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Abstract 

 

The use of thermal energy storage (TES) allows to cleverly exploit clean energy resources, 

decrease the energy consumption, and increase the efficiency of energy systems. In the past 

twenty years, TES has continuously attracted researchers generating an extensive scientific 

production growing year by year. Despite the large number of publications, there are some aspects 

of TES that need to be further investigated in order to assess its complete feasibility. This paper 

gives a perspective on the state-of-the-art of TES, highlighting the research trends and the research 

gaps of different TES technologies. Using bibliometric analyses techniques, the main research 

gaps identified were related to economic, environmental, and social aspects. 
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1. Introduction  

 

Nowadays, it is well known that the reduction of carbon emissions into the atmosphere is the key 

action to mitigate the effect of climate change [1]. As a consequence, most countries invested a 

high amount of resources to find feasible solutions to reduce energy consumption and the energy 

produced by fossil fuels. This has led to a transition in the energy systems supported by policies 

that require a high share of energy produced by renewable sources as well as high energy-efficient 

systems. In this context, thermal energy storages (TES) gained strong attention due to their ability 

to balance the energy supply with the energy demand allowing to overcome the problem related 

to the intermittency of renewables increasing the efficiency and the flexibility of energy systems 

[2]. In the last years, the research on TES had experienced a rapid increase in terms of numbers 

of publications. Calderon et al. [3] reported that, in the last decade, more than 14,000 documents 

related to TES were published in the literature. However, studies related to TES can be 

categorized according to the main type of technologies: latent heat TES, sensible heat TES, and 

chemical TES and sorption TES (also known as thermochemical). Each TES category has its 
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advantages and disadvantages and their use is strictly related to the application and other system 

requirements, such as capacity or power. However, studies related to the different types of TES 

are characterized by different research trends. This paper aims to provide a general overview of 

the research related to TES discussing the state-of-the-art for better a understanding of the future 

perspective. Therefore, this paper can be used as a guide for researchers, to understand the 

research trends of different TES technologies and to inspire them for future studies based on the 

current research gaps. 

 

2. Methodology  

 

Bibliometric analysis was recently recognized as a powerful tool that allows studying the progress 

of a certain scientific topic. Recently, many documents related to energy storage were published 

based on this type of analysis to define literature trends and to support the definition of the state 

of the art [3–7]. Furthermore, analysing in depth the occurrence and the link between keywords 

contained in the different documents, it is possible to identify the research gaps and the research 

trends of a certain topic. In this study, the software VOSviewer [8] was used to elaborate 

bibliometric data of the papers obtained with the queries shown in Table 1.  

 

This systematic review was carried out with a literature search in October 2020 using Scopus 

database. The search string is shown in Table 1. No language or data limits were used. In this 

paper, TES technologies were divided as sensible, latent, sorption and thermochemical, because 

although sorption is strictly part of thermochemical, this technology is used in quite specific 

applications, such as buildings space heating and cooling, and the publications related to it can be 

easily isolated. 
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Table 1. Queries used for the different TES categories and number of documents obtained 

Category Query Number of 

documents 

All TES TITLE-ABS-KEY ( "Thermal energy storage"  OR  ( 

storage  AND  ( "latent"  OR  "sensible"  OR  

"thermochemical"  OR  "sorption" ) ) ) 

27,016 

Sensible TITLE-ABS-KEY ( "Thermal energy storage"  OR  ( 

storage  AND  ( "latent"  OR  "sensible"  OR  

"thermochemical"  OR  "sorption" ) ) )  AND  TITLE-

ABS-KEY (sensible) 

2,907 

Latent TITLE-ABS-KEY ( "Thermal energy storage"  OR  ( 

storage  AND  ( "latent"  OR  "sensible"  OR  

"thermochemical"  OR  "sorption" ) ) )  AND  TITLE-

ABS-KEY ( latent  OR  "phase change materials" ) 

12,152 

Sorption TITLE-ABS-KEY ( "Thermal energy storage"  OR  ( 

storage  AND  ( "latent"  OR  "sensible"  OR  

"thermochemical"  OR  "sorption" ) ) )  AND  TITLE-

ABS-KEY (sorption) 

6,103 

Thermochemical TITLE-ABS-KEY ( "Thermal energy storage"  OR  ( 

storage  AND  ( "latent"  OR  "sensible"  OR  

"thermochemical"  OR  "sorption" ) ) )  AND  TITLE-

ABS-KEY (thermochemical) 

2,021 

 

The results were used to support the discussion on the state-of-the-art of the different thermal 

energy storage categories and to find the research gaps. Due to the large number of papers, a large 

number of keywords was contained in the bibliometric data obtained from each query. The state-

of-the-art for different thermal energy storage categories described in the next paragraphs was 

defined based on different areas of study related to TES. Therefore, keywords related to the same 

topic were grouped to avoid a dispersion of keywords with low relevance and to highlight 

different macro-areas of research as previously done by the authors in [9]. 

 

3. Bibliometric analysis  

 

The state-of-the-art and the research gaps for each storage category were defined analysing the 

co-occurrence of keywords obtained with the software VOSviewer that, for TES, is shown in 

Figure 1. In this case, the software allows to identify different clusters corresponding to different 

areas of research. The bigger cluster (red) included keywords related to numerical studies on TES 
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systems (“numerical model” and “numerical analysis”, “optimization”, “artificial intelligence”, 

“demand side management”) with a particular relevance on “solar energy”. The purple cluster 

was related to phase change materials (PCM). In particular, the first included the studies related 

to “heat transfer” with keywords such as “solidification”, “melting”, “shell and tube hex”, “HTF” 

and “nanomaterials”, while the second was related to PCM “thermal properties” and “thermal 

conductivity” enhancement at material level (“microencapsulation”, “shape-stabilized PCM”, 

“composite PCM”). The other clusters were related to “thermochemical materials” for “sorption” 

and “hydrogen storage” (green cluster) and to “thermochemical energy storage” for “CSP” 

(yellow cluster). Studies related to “sensible TES” were included in the light blue cluster. From 

the size of the circles it was possible to identify the relevance in terms of number of occurrences 

for each keyword. In this case, Figure 1 shows that PCM had the highest relevance meaning that 

latent heat thermal energy storage was the category with more studies. On the other hand, smaller 

circles or missing keywords identifies the research gaps. In this case, keywords related to 

sustainability such as “LCA”, “environmental impact”, “ghg emissions” had a low relevance, as 

well as “techno-economic analysis” and “economic analysis”. Furthermore, keywords related to 

policies and social aspects did not appear in Figure 1, highlighting further research gaps. The 

research trends for the different storage categories were evaluated observing the overlay 

visualization, which for all storage categories is shown in Figure 2. In this case, the colours in the 

figure indicate that “thermochemical TES” appears as the most recent TES technology studied. 

Other recent trends on the studies of TES were “nanomaterials”, “nanofluids”, “composite PCM”, 

and “bio-based PCM” applied to “CSP”, “demand side management”, and “district heating”.  
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Figure 1. Co-occurrence of the keywords for all the storage categories (done with the group 

Thesaurus) 

 

 

 

Figure 2. Overlay distribution of the keywords for all the storage categories (done with the 

group Thesaurus) 
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4. Sensible thermal energy storage  

 

According to the results of the query for sensible TES category shown in Table 1, scientific 

research on sensible TES experienced a fast increase in the last decade, most probably related to 

a higher interest in achieving a sustainable use of energy. New concepts, materials, and systems 

proposed for industrial applications have driven a renewed interest in sensible TES [10]. 

However, a significant number of papers published in the last decade that refer to sensible TES 

may not really focus on this application, but on either latent, sorption, or thermochemical storage 

technologies. In such cases, sensible storage was only referred to for comparison purposes of 

other TES technologies with respect to the sensible TES, which is considered as a reference. 

 

The strongest relation of the keyword “sensible heat” was with solar applications such as 

concentrated solar power (CSP) [11–19] or desalination [20–23]. “Sensible TES” was related also 

to “optimization” [21,24,25], “demand side management” [26], “cogeneration” [27], and “waste 

heat recovery” [28], which was mostly studied through “numerical model”. “Optimization” is 

mainly performed for “solar applications” through “artificial intelligence” techniques. 

 

The average year of publication of interesting keywords on sensible heat TES is shown in Table 

2. 

 

Table 2. Average year of publication of relevant keywords on sensible heat TES 

Average year of publication Relevant keywords 

2010 Energy analysis 

2011 --- 

2012 Chemical analysis; heat transfer; numerical analysis 

2013 Cogeneration; thermal stratification 

2014 Solar applications; smart grid 

2015 Molten salts; packed bed TES; CAES; concrete; 

optimization; heat pump; HVAC; cold TES; waste heat 

recovery; artificial intelligence 

2016 CSP; thermocline TES; LCA; hot water tank; numerical 

model 

2017 Renewables 

2018 Distributed energy systems; demand side management; 

economic analysis; shell and tube HEX 

2019 --- 
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However, the most cited papers in the last decade did not always match the most frequent 

keywords in a given year. In 2010, Fernandez et al. [29] proposed a selection methodology of 

materials with potential use as TES materials, while Kalidasa Murugavel et al. [20] investigated 

the implementation of TES materials in a solar still for potable water production. In 2011, 

Hänchen et at. [11] developed and experimentally validated in a pilot-scale set-up a numerical 

model of an air-based packed-bed of rocks. In a similar study published in 2012, Zanganeh et al. 

[12] built, tested, and modelled a packed-bed of rocks using air as working fluid at pilot-scale. In 

2013, Bauer et al. [15] investigated some aspects such as thermophysical properties, thermal 

stability, and metallic corrosion of NaNO3 and solar salt as materials used in storage systems. 

Anderson et at. [30] developed and experimentally validated in 2014 a model to predict the fluid 

and solid temperatures in a TES vessel that consisted of a packed-bed using compressed gas as 

heat transfer fluid. An exergy efficiency analysis of the TES based on experimental data was also 

performed. The behaviour of a sensible TES system based on alumina small spheres into a carbon 

steel tank operating as a thermocline was investigated in 2016 by Cascetta et al. [31]. A 

comparison between CFD simulations and experimental results were also reported. Sciacovelli et 

al. [32] investigated in 2017 for the first time, by means of a validated model, the dynamic 

behaviour of the implementation of a packed-bad in a standalone liquid air energy storage (LAES) 

plant. In 2018, Geissbühler et al. [33] presented experimental and numerical results from a pilot-

scale advanced adiabatic compressed air energy storage (AA-CAES) plant that was built in an 

unused tunnel. The plant integrated a TES system consisting of a 12-MWhth maximum capacity 

packed bed of rocks placed inside a cavern. 

 

Recent trends on sensible heat TES included the concept of distributed energy systems based on 

demand-side management and economic analysis. Some research gaps were identified by the low 

presence of keyword such as “economic analysis”, “LCA”, “organic Rankine cycle”, and 

“pumped thermal energy storage” along with a lack of direct connection to sensible TES. No 

keywords related to social aspect of sensible TES were observed. Regarding mechanical energy 

storage technologies for which sensible TES could be applied, the occurrence of CAES 

(compressed air energy storage) [33] and liquid air energy storage (LAES) [32] was quite small. 

 

5. Latent thermal energy storage  

 

The literature showed that there are four main clusters regarding the research on latent heat 

thermal energy storage systems.  

 

The first and most important cluster referred to material development [34] including “thermal 

properties”[35], “thermal conductivity”[36], “microencapsulation” [37], “shape-stabilized PCM” 
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[38] and “composite PCM” [39]. High occurrence was shown for “paraffin” and “fatty acids”, 

and less occurrence could be seen for “salts hydrate”. That demonstrated that the research 

community was still putting a lot of effort in developing appropriate materials which could be 

used in latent heat TES systems. These materials should be inexpensive, non-corrosive, provide 

high thermal conductivity, thermal stability [40], non-hazardous, and provide limited subcooling 

and hysteresis [41]. However, in some recent studies, subcooling in PCM is exploited to store 

thermal energy and to trigger the crystallization when energy is released [42].The second cluster 

included “numerical” and “experimental” testing, including “optimization” and use of “artificial 

intelligence” both to improve design and control [43] of latent TES systems. This second cluster 

is gaining crucial importance as latent systems are expensive and only an optimal design and 

control operation would justify its initial investment cost and help to its implementation into 

different applications [44]. 

 

Moreover, the second cluster was highly related to the third one which corresponds to the 

technological applications of the latent TES systems. The main technologies in which latent heat 

TES systems were being applied were related to solve the mismatch between production and 

demand, such as “solar energy” [45] and “waste heat recovery” [46]. The other main field in 

which latent heat systems have been explored are those referred to “buildings” [47], including 

active [48] and passive systems [49].  

 

Finally, the fourth cluster was related to heat transfer enhancement, including improvement of 

thermal conductivity of the PCM by using nanomaterials [50] or nanofluids, improved design of 

heat exchangers by means of fins [51] or other techniques, and use of heat pipes [52].  

 

The authors identified two important research gaps. The first referred to the low relevance of 

environmental analysis as few studies were focused on Life Cycle Assessment [53] or analysis of 

greenhouse gas emissions when using latent heat thermal energy storage systems. The second 

important research gap identified was the techno-economic analysis [54] of these kinds of 

systems. 

 

Finally, the trends of relevant keywords related to latent heat thermal energy storage are shown 

in Table 3. As it was previously detailed, main keywords were focused on the four clusters: 

material development (i.e. “chemical analysis”, “phase change enthalpy”, “composite materials”), 

numerical and experimental testing (i.e. “numerical analysis”, “shell and tube HEX”, 

“optimization”), applications (i.e. “packed bed TES”, “solar applications”, “cold TES”, “3D 

printing”), and heat transfer enhancement (i.e. “thermal conductivity”, “heat transfer”, “nano-

enhanced PCM”). 
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Table 3. Average year of publication of relevant keywords on latent heat TES 

Average year of publication Relevant keywords 

2012 Numerical analysis; Phase change enthalpy; Chemical 

analysis 

2013 Heat transfer; Packed bed TES 

2014 Composite materials; Exergy analysis; Cold TES; Solar 

applications 

2015 Thermal conductivity; Microencapsulation; CSP 

2016 Nanomaterials; Composite PCM; Nanofluids; Foams; 

Optimization; Buildings 

2017 Bio-based PCM; Nano-enhanced PCM 

2018 Shell and tube HEX 

2019 3-D printing 

 

6. Sorption and chemical energy storage  

 

The literature showed that there was a big research relation between thermochemical materials 

and hydrogen storage, showing the link between TES with sorption and hydrogen storage due to 

the use of similar materials, such as salts – MgH2 and Mg(OH)2 [55] –, metal alloys [56], carbon 

materials [57,58] – even using recycled materials such as biochar [59], polymers [60,61], and 

nanomaterials [62,63]. 

 

In sorption TES, the sorption isotherm was a key parameter that needs to be characterized, but 

literature showed that most times this was done via numerical modelling. For example, Semprini 

et al. [64] studied the adsorption equilibria of zeolite 13X with water via simulation using the 

Dubinin-Polanyi theory of micropore adsorption and Mette et al. [65] carried out a similar 

investigation, both experimentally and numerically. To see the importance of this parameter for 

each given application, examples were the determination of the sorption isotherm of a mesoporous 

composite material with CaCl2 to store low-temperature industrial waste heat [66], of a SrBr2 

MOF (metal-organic framework) composite for seasonal storage of solar energy for space heating 

[67], or of a SrBr2 composite with silica gel for high-temperature storage applications [68]. On 

the other hand, studies related to the kinetics of materials, that represents an important parameter 

for the evaluation of the dynamic behaviour of the material used in sorption TES, were mainly 

based on chemical analysis [69–71], and only few studies in the literature were based on 

modelling[72–74].  
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A lot of research was related to developing new composites to achieve the desired energy density 

with the required chemical and physical stability. Zeolite had been extensively used as porous 

structure to host salts such as MgSO4 [75] or MgCl2 [76]. The other basic host was silica gel, for 

example with CaCl2 [77] or LiCl [78,79]. Later, metal-organic framework (MOF) materials were 

studied in depth [61,80]. Natural expanded graphite had also been selected as a good alternative, 

which had the advantage of increasing the thermal conductivity of the final composite [81]. 

Finally, another option was the use of a silicon matrix to have an expandable matrix able to cope 

with the thermal expansion of the sorption materials [82,83].  

 

Regarding the literature on heat exchangers and reactors used for sorption and chemical energy 

storage most of the studies were carried out by numerical analysis with recent trends on studies 

related to fluidized bed reactors for CSP applications. However, experimental studies appear to 

be recent in the literature are often used to validate numerical models.  Lougou et al. [84] 

investigated the optimum design of a redox thermochemical reactor combining both experimental 

and numerical results evaluating the thermal-chemical conversion. Results showed that the reactor 

thermal efficiency was around 85% and is highly affected by the size, mass flow rate and 

convective heat transfer. Fopah-Lele et al. [85] tested a lab-scale thermochemical heat storage 

using honeycomb heat exchangers to enhance the heat and vapour process solving the issue of 

deactivation. The system with a storage capacity of 65 kWh and an efficiency of 0.77 can be 

suitable to store waste heat at low temperature from a cogeneration system and used for space 

heating applications. Singh et al. [86] validated a numerical model for a thermochemical storage 

reactor using the test from a 74 kWh prototype reactor based on Co3O4 coated cordierite 

honeycomb structures used as a reactive material. Chen et al. [87] developed a two-dimensional 

numerical model to simulate reaction in conical ammonia dissociation reactors validated with 

experimental results. The model was used to evaluate the effect of the configuration showing that 

converging reactors can achieve a higher conversion. 

 

The analysis of the literature showed that there were still very few studies that carry out 

environmental or economic studies of sorption systems, showing that this technology was not 

mature yet. One of the few existing studies was the one carried out by Scapino et al. [88]; a techno-

economic optimization of a system consisting of a geothermal doublet supplying thermal energy 

to an organic Rankine cycle (ORC) to a district heating network, aiming at finding the optimal 

sorption TES size. This study found that including the storage in the system, the profits would 

increase by 41% in the UK market.  
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The other undeveloped topic in sorption TES was the environmental assessment of the materials 

and systems. An LCA study carried out for materials [89], where PCM and sorption materials 

where evaluated against non-renewable primary energy demand systems, found that for silica gel 

and zeolite 13X, 60 and 260 cycles were necessary to reach amortization. When considering the 

full system, the same authors claim that closed sorption systems using solid sorption materials 

where not environmentally beneficial [90].  

 

As shown above, most research on this technology was focussed at material level, showing a 

research gap on the applications of sorption technology, which were mainly building applications 

and was very much linked to demand-side management [91]. 

 

The average year of publication of interesting keywords on sorption TES is shown in Table 4. It 

should be highlighted that the literature search carried out showed that the number of publications 

on this topic had the peak in 2011, but at that time sorption was very much related to sorption 

heat pumps, while the most recent research is on sorption TES. 

 

Table 4. Average year of publication of relevant keywords on sorption heat TES 

Average year of publication Relevant keywords 

2010 Hydrogen storage materials; heat pipes 

2011 Sorption TES; chemical analysis; sorption isotherm 

2012 Modelling 

2013 Hydrogen storage; cycling stability 

2014 CCS; nanomaterials; porous materials 

2015 Seasonal TES; foams 

2016 Thermochemical TES; experimental; shale gas 

2017 --- 

2018 LCA 

2019 --- 

 

 

Other than sorption, thermochemical TES is also related to chemical reactions. Building 

applications were related to thermochemical TES in this context, mostly in seasonal storage [91–

93]. Most studies in this context were those cited for sorption TES. 

 

But thermochemical TES was also related to high-temperature applications, mostly for CSP plants 

[94,95]. Those studies where based on knowledge coming from calcium looping technology 
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[96,97]. In the literature there are already some studies published at pilot scale [98,99] but with a 

low occurrence. The materials used in thermochemical TES for high temperature were basically 

salts, with high attention to their cycling stability [100,101].  

 

The average year of publication of interesting keywords on thermochemical TES is shown in 

Table 5. This was the newest topic of all the presented in this study, having its peak on 

publications in 2016. The first studies were related to building applications, going to seasonal 

TES later, with the attention on CSP and other high-temperature applications more recently. 

 

 

The newest keyword found in this literature review is hybrid systems in which thermochemical 

TES is combined with other energy systems. For example, Fitó et al. [102] proposed a solar driven 

absorption–thermochemical hybrid system for both refrigeration and energy storage. The authors 

performed a thermodynamic analysis to evaluate the best ammonia-based working pairs 

indicating the combination of LiNO3 and BaCl2 as the most promising. Furthermore, although the 

hybrid system has a similar COP to a stand-alone one, it allows a better coverage of energy 

demand. Wu et al. [103] proposed a thermochemical-compressed air energy storage system to 

store energy from wind, solar and off-peak electricity at the same time. In this system, the solar 

heat is stored through endothermal reduction of tricobalt tetroxide to cobalt monoxide and then 

used with compressed air to produce high quality heat to increase the efficiency of the compressed 

air energy storage. The hybrid system proposed was able to achieve a round trip efficiency of 

56.4% and energy storage density of 3.9 kWh/m3. 
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Table 5. Average year of publication of relevant keywords on thermochemical TES 

Average year of publication Relevant keywords 

2013 Exergy analysis 

2014 Buildings 

2015 Salts 

2016 Carbon materials; seasonal TES 

2017 CSP; CCS; calcium looping; fluidized bed; techno-

economic analysis 

2018 Solar thermochemical; solar fuel; cycling stability; hybrid 

system 

2019 --- 

 

 

7. Conclusions and future perspectives  

 

With the aim to increase the efficiency of energy systems, reduce energy consumption, and 

enhance the penetration of renewables, thermal energy storage technologies are continuously 

attracting the interest of many researchers. However, despite the large number of publications in 

the literature, there are some aspects of TES that need to be further investigated. One of the main 

research gaps common in all the TES categories is represented by studies based on economic (and 

techno-economic) analysis that is mostly considered in recent studies. Although most of the 

studies prove the ability of TES to reduce the energy consumption and the carbon emission to the 

atmosphere, the environmental impact of TES over the whole life cycle (cradle-to-cradle) is still 

overlooked. Indeed, only a few studies in the literature considered the sustainability aspect of TES 

technology with the implementation of methods such as life cycle assessment. The same 

conclusion applies to the social aspects related to the integration of thermal energy storage into 

the energy infrastructure. However, although social acceptance and aspects related to user are 

becoming important, this aspect is still green to be relevant in the study of TES technologies. 

Amongst all the TES technologies, latent heat TES appear to be the most relevant category studied 

in the literature. Although most of the studies were done at numerical level, a lot of research was 

done in the field of material development. In this case, recent trends related to the use of 

nanomaterials, nanofluids, and bio-based PCM have a low occurrence in the literature showing a 

research gap in this field. With regards to sensible TES, the distributed energy systems and 

demand-side management strategies were the main trends with low occurrences providing space 

for further investigation.  Furthermore, another gap is related to sensible TES applied in large-

scale electro-mechanical energy storage such as compressed air energy storage and liquid air 

energy storage. Also in this case, the low number of studies available in the literature identified 
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another possible area of research that was still unexplored. Although sorption and thermochemical 

are often classified under the same category of thermochemical energy storage, sorption TES and 

thermochemical TES are two distinct concepts with two different research trends. However, their 

main research gaps are similar. In both cases, the implementation of artificial intelligence and 

optimization techniques on thermochemical TES is still not relevant in the literature, indicating a 

potential area for future research. In thermochemical TES application, recent trends are related to 

CSP with a relevant number of studies. However, more work has to be done in cycling stability 

and nanomaterials. Furthermore, the low occurrence of seasonal TES and building applications 

highlight another research gap in the field of thermochemical TES.  
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