 ℃-500 ℃. However, precise control of component ratios 846 

is essential to prevent phase separation, corrosion, and thermal decomposition during prolonged 847 

high-temperature operation. 848 

(2) Carbon-based materials significantly enhance the thermal conductivity of nitrate PCMs 849 

by constructing highly thermally conductive three-dimensional networks, addressing the core 850 

bottleneck of inefficient heat storage and release. Nanoparticles act as nucleating agents, 851 

effectively suppressing supercooling phenomena to ensure reliable solidification and heat 852 

release at set temperatures. Microencapsulation technology encapsulates the PCMs within 853 

micron-scale capsules, fundamentally preventing leakage during the molten state while 854 

enhancing cycle stability. 855 

(3) Structural and design optimizations of heat accumulators play a pivotal role in 856 

maximizing thermal performance. Tube arrangement optimization improves the interaction 857 

between PCM and heat transfer fluid (HTF), reducing thermal resistance and accelerating 858 

melting. Fins increase effective heat transfer area, while topology optimization algorithms 859 

identify highly efficient non-uniform heat distribution patterns within constrained spaces. 860 

Bionic-inspired designs further enhance synergistic heat transfer effects by mimicking natural 861 

structures. Together, these strategies optimize conduction, convection and phase change 862 

processes, substantially enhancing heat storage/release efficiency and temperature stability of 863 

phase change heat accumulators. 864 
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Future efforts in nitrate-based phase change materials should focus on achieving precise 865 

control over phase change temperatures, enhancing thermal cycling stability, and expanding 866 

operational temperature ranges. By systematically tuning the composition ratios of multi-867 

component nitrates, it is possible to develop PCMs with lower melting points, higher latent heat 868 

capacities, reduced corrosivity, and improved decomposition thresholds. Beyond single-869 

component systems, composite designs that integrate functional materials with nitrates hold 870 

promise for simultaneously improving thermal storage density, material reliability, and overall 871 

system performance. The adoption of data-driven approaches, such as machine learning 872 

algorithms and artificial neural networks, can further accelerate the predictive design and 873 

optimization of high performance composite PCMs, providing a robust foundation for next-874 

generation solar thermal applications. In parallel, the thermophysical properties of molten salts 875 

can be substantially enhanced through advanced additive technologies. While existing research 876 

primarily addresses single or dual-component nanoparticles, future work should explore 877 

synergistic multi-component systems, including combinations of carbon-based 2D materials 878 

such as MXene or g-C₃N₄ with metal oxides. Comprehensive investigations into the long-term 879 

cycling stability, thermal conductivity improvements, and economic feasibility of these 880 

modified molten salts are essential to enable large-scale deployment in concentrated solar 881 

power systems. Last but not at least, structural innovation and computational optimization 882 

remain key to maximizing the efficiency of phase change heat accumulators. Rational tube 883 

arrangements combined with fin structures can form highly effective heat transfer networks, 884 

while topology optimization techniques enable the identification of optimal material 885 
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distributions that balance thermal performance with structural efficiency. Incorporating 886 

biomimetic design principles, inspired by naturally efficient heat transfer systems, offers 887 

additional opportunities to create components that simultaneously exhibit superior thermal 888 

conductivity and mechanical stability. Together, these strategies provide a pathway to next-889 

generation heat accumulators with enhanced energy utilization, rapid response rates, and 890 

improved operational reliability, supporting the advancement of high performance solar thermal 891 

energy storage systems. 892 
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