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A B S T R A C T   

The energy consumption in the built environment represents one of the major contributors of carbon emissions to 
the atmosphere. This leads to the need for a transition in the building sector and the introduction of policies that 
pursue high efficiency in residential and non-residential buildings with an increasing share of renewables. The 
benefit of the use of thermal energy storage is widely recognized to increase the efficiency of energy systems in 
different building typologies, to help in the introduction of renewable energies in buildings and to reduce the 
energy demand needed for heating and cooling. Nowadays, different thermal energy storage technologies are 
available, including sensible, latent, and sorption and chemical reactions (also called thermochemical) energy 
storage. Although in the past twenty years, the scientific literature showed an increasing trend in the research of 
thermal energy storage integrated to the building sector, it was only in recent years that this concept was 
extended to the built environment, which includes residential and non-residential buildings, districts, and urban 
networks. This paper provides a comprehensive review and classification of thermal energy storage technologies 
applied in the built environment considering the trends and the future perspective of the past and current 
research.   

1. Introduction 

Nowadays, climate change represents one of the hottest topics that is 
raising awareness in all the world and the concept of “sustainability” has 
become part of our all-day life. The built environment is the major 
responsible for global energy consumption and greenhouse emissions. In 
general, the term ‘built environment’ encompasses different aspects of 
human labour that results in a modification of the natural environment 
to provide people with surroundings adequate for living, working, and 
recreational activities. It does not only refer to buildings we live in, but 
also to other spaces such as parks, transportation networks, roads, 
bridges, utility networks, and so on. Only the building sector accounts 
for almost 36% of the worldwide energy consumption and 39% emis-
sions to the atmosphere [1]. Due to the growth of population and the 
rapid urbanization, the built environment is expected to grow by 60% by 
2050 [2]. This results in an increase in carbon emissions, which for 
example in Europe needs to be reduced by 40% below the levels of 1990 
by 2030 [3]. Furthermore, the increase of energy consumption can also 
be caused by the built environment itself through the urban heat island 
effect that leads to an increase of temperature in cities caused by the 

absorption and the production of anthropogenic heat from the built 
environment. This effect is not negligible since it can have a strong 
impact on the cooling demand that is expected to increase up to 750% 
and 275% by the year 2050 for the residential and the non-residential 
sectors, respectively [4,5]. Nowadays, more than three-quarters of the 
energy demand used for heating and cooling purposes is still based on 
fossil fuels [6]. Therefore, reducing energy consumption and producing 
energy in an efficient and sustainable way is fundamental to reduce gas 
emission and preserve environmental health. This is leading to a tran-
sition into the energy sector and the need for policies that include 
strategies to develop a sustainable built environment based on high- 
efficiency buildings and a high share of energy produced from renew-
able sources. The integration of thermal energy storage (TES) is proved 
to be an effective solution to both reduce the energy consumption and 
overcome the problems related to the intermittency of renewable 
sources. Arce et al. [7] estimated that the integration of TES can lead to a 
potential energy savings of 7.5% in Europe with a reduction in gas 
emissions of 5.5%. TES can be applied at different scales of the built 
environment, starting from a single building to multiple buildings, dis-
tricts and urban networks with a wide range of applications. Some of its 

* Corresponding author. 
E-mail address: luisaf.cabeza@udl.cat (L.F. Cabeza).  

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2021.116666 
Received 14 September 2020; Received in revised form 29 December 2020; Accepted 28 January 2021   

mailto:luisaf.cabeza@udl.cat
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2021.116666
https://doi.org/10.1016/j.applthermaleng.2021.116666
https://doi.org/10.1016/j.applthermaleng.2021.116666
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2021.116666&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Thermal Engineering 189 (2021) 116666

2

potential benefits are:  

- To reduce the energy demand for heating and cooling of buildings 
through passive TES solutions.  

- To enhance the integration of clean energy sources used for the 
production of electrical or thermal power tackling the problem 
related to their intermittency.  

- To increase the generation capacity and the flexibility of energy 
systems reducing or shifting the peak load operation to take advan-
tage of off-peak times when electricity is cheaper.  

- To reduce the emissions and increase the efficiency of industrial 
process and waste heat recovery.  

- To increase the efficiency of district heating and cooling networks, 
increasing the heat generation capacity of systems for power pro-
duction and better management of cogeneration plants trough peak 
load shifting.  

- To increase the durability and to reduce the maintenance cost of 
roads, pavements and bridges damping the extreme change of 
temperatures. 

However, when TES is integrated, further considerations have to be 
taken into account, such as the increase of complexity of the overall 
system, the thermal losses, installation cost, the eventual space required, 
and the presence of adequate policies or legislation that do not represent 
a boundary or a constraint for TES integration. Moreover, the potential 
of TES has gained momentum in the literature, attracting in recent years 
a large number of researchers and institutions. From the numerous pa-
pers available, different reviews that collect the published documents 
are available in the literature. However, most of the studies are focused 
on one category of the built environment or a specific thermal energy 
storage technology. 

The aim of this paper is to give a detailed framework and to report 
the state-of-the-art of the recent trends on the research involving TES, 
evaluating its role in a wider context extended to different levels of the 
built environment. Recently, the bibliometric analysis was recognized as 
an interesting technique in the literature that allows studying the sci-
entific progress of a certain topic. This method allows conducting a 
quantitative analysis on the number of publications, authors and in-
stitutions that perform research on a certain topic. Furthermore, a more 
qualitative study can be performed by analysing the keywords contained 
in the different documents to identify the hotspots that highlight the 
research trend and helps to understand future perspective. Recently, 
bibliometric analysis methods were applied to define the research trend 
of a wide range of topics. In the field of energy storage Calderon et al. 
[8], published a bibliometric study analysis on TES showing that more 
than 14.000 documents regarding TES were published in the last decade. 
A bibliometric analysis of the studies related to smart control techniques 
applied to TES was done by Tarragona et al. [9]. Cárdenas-Ramírez et al. 
[10] used the bibliometric analysis to support the systematic review 
about the encapsulation and the shape-stabilization of PCM. Borri et al. 
[11] used those techniques to the define research trends and the 
research gaps on the topic of liquid air energy storage while a biblio-
metric study on the research trends of hydrogen production and storage 
was published by Liu et al. [12]. Therefore, this study provides a useful 
guide that can be used by researchers to understand the main networks 
and institutions working on the topic of thermal energy storage applied 
to the built environment and to identify the main research gaps to 
inspire future research. Results can also be used by industries to have a 
complete view of the last trends in thermal energy storage applications, 
understanding the main research done in different categories of the built 
environment. 

2. Methodology 

This section reports the methodology used to develop the literature 
survey and the bibliometric analysis presented in the next sections. In 

this study, the database Scopus was used as a reference, since it includes 
a large number of works referring to technological topics compared to 
other databases such as Web of Science [13]. Databases such as Google 
Scholar or ResearchGate were excluded due to their low reliability of 
bibliometric results [14]. In the following sections, the bibliometric 
analysis was done considering the application of TES in different levels 
of the built environment. In this paper, the term “built environment” is 
used to extend the concept of buildings including, other than residential 
and non-residential buildings, districts, and urban networks. Therefore, 
the literature search was divided to evaluate the study and the appli-
cation of TES in three main categories, in particular in buildings, dis-
tricts, and roads and bridges. For each specific category a different query 
was formulated and shown in Table 1 and Table 2. 

The bibliometric data were collected using the different queries on 
the database Scopus with last access on September 1st, 2020. For each 
category, the number of publications per year was obtained highlighting 
the top countries that published on different topics. In this case, the 

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

Category Query Number of 
documents 

Buildings TITLE-ABS-KEY (“thermal energy storage*” 
AND (“building*” OR “built environment”) AND 
NOT (“district*” OR “municipal*” OR 
“neighborhood ”)) 

2015 

Districts TITLE-ABS-KEY (“thermal energy storage*” 
AND (“district*” OR “municipal*” OR 
“neighborhood”) AND NOT (“aircraft” OR 
“transport* application” OR “transport sector”)) 

446 

Roads and 
bridges 

TITLE-ABS-KEY (“thermal energy storage*” 
AND (“pavement” OR “sidewalk” OR (“bridge” 
AND (“ROAD” OR “deck”)) OR (“road” AND 
(“ice” OR “snow” OR “icing”)))) 

30  

Table 2 
Queries used for the literature search on TES on residential buildings and non- 
residential ones.  

Category Query Number of 
documents 

Residential buildings TITLE-ABS-KEY (“thermal energy 
storage*” AND (“building*” OR “built 
environment”) AND (“residential*” OR 
“house*” OR “home*” OR “family 
house*” OR “family-house*” OR 
“multifamily” OR “multi-family” OR 
“apartment*”) AND NOT (“non- 
residential*” OR “non residential*” OR 
“commercial building*” OR “commercial 
sector” OR “office*” OR “hospital*” OR 
“hotel*” OR “sport*” OR “shop*” OR 
”supermarket*” OR “hypermarket” OR 
“tertiary” OR “industrial sector” OR 
“campus” OR “industrial plant*” OR 
“district*” OR “municipal*” OR 
“neighborhood”)) 

320 

Non-residential/ 
commercial 
buildings 

TITLE-ABS-KEY ((“thermal energy 
storage*” AND (“building*” OR “built 
environment”)) AND (“non-residential*” 
OR “non residential*” OR “commercial 
building*” OR “commercial sector” OR 
“office*” OR “hospital*” OR “hotel*” OR 
“sport*” OR “shop*” OR ”supermarket*” 
OR “hypermarket” OR “tertiary” OR 
“industrial sector” OR “industrial plant*” 
OR “campus”) AND NOT (“residential*” 
OR “house*” OR “home*” OR “family 
house*” OR “family-house*” OR 
“multifamily” OR “multi-family” OR 
“apartment*” OR “district*” OR 
“municipal*” OR “neighborhood”)) 

251  
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contribution of Europe was also evaluated as a single territory consid-
ering the member states in EU-27. In the case of buildings, the literature 
trend was also analysed dividing the search into residential and non- 
residential/commercial buildings. In this case, two more queries were 
formulated as reported in Table 2. The results were used also to identify 
the main authors, institutions and journal that published on the different 
topics defined by the queries. To identify the hotspots and to evaluate 
the research gaps for each category related to the application of TES into 
the built environment, the author keywords were analysed through the 
software VOSviewer. VOSviewer is an open-source software that allows 
to generate, visualise, and analyse bibliometric networks based on the 
links between different items of research publications. The link between 
items can be in terms of co-authorship, co-occurrence, citation, biblio-
graphic coupling, or co-citation links. The items of the publications that 
can be selected to generate the maps are authors, institutions, countries, 
and keywords. In this paper, the results of the co-occurrences of author 
keywords are displayed in a network visualization in which the items 
(author keywords) are represented by a coloured circle with the size 
proportional to their weight expressed in terms of the number of oc-
currences or link strength. The colours belong to the cluster on which the 
different items are grouped and the distance between circles is propor-
tional to the relationship between the items. In this case, to obtain a 
clearer picture of the link between the different keywords, terms related 
to the same category or topic were grouped. Therefore, instead of having 
a dispersion of keywords that may appear with low-relevance, the 
macro-area was highlighted collecting the different terms included in a 
certain topic to better identify the research trend and gaps. The main 
keywords used to group different terms are shown in Table 3. 

3. Classification and applications of TES 

This section reports a systematic review of the classification of the 
main TES typologies. Furthermore, the main applications in the built 
environment are described. 

3.1. Classification 

Thermal energy storage systems can be classified using different 
criteria. However, the most common is the classification by the TES 
technology, where sensible heat storage, latent heat storage, and sorp-
tion and chemical reactions. 

Table 3 
Keyword used to group the terms related to different topics.  

Keyword group Terms included 

Artificial 
intelligence 

artificial intelligence; artificial neural network; artificial 
neural networks; big data; cloud computing; data mining; 
deep learning; latent dirichlet allocation; lda; machine 
learning; model predictive control; model predictive control 
(mpc); mpc; natural language processing; neural network; 
neural networks; predictive control; robust optimization; 
scheduling; 

carbon materials activated carbon; biochar; carbon; carbon black; carbon 
materials; 

demand side 
management 

demand response; demand response (dr); demand side 
management; demand-side management; peak demand; peak 
load shifting; peak shaving; 

economic analysis cost; cost analysis; economic; economic analysis; economic 
assessment; economic evaluation; economics; payback 
period; system advisor model; 

eutectics binary eutectic mixture; eutectic; eutectic mixture; eutectic 
mixtures; eutectic salt; eutectics; ternary eutectic mixture; 

fatty acid fatty acid; fatty acid ester; fatty acid esters; fatty acid 
eutectic; fatty acid eutectics; fatty acids; 

graphene graphene; graphene aerogel; graphene nanoplatelets; 
graphene oxide; reduced graphene oxide; xgnp; 

heat transfer conjugate heat transfer; convection; convection heat transfer; 
convective heat transfer; diffusion; diffusion coefficient; 
direct contact heat transfer; effective thermal conductivity; 
enhanced heat transfer; entransy; forced convection; heat 
conduction; heat exchange; heat flux; heat fluxes; heat 
transfer; heat transfer analysis; heat transfer characteristics; 
heat transfer coefficient; heat transfer enhancement; heat 
transfer performance; heat transfer rate; latent heat 
fluxmelting heat transfer; mixed convection; natural 
convection; natural convection heat transfer nusselt number; 
phase change heat transfer; radiative heat transfer; thermal 
network; transient and unsteady heat transfer; transient heat 
transfer; transient response; wall heat transfer; 

heating air heating; building heating; domestic heating; floor 
heating; floor heating system; heating; space heating; 

hydrogen sorption hydrogen absorbing materials; hydrogen absorption; 
hydrogen adsorption; hydrogen sorption; hydrogen sorption 
kinetics; hydrogen sorption properties 

metal alloys alloy; alloys; al-si alloy; aluminum alloy; bcc alloys; lani5; 
magnesium alloysmetal alloy; metal alloys; mg alloys; 

numerical analysis calphad; computer simulation; co-simulation; dft; 
dimensional analysis; fittingnumerical; numerical analysis; 
numerical calculation; numerical simulation; numerical 
simulations; numerical study; pinch analysis; rsm; sensitivity; 
analysis; similarity curve; simulation; simulations; state 
diagram; thermal response test; transient simulation; 
uncertainty, validation; 

numerical model computational modelling; dynamic model; dynamic 
modelling; dynamic modelling; dynamic programming; 
dynamic simulation; effective heat capacity method; 
energyplus; enthalpy method; finite difference method; finite 
element; finite element analysis; finite element method; 
finite volume method; gab; gab model; heat transfer model; 
latent semantic analysis; latent semantic indexinglattice 
boltzmann method; linear programming; lsi; mathematical 
model; mathematical modelling; mathematical models; milp; 
mixed integer linear programming; mixed-integer linear 
programming; model validation; modelica; monte carlo; 
monte carlo simulation; mttdl; numerical model; numerical 
modelling; opengeosys; simulink; sorption models; stefan 
problem; system modelling; thermal simulation; 
thermodynamic modelling; transfer function; transient plane 
source method; trnsys; 

optimization design optimization; dynamic optimization; energy system 
optimization;genetic algorithm; genetic algorithms; multi- 
objective optimization; optimal control; optimal design; 
optimal operation; optimisation; optimization; stochastic 
optimization; stochastic programming; thermodynamic 
optimizationtopology optimization; 

shape-stabilized 
pcm 

form stable; form-stable; form-stable composite; form-stable 
composite pcmform-stable composite pcms; form-stable pcm; 
form-stable pcms; form-stable phase change material; form- 
stable phase change materials; form-stable phase change  

Table 3 (continued ) 

Keyword group Terms included 

materials (pcms); fossil fuels; shape stabilization; shape- 
stabilized; shape-stabilized composite phase change 
material; shape-stabilized pcm; shape-stabilized phase 
change material; shape-stabilized phase change materials; 

solar applications solar air heater; solar air heating; solar air-conditioning; solar 
applications; solar chimney; solar cooker; solar cookers; solar 
cooling; solar desalination; solar district heating; solar drier; 
solar dryer; solar drying; solar energy applications; solar 
greenhouse; solar heating; solar heating system; solar 
multiple; solar pond; solar refrigeration; solar still; solar 
stills; solar water heater; solar water heating; 

solar collectors evacuated tube collector; evacuated tube solar collector; flat 
plate solar collector; integrated solar collector; linear fresnel; 
linear fresnel collectors; linear fresnel reflector; parabolic 
dish; parabolic dish collector; parabolic trough; parabolic 
trough collector; parabolic trough power plant; parabolic 
trough solar collector; solar air collector; solar collector; solar 
collectors; solar thermal collector; solar thermal collectors; 

solar energy solar energy; solar heat; solar radiation; solar thermal; solar 
thermal energy 

TES heat storage; storage tank; tes; thermal energy storage; 
thermal energy storage (tes); thermal energy storage device; 
thermal heat storage; thermal storage; thermal storage tank; 
thermal storage unit; thermal-energy storage; heat storage 
unit; thermal energy storage unit;  
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3.1.1. Sensible heat storage 
When a material stores the thermal energy in form of sensible heat, 

the energy stored is related to the temperature change of the medium 
and its heat capacity. The power of charging and discharging can be 
related to other properties such as the thermal conductivity of the ma-
terial, the flow rate of the heat transfer fluid and the thermal diffusivity 
[15]. A sensible heat storage material can be both in liquid or solid form. 
Amongst the liquid, water represents the most common material due to 
the high specific heat capacity, low cost, and easy availability. The most 
common use is to use water as storage medium in buildings to increase 
the efficiency and balance the supply both space heating and cooling, 
and the domestic hot water demand. Other storage applications that 
include the use of water as storage medium include aquifers and solar 
ponds [16]. Other common sensible heat storage materials in liquid form 
are thermal oils and molten salts, usually used for high-temperature 
applications but they are characterised by a heat capacity lower than 
water and a higher cost. Sensible heat storage materials in the solid form 
include earth materials such as rocks, sands, gravel, wood, ceramics, and 
concrete [17]. For high-temperature applications, solid metals can also 
be employed. However, compared to liquids solid materials have lower 
energy density due to the lower specific heat capacity compared to 
liquids, and higher cost of operation and maintenance. 

3.1.2. Latent heat storage 
Unlike sensible heat storage, a material stores thermal energy in form 

of latent heat when it undergoes a phase transition. The most common 
solution to store energy using the latent heat energy involves the phase 
change from solid to liquid phase [18]. Using phase change materials 
(PCM) as energy storage medium allows to increase the energy density 
of the storage system and the possibility to charge and release energy at 
an almost iso-thermal temperature range that allows reducing thermal 
fluctuations in energy systems. Therefore, the phase change temperature 
is one of the most important properties to take into account the design of 
latent heat storage systems, together with the phase change enthalpy. 
However, the main drawbacks of phase change materials are repre-
sented by low thermal conductivity, subcooling, chemical stability, and 
cost [17,19]. To have a reasonable power of charging and discharging 
during the phase change a high thermal conductivity of the PCM is 
required. This can be increased through the use of fillers, matrix struc-
tures, or encapsulations [23]. To reduce the subcooling effect, nucle-
ation in PCM can be promoted through the addition of nucleating agents 
or the adoption of other techniques such as cold finger or using rough 
walls [16,21]. However, there are some studies for long-term thermal 
storage that take advantage of the subcooling of PCMs to store thermal 
energy and triggering the crystallization for energy release [20]. Latent 
heat storage materials can be mainly divided into three main categories, 
organic, inorganic, and eutectic mixtures. A large number of papers are 
available in the literature describing all the main characteristics of the 
different PCM categories [21–26]. Nowadays, a class of PCM that is 
attracting a considerable interest are bio-based PCM. Those materials 
are based on renewable feedstock and are characterized by lower 
flammability compared to paraffin with good cycle stability [27]. The 
main drawback is the low thermal conductivity that can be improved 
with carbon nanomaterials such as carbon nanotubes and exfoliated 
graphite nano-platelets [28]. 

3.1.3. Sorption and chemical reactions (thermochemical energy storage) 
In this technology, the thermal energy is stored through a reversible 

chemical reaction or a sorption process. When energy is stored through a 
chemical reaction the process of energy storage and energy release is due 
to an endothermic and an exothermic reaction, respectively. In a sorp-
tion process, generally, a heat source is used to separate the sorbate 
(generally vapour or gas) from the sorbent (solid or liquid) during the 
desorption process. In this case, the thermal energy is stored through the 
chemical potential and is not released until the sorbent is again in 
contact with the sorbent during the sorption process [29]. 

Thermochemical sorption storage systems can be mainly classified as 
open or closed [30,31]. In a close system, there is no mass exchange with 
the ambient and can operate in vacuum conditions. This allows to better 
exploit low-grade heat sources to evaporate the working fluid. On the 
other hand, open systems operate at atmospheric pressures and since the 
vapour is released to the surroundings, water is mostly employed as 
working fluid. The main advantage of thermochemical energy storage is 
the possibility to store energy with almost zero energy losses, being a 
promising solution as a long term or seasonal energy storage. However, 
its main disadvantages are related to its high cost, high complexity 
(especially in closed systems), poor heat transfer (for chemical reaction), 
and poor stability that affects the storage efficiency over the time 
[17,32]. 

3.2. Applications 

Thermal energy storage has a wide range of applications that can 
contribute to increasing the efficiency of the components or systems 
included in the built environment. Those applications can mainly be 
summarized as building applications (active and passive), district 
heating and cooling, waste heat recovery, solar applications, and roads 
and bridges. 

3.2.1. Building applications 
To support the integration of renewable energies in buildings, ther-

mal energy storage is essential to balance the demand for heating, 
cooling, and domestic hot water (DHW) with energy production. Ther-
mal energy storage can be also used in buildings to shift the heating or 
cooling peak to take advantage of the time when the electricity is 
cheaper, or directly to reduce the peak load of the energy systems. 
Furthermore, passive TES solutions are able to act directly on the indoor 
temperature conditions of a building thus improving the thermal com-
fort and reducing the energy demand. The application of TES in build-
ings (including both residential and non-residential sector) was 
intensively studied in the literature and a lot of reviews are available for 
different energy storage categories. 

TES applied to buildings can be mainly divided into two categories: 
passive and active systems [17,30]. In the first category, the thermal 
energy is stored and released only through the temperature difference 
between the storage and the surroundings, while in the second, force 
convection through mechanical energy using fan or pumps is needed. 

Passive thermal energy storage is mainly applied to building enve-
lopes as sensible or latent heat storage. This application mainly acts on 
the thermal mass and inertia of the building to reduce the heating or 
cooling demand, stabilizing the indoor temperature [30,33]. Sensible 
storage materials for passive applications can include high thermal mass 
materials such as stone, concrete bricks, water, or solar walls [33]. 
Latent heat storage for passive applications integrates phase change 
materials (PCM) directly into the building construction material or as an 
extra layer on the building envelope. Macro-encapsulated material can 
be integrated also inside ceilings, hollows of bricks, or floors [34]. PCM 
can be included in the construction materials through six methods [35]: 
direct incorporation, immersion, vacuum impregnation, encapsulation 
(macro-encapsulation or micro-encapsulation), shape stabilisation, and 
form stable composites. A review of those methods is reported in details 
in the literature by Navarro et al. [36]. 

Active thermal energy storage systems can be mainly classified into 
two categories: direct and indirect. In the first category, the storage 
materials act also as the heat transfer medium, while in the second 
another fluid is used as a medium between the storage and the source. 
Therefore, storage tanks, using both sensible heat or latent heat and 
thermochemical energy storage can also be considered as active TES. 
Thermal energy storage can be actively integrated into the building 
structure such as in suspended ceilings, floor, walls, ceilings, or directly 
into the HVAC system [36,37]. In the first case, the construction element 
is directly integrated with a sensible or latent heat energy storage. An 
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example can be the implementation of water pipes in concrete slabs or 
into the floor. This storage category is usually referred to thermally 
activated building systems (TABS) or thermal mass activation (TMA) 
[30]. Thermal energy storages integrated directly into HVAC systems 
are mainly used to reduce the energy consumption. In this case, the 
thermal energy storage can be placed in the duct systems, in the heat 
recovery unit or the air handling unit (AHU). Another category of 
storage active system includes tanks, for which the most common stor-
age medium is represented by water. Water tanks can be directly 
coupled with solar sources or boiler and the most common application of 
the storage of thermal energy for the supply DHW and space heating. For 
long-term or seasonal storage, thermochemical TES can be considered 
an interesting option as storage for solar heating and solar cooling due to 
low thermal losses. However, the main problems of thermochemical are 
nowadays related to the cost and stability of the storage material. 

3.2.2. District heating and cooling 
District heating and/or cooling system provides thermal energy to 

multiple buildings from a centralized energy generation system through 
an energy distribution network that is usually incorporated in a piping 
underground system [38]. District energy networks are already widely 
spread in Northern EU countries and China. An efficient district heating 
and/or cooling system has the potential to reduce the energy produced 
by fossil fuels with advantages both on environmental and economic 
aspects reducing both GHG emissions and costs of energy production 
[38,39]. The main advantage of district heating and cooling networks is 
the ability to combine different energy sources and systems including 
renewable energy sources, waste heat recovered by industrial plants, 
and cogeneration plants for the combined heat and power production 
(CHP) [40]. However, often district heating and cooling systems do not 
operate efficiently and are based on centralized systems that produce 
energy through fossil fuels, therefore cannot be always considered as a 
sustainable solution [41,42]. Thermal energy storages integrated to 
district heating or cooling systems allow increasing the flexibility of 
operation and the overall efficiency balancing the energy supply from 
the production site and the energy demand from users [40]. Major 
benefits are in reducing the sizing capacity of generation plants and 
distribution networks, and shaping the energy demand reducing the 
peak loads and the consequent use of the operations of centralizes 
boilers and chillers. Drawbacks are related to the increase on the cost of 
investments, space constraints (especially when large-scale solutions are 
employed), and the lack of supportive legislation that can obstruct the 
design and approval stages [40,43]. 

Amongst the sensible energy storage solutions, water is the most 
common storage medium. Water tanks are in widely used in the case of 
short-term storage. For long-term storage solutions, tank, pit and aqui-
fers are widely used. Borehole thermal energy storage, that uses the 
ground as the storage medium, can be considered another solution for 
long-term periods. However, the latter needs proper geological re-
quirements and costs are higher than water storage. Latent heat and 
thermochemical energy storage can be also considered a thermal energy 
storage solution for district heating and cooling systems. In the case of 
latent heat storage systems, the selection has a crucial role in the effi-
ciency of the storage system that should be selected to according to the 
supply and return temperatures of the primary or second circuit of the 
network depending on where is placed [40]. 

3.2.3. Waste heat recovery 
The recovery of waste heat thermal energy is a concept mainly 

associated to the non-residential sector having the potential to increase 
the efficiency of industrial activities and a reduction of both cost and 
emissions. As reported by Miró et al. [44], thermal energy storage is one 
of the methods employed to increase the efficiency of waste heat re-
covery reducing the mismatch between waste heat thermal energy 
production and reuse. In thermal energy storage for waste heat recovery 
were divided into two main categories, on-site and off-site. In the first 

case, the waste heat thermal energy can be recovered, stored and reused 
in the same place for power generation, space heating or cooling. The 
second category, corresponding to off-site waste heat recovery, uses 
mobile thermal energy storage in which the energy is recovered and 
reused in different places such as other industries or district heating 
networks. 

3.2.4. Solar applications 
Thermal energy storage can be integrated in solar applications 

directly into the energy generation section (both thermal or electrical) to 
increase the efficiency of the energy production (thermal or electrical). 
In this case different solar applications require the use of different 
temperatures and different thermal energy storage technologies. For 
example, solar applications for electricity production (such as concen-
trated solar power) requires that requires thermal energy storage 
designed for high temperature, while solar energy for the domestic hot 
water production or space heating allows the use of storage below 
100 ◦C. In solar thermal collectors, slurries can be used to replace water 
due to the capacity to retain heat at higher temperatures [33,45]. In the 
case of concentred solar power (CSP) high-temperature, TES is inte-
grated to store the surplus energy to be used to heat the thermal cycle or 
to preheat the collector. This has the benefit of increasing the capacity 
factor of the plant, shape the energy demand and reduce the partial load 
operation [46]. Most of the TES integrated into CSP plants employ 
thermal oil and molten salts. However alternative solid materials, 
including rocks, concrete, ceramics represent an alternative solution 
able to reduce the cost of molten salt. Latent heat storage solutions can 
represent an alternative as well by the main disadvantages are related 
due to the low thermal conductivity and corrosion problems. Thermo-
chemical at the actual state still shows high complexity and are still on 
an early embryonal stage of research. Solar application for electricity 
production such as the integration of latent heat thermal energy storage 
in building-integrated photovoltaics (BIVP) to reduce the temperature of 
PV panels storing the excess heat produced by the latter [33]. 

3.2.5. Roads and bridges 
Other than buildings and energy systems, thermal energy storage can 

find application also in other elements of the built environment, such as 
roads and bridges, parking areas, and platforms [47]. Indeed, the inte-
gration of thermal energy storage can help to integrate the deterioration 
of those infrastructures due to the temperature changes during the year 
that can cause mechanical stress, deformation, and cracks [48]. In the 
literature, both the integration of latent heat storage directly into the 
lightweight aggregate and borehole thermal energy storage were 
investigated mainly for de-icing purpose of pavements and bridge decks. 
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4. State-of-the-art of TES in the built environment using the 
bibliometric analysis 

This section reports the results of the bibliometric analysis conducted 
to analyse the state-of-the-art of thermal energy storage applied in 
different categories of the built environment. 

4.1. Buildings 

The number of publications per year on TES applied to buildings is 
shown in Fig. 1. The trend shows that the number of publications per 
year had a rapid increase from 2009 with more than 250 publications in 
the year 2019. Fig. 1 reports also the trend of publications for the spe-
cific categories of residential and non-residential buildings. The results 
clearly show that most of the documents refer only to “buildings” 
without specifying the category. Therefore, the documents that mention 
the word “residential” or “commercial” buildings are only a small 
portion with a similar trend of the number of papers per year for both 
categories. Fig. 2 shows the trend of publications during the years for the 
top territories that published papers on TES for building applications. 
From the figure, it is possible to notice that United States (USA) started 
to publish documents related to TES before 1990, while Europe and 
China started after 2008. The most cited documents from USA are based 
on optimal control of TES [49,50] and the study of passive energy 
storage applications [51,52]. One of the most relevant studies is a con-
ference paper published by Braun in 1990 [49] that analysed the optimal 
the control of the building thermal storage capacitance on the reduction 
of the cost of the electrical energy demand used for cooling. The optimal 
control of TES, mainly for cooling applications, is the topic of the most 
cited papers published in USA from 2000 to 2010 [53,54]. However, 
from the Scopus database, the most cited paper was published in 2014 
on the use of ultrathin-graphite foams to enhance the thermal conduc-
tivity of PCM [55]. 

The research on thermal energy storage applied to buildings in 
Europe started to rapidly increase from 2008 and especially after 2012. 
The main reason can be attributed to the different legislative basis 
released from EU on the energy efficiency in buildings (Energy Perfor-
mance of Buildings Directive 2010/31/EU (EPBD) and the Energy Effi-
ciency Directive 2012/27/EU) [56] that enhanced the making of 
policies for the different EU countries to achieve a decarbonised and 
efficient building stock by 2050. Those directives were then revised in 
2018 and 2019 (Energy Performance of Buildings Directive (2018/844/ 
EU) (EU) 2019/786 and building modernisation (EU) 2019/1019) [56] 
to enhance the building renovation. One of the main requirements set by 
EU was that all the new building to be nearly zero-energy buildings 
(NZEB) from December 2020. Those building directives raised different 
funding at National and European level (here within the Horizon 2020 

framework [57]) that most probably also triggered more publications. 
The potential of thermal energy storage solutions to increase the energy 
efficiency in buildings has led to a rapid increase in the research output 
of Europe in the last decade. The most cited papers from Europe are 
review papers mainly on phase change materials in buildings 
[34,58,59]. Excluding them, the most cited document was published by 
Cabeza et al. [60] in 2007 on the experimental study on the use of 
microencapsulated materials in concrete walls for to improve the ther-
mal inertia and energy savings in buildings. 

From Fig. 2 it is possible to notice that China follows a similar trend 
to Europe but with a lower number of publications. As well as Europe, 
China set a 60–65% reduction of carbon emission by 2030 compared to 
2005 [61]. Therefore, this ambitious target could represent the reason 
for the increase of interest from research institutions to the investigation 
of energy storage technologies. Also, in this case, most cited papers from 
China are review papers on latent heat thermal energy storage [19,62]. 
Excluding them, it is interesting to notice in Scopus that most cited 
studies are based on phase change materials at material level. The most 
cited document was published in 2007 by Zhang et al. [63] and in 2010 
by Wang et al. [64]. However, most of the relevant publications from 
China are based on shape-stabilized or composite phase change mate-
rials [65–67]. The top European countries that published the higher 
number of documents related to TES applied to buildings are shown in 
Fig. 3. From the figure is possible to notice that Spain, Italy and France 
have a similar trend of publications that started to rapidly increase after 
2010. The results show that Spain has the higher number of documents 
for which the most cited are related the application of phase change 
materials mainly on the building envelop [60,68,69]. Italy is the second 
country in Europe with the highest numbers of publications for which 
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the most cited are based on the integration of TES into energy man-
agement strategies and cogenerative systems [70–73]. On the other 
hand, the most cited documents published from France are related to 
different topics including the integration of PCM into wallboards 
[74–76] and the study at material level related both to latent heat en-
ergy storage [77,78] and thermochemical energy storage [79,80]. 

Fig. 4 shows the main journals containing the publications related to 
TES applied to buildings. In this case, the top journal is “Energy and 
Buildings” with a total number of 222 publications updated to 
September 2020. It is interesting to notice that “Energy Procedia” ap-
pears on the figure, with 72 publications available in open access form. 
The top authors and the top institutions that published on the topic of 
TES applied to buildings are shown in Table 4 and Table 5 respectively. 

Fig. 5 shows the co-occurrence of the author keywords of the docu-
ments related to TES in buildings elaborated with the software 

VOSviewer. As stated in the methodology, the keywords belonging to 
the same topic were grouped to link the keywords in terms of macro-area 
of research. The results showed in the figure were obtained filtering the 
keywords with a minimum occurrence of five times. From the figure 
results, it is possible to notice that the bigger cluster is related to the 
applications of TES as a system in buildings (red cluster) including 
keywords such as “control”, “optimization”, “demand-side manage-
ment”, and “numerical simulations”. The blue cluster that contains the 
keyword “TES” is related to keywords related to general concepts of 
thermal energy storage. The other main clusters (green and yellow) are 
related to methods to analyse improve the thermal properties of storage 
materials, in particular of phase change materials (green cluster). 
Table 6 shows the author keywords with the highest number of occur-
rences on “TES on buildings”. 

Fig. 6 shows the co-occurrence of keywords highlighting the 
keyword “buildings”, “residential buildings”, and “commercial build-
ings”. Highlighting the keyword “commercial buildings” (Fig. 6b) The 
figure shows that most of the studies are mainly based on “demand side 
management”, “optimization” “artificial intelligence”, and “numerical 
model”, while the TES technologies highlighted are “cold TES”, “ground 
source heat pump”, “borehole TES”, and “battery”. The most cited paper 
included in commercial buildings was published by Braun et al. [49] and 
Henze et al. [53] on the optimal control of cold TES to reduce the 
electricity demand used for cooling in commercial buildings. The use of 
artificial intelligence and the application of demand side management 
strategies still represents the trend of the recent studies on TES applied 
to commercial buildings [81–87]. 

The co-occurrence of the keyword “residential buildings” is high-
lighted in Fig. 6c where is possible to notice the small relevance of the 

Table 4 
Top 10 authors on documents published on TES in buildings.  

Author name N◦

publications 
Affiliation Country 

Cabeza, L.F. 88 Universitat de Lleida Spain 
Sari, A. 48 Karadeniz Teknik Üniversitesi Saudi 

Arabia 
Barreneche, 

C. 
32 Universitat de Barcelona Spain 

de Gracia, A. 32 Universitat de Lleida Spain 
Fernández, A. 

I. 
27 Universitat de Barcelona Spain 

Kim, S. 26 Yonsei University South 
Korea 

Fang, G. 23 Nanjing University China 
Henze, G.P. 21 National Renewable Energy 

Laboratory 
United 
States 

Kuznik, F. 20 Centre d’Energétique et de 
Thermique de Lyon 

France 

Karaipekli, A. 18 Çankiri Karatekin Üniversitesi Turkey  

Table 5 
Top 5 institutions with documents published on TES in buildings.  

Affiliation Publications Country 

Universitat de Lleida 89 Spain 
Ministry of Education China 55 China 
Universitat de Barcelona 40 Spain 
Gaziosmanpaşa Üniversitesi 39 Turkey 
Tsinghua University 39 China  

Fig. 5. Network visualization of author keywords on “TES on buildings” elaborated with VOSviewer.  

Table 6 
Author keywords with the highest number of occurrences on “TES on 
buildings”  

Keyword Number of occurrences 

tes 757 
pcm 679 
buildings 101 
latent heat tes 95 
numerical model 95 
energy storage 89 
shape-stabilized pcm 83 
thermal properties 80 
phase change enthalpy 75 
optimization 73  
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Fig. 6. Co-occurrence and link of the keywords (a) “buildings”, (b) “commercial buildings”, (c) “residential buildings”  
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term in the literature. From the figure, it is possible to notice that the 
keywords are mainly connected to “demand side management”, “nu-
merical analysis”, “optimization”, “energy management”, and “building 
simulations”. The most cited paper is based on the evaluation of a double 
layer inorganic PCM embedded in roofs for thermal management in 
residential buildings [88], however recent document published included 
studies based mostly based on demand side management and energy 
management [89–93]. The co-occurrence of the keyword “buildings” is 
shown in Fig. 6a where it is possible to notice the connection with a large 
number of keywords both from the applications and materials side. This 
suggests that, although a lot of documents refer to the application of TES 
for residential use, the term “residential” or commercial is specified in 
studies related to “optimization” and “demand side management” when 
the need of the purpose of the buildings and the type of user profile has 
to be specified. 

From Fig. 7 it is possible to notice that the life cycle assessment is one 
of the methodologies that have fewer occurrences and can be defined as 
a research gap in TES applied to buildings. However, the keyword is 
related to “building envelope”, “commercial buildings” and “buildings”; 
while the storage system is either “TES”, “PCM” or “seasonal TES”, 
highlighting the importance of seasonal thermal energy storage in recent 
years. Finally, the applications studied are “cogeneration”, “battery”, 
“heating”, and “cooling”. The most cited studies on LCA applied to TES 
for building applications were published by Castell et al. [94] on the 
evaluation of the environmental impact of facades with micro-
encapsulated PCM integrated, and from Colclough et al. [95] on the 
evaluation though life cycle energy and carbon analysis on a solar sys-
tem of a low-energy building with seasonal thermal energy storage. 
Recent studies that use the life cycle assessment approach to study TES 
applied to buildings are related to PCM [96–98] and borehole TES 

Fig. 7. Co-occurrence and link of the keywords “LCA”  

Fig. 8. Co-occurrence and link of the keywords “distributed energy system”  
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[99,100]. 
Fig. 8 shows a focus on the keyword “distributed energy system” due 

to its importance for buildings in the energy transition. It is interesting to 
see that this keyword has only relations with “PCM” and “phase change 
enthalpy” as keywords related to materials, while it does have relations 
with many applications related keywords, such as “cogeneration”, “de-
mand side management”, “load management”, and “cooling”. Its rela-
tion with “numerical model” is explained with the links with “energy 
management” and “energy analysis”. The most cited study was pub-
lished in 2015 from Comodi et al. [70] on the experimental and nu-
merical study of a multi-apartment residential microgrid that includes 

both electrical and thermal energy storage. 
An interesting keyword shown in Fig. 9 is the term “building enve-

lope” that is connected to both the material cluster and to the TES ap-
plications cluster. Keywords highlighted with the connection with 
building envelope are “control”, “LCA”, “numerical analysis”, and 
“experimental”. On the other hand, from the materials side, the keyword 
is connected to “cement-based composites”, “shape stabilized PCM”, 
“graphite”, “polyethylene glycol”, and “thermal conductivity” as ther-
mal properties. Thermal comfort is one of the objectives of using PCM in 
buildings, therefore this keyword is studied in detail in Fig. 10. This 
keyword has links with all clusters of the literature map. As expected it 

Fig. 9. Co-occurrence and link of the keywords “building envelope”  

Fig. 10. Co-occurrence and link of the keywords “thermal comfort”  
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has strong links with “PCM”, but weaker with “latent heat TES” and with 
“sensible heat “TES”. Related to materials, it is related with the key-
words “building material”, “phase change enthalpy”, and “heat trans-
fer”. On the applications side, “thermal comfort” is related to many 
“buildings” topics such as “cooling”, “demand side management”, and 
“load management”, but it is also related to “solar energy” and “solar 
applications”. It is interesting to see its relation to components or 
equipment such as “HEX” and “heat pump”. Finally, the research on this 
topic is mainly numerical, as shown by keywords such as “building 
simulation” and “numerical analysis” to achieve “energy saving” and 
“optimization” of the systems. 

The first research gap found in this topic is related to techno- 
economic studies. Fig. 11 shows the little links found both for 

“economic analysis” and “techno-economic analysis”. One of the most 
relevant studies on economic analysis was published by Barbieri et al. 
[72] presenting a numerical model to evaluate the profitability of a 
micro-cogeneration system with thermal energy storage for residential 
applications. As it can be seen, “economic analysis” is mainly related to 
“latent heat TES”, “PCM”, “ice TES”, and “aquifer TES” in “buildings” or 
“cogeneration” for “demand side management” or “energy savings”. On 
the other hand, “techno-economic analysis” is linked to “TES” and 
“phase change enthalpy” for “buildings”, “cogeneration”, and “trigen-
eration” via “numerical models” with the objective of “energy analysis”. 
In this case, the most cited paper based on techno-economic analysis was 
carried out by Ramos et al. [101] on a hybrid system trigeneration plant 
(heating, cooling and power) based both on photovoltaic and thermal 

Fig. 11. Co-occurrence and link of the keywords (a) ”economic analysis” and (b) “thermo-economic analysis”  
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solar. 

4.2. Districts 

The number of publications per year for TES applied to districts is 
shown in Fig. 12. The results show that the trend started to rapidly in-
crease after 2013 with a maximum peak in 2017 and 2019 of around 80 
publications per year. Fig. 13 shows the total number of publications for 
the top five countries/territories (including Europe) that published on 
TES applied to districts. The trend shows that Europe is leading the 
research compared to large countries such as China and the United 
States. Also, in this case, the number of publications in Europe started to 
rise after 2010. The most cited paper from EU was published in Finland 
(in collaboration with China) in 2013 by Wang et al. [103] on the 
developing od an optimization model that minimizes the cost of a 
cogeneration system coupled with TES. 

District heating is already popular in north EU countries covering the 
13% of current European heat market for buildings [104]. Although 
district heating was not part of the strategies prosed for the Energy 
Roadmap 2050, it is recognized as an important solution that contrib-
utes to a sustainable energy network [104,105]. However, in the EU 
Directive 2012/27/EU [106] the potential of high-efficient cogeneration 
and district heating system is recognized for primary energy savings. 
Furthermore, the same directive encouraged the member states of EU to 
carry out an assessment of the potential of cogeneration and district 
heating and cooling using at least 50% renewable 50% waste heat, 75% 
cogenerated eat of a combination of 50% of energy and heat. Fig. 14 

shows the top European countries that published most of the works 
related to TES in districts. In this case, Italy and Germany have a similar 
trend in publications starting from 2013. The most cited papers from 
Italy are based on optimization though artificial intelligence and energy 
management [107–109]. In the case of Germany the most cited papers 
are based on the flexibility of TES integrated with different energy 
systems at district level [110–112], and studies on seasonal TES 
[113,114], while the most cited papers from Sweden are related to the 
evaluation of the thermal inertia of buildings in district heating systems 
[115,116]. 

In the case of China, the rapid growth of the built environment has 
led the district heating to represent the most affordable alternative to the 
old and inefficient coal-fired boilers. Furthermore, due to the increase of 
electricity for cooling demand DHC represent market driver also for 
absorption chillers for both residential and industrial buildings. How-
ever, the Chinese system does not have a regulator from the energy 
sector and the regulations are released by different organizations [117]. 
The most cited papers from China related to TES in districts are related 
to cogeneration plants [103,118,119] and wind power plants [120,121]. 
In the United States, district heating and cooling is not fully exploited 
and not promoted by federal policies. The main constraints reported by 
Nuorkivi [117] is the high cost due to institutional legal and technical 
constraints, that is not favourable for its economic value in the energy 
market. Meanwhile in Canada, although there are no specific policies for 
DHC, the potential of DHC is widely recognized to reduce emissions both 
at government and municipality level, furthermore, urban planners see 
DHC as a way to promote communities with higher density [117]. 
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Furthermore, some supportive funding is available from the Federation 
of Canadian Municipalities. The most cited paper from the USA was 
published by Powell et al. [122] on a method to simplify the dynamic 
control of the control of chillers applied in district cooling, while the 
most cited paper from Canada is a study carried out by Rezaie et al. 
[123] on the exergy analysis of thermal energy storage for district 
heating. The main journal that contains the higher number of publica-
tions of TES in districts is shown in Fig. 15. In this case “Energy” and 
“Applied Energy” are the most quoted journals for publications in the 
topic, however, it is interesting to notice that “Energy Procedia” and 
“Energies” appear in the figure indicating that a lot of documents are 
published in open access. The main authors and institutions are reported 
in Table 6 and Table 7. 

Fig. 16 shows the network visualization of the co-occurrence of 
author keywords on TES on districts. From the figure, it is possible to 
notice that, compared to buildings, the storage in districts is mostly 
related to the system level. Indeed, the figure shows that keywords 
related to the TES at material or component level are not relevant as in 
the case of TES applied to buildings. In this case the two main and bigger 
clusters. The first cluster (in red) is related to the integration of TES to 
application related to the exploitation of “solar energy” through 

“seasonal TES” and “cogeneration”. The second main cluster (in green) 
relates the TES to the management of thermal energy in districts through 
“demand side management” and “artificial intelligence”. 

Fig. 17 shows the co-occurrence of the keyword “seasonal TES” that 
is linked to “solar energy”, “solar applications”,” cogeneration”, “heat 
pump”, and “district heating networks” through “optimization”, “nu-
merical model”, “economic analysis”, and “techno-economic analysis”. 
The two technologies highlighted are “borehole TES” and “underground 
TES”. The most cited documents on seasonal TES are related to solar 
heating. Reuss et al. [113] published in 1997 a paper presenting the 
design of a seasonal ground thermal energy storage pilot plant for solar 
district heating. Other relevant works were published by Flyn et al. 
[124] on the influence of the location on a solar district heating system 
combined with borehole TES taking as a reference the neighbourhood of 
the Drake Landing Solar Community in Canada and by Tulus et al. [125] 
on the multi-objective optimization of a central solar heating system 
with seasonal storage combining numerical simulations and life cycle 
assessment. This last document appears one of the few that takes into 
account also the environmental aspect. However, amongst the most 
cited documents, one of the mode relevant studies that take into account 
this aspect was published by Welsh et al. [114] on the combination of 
environmental and economic analysis on a district heating system with 
borehole energy storage. Indeed, from the keyword analysis, the concept 
of sustainability is not highlighted identifying a possible research gap 
and a future area of interest. Another research gap that can be identified 
is the economic aspect of TES related to districts, highlighted in Fig. 16 
due to the low relevance of the keywords “economic analysis” and 
“techno-economic analysis”. However, those aspect is mostly taking into 
account only recently in studies related on seasonal TES on districts 
[126–131]. 

Fig. 18 shows the co-occurrence of keywords of TES in districts 
highlighting the keyword “district heating network” and “district cool-
ing systems”. Comparing the two keywords is possible to notice that 
district cooling has a much lower relevance compared to “district 
heating network”, highlighting an area of study that can be deeply 

Table 7 
Top authors on documents published on TES in districts.  

Author 
name 

N◦

publications 
Affiliation Country 

Rezaie, B. 12 University of Idaho United 
States 

Rosen, M. 
A. 

12 Ontario Tech University Canada 

Reddy, B. 
V. 

10 Ontario Tech University Canada 

Rosato, A. 8 Università degli Studi della 
Campania Luigi Vanvitelli 

Italy 

Sibilio, S. 8 Università degli Studi della 
Campania Luigi Vanvitelli 

Italy  

Fig. 16. Network visualization of author keywords on “TES on districts” elaborated with VOSviewer.  
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investigated. From the keyword analysis, most of the studies are related 
to “optimization” and based on “numerical model” probably due to the 
absence of real prototypes. TES integrated to district cooling appear as a 
recent topic with most of the relevant documents published after 2013 
[122,132]. In the case of “district heating networks”, Fig. 18a shows that 
the keyword connects all the three clusters. In the literature, the most 
cited documents related to TES in district heating networks are related 
to “cogeneration” [103,133], however, in recent papers published dis-
trict heating networks is more related with “seasonal TES” 
[114,124,134–136]. In terms of methodology Fig. 18 shows that studies 
related to district heating network are mostly based on “numerical 
analysis”, “modelling” and “artificial intelligence”. The keyword “de-
mand side management” is highlighted in Fig. 19 that in this case, in 
terms of TES technology is related to “sensible heat TES”, “hot water 
tank” and mainly applied to “heat pump” and “cogeneration”. Fig. 20 
and Fig. 21 shows the relevance of the keywords “smart grid” and 
“thermal stratification” that has an interesting relevance in the co- 
occurrence analysis. The concept of TES in “smart grid” is only related 
to “district heating network” and mainly applied to “cogeneration” and 
“heat pump”. Therefore, the lack of connections of keywords related to 
cooling or seasonal TES could open a possible research gap on TES 
applied to smart grids. The keyword of “thermal stratification” shown in 
Fig. 21 highlight the studies related on storing water in an efficient way 
in both “hot water tanks” that can be coupled with “heap pump”, and in 
“seasonal TES” that be related to underground TES (see Figs. 22–24) 

4.3. Roads and bridges 

This section reports the results obtained from the literature analysis 
on TES applied to roads and bridges. Fig. 20 shows the number of 
publications per year on TES applied to roads and bridges from the data 
obtained with the query selected. The results show that the first two 
publications appeared in 1989. Those two studies were published in 
Japan and the United States respectively. The first published by Ume-
miya et al. [137] studies a cogeneration system with aquifer TES for 
heavy-snow fall zone that integrates a snow-removal collector combined 
with solar collectors. 

The second paper, published by Thomas et al. [138], studied, 
through numerical analysis, the integration of PCM to delay the ice 
formation on pavements. Recent documents (after 2010) are based on 
the use of geothermal (or borehole) for ice-melting [139], the integra-
tion of phase change material in asphalt (Effects of ageing on asphalt 
binders modified with microencapsulated phase change material) and 
hydronic heating pavements [140]. Fig. 21 shows the number of pub-
lications for the top publications of the top five countries (including 
Europe) that published on TES applied to roads and bridges. The figure 
shows that China only started to publish on the topic in 2008 and today 
has the highest number of papers together with Japan that started to 
publish on the topic in 1989. From the figure it is possible to notice that 
the interest is on TES on roads and bridges is still low in Europe and 
mostly concentrated in Sweden. Fig. 19 shows the main journals that 
contain the publications related to TES applied to roads and bridges. In 
this case, it is possible to notice that the main journal is Construction and 

Fig. 17. Co-occurrence and link of the keyword "seasonal TES".  
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Fig. 18. Co-occurrence and link of the keywords (a)” district heating network” and (b) “district cooling system”  
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Building Materials, but some of the documents are found in proceedings. 
The authors and the institutions that published more on TES applied to 
roads and bridges are reported in Table 7 and Table 8, respectively (see 
Tables 9–11) 

Fig. 25 shows the network and the overlay visualization of the author 
keywords obtained from the literature search on TES on roads and 
buildings. From the figure, it is possible to notice that the number of 
keywords appearing is low due to the limited number of documents. 
However, it is interesting to notice the keyword “thermal energy stor-
age” of the middle and two main clusters, one related to “heat transfer” 
and the other to “phase change materials”. The first cluster relates “heat 
transfer” to “solar energy”, “road-hydronic ice-snow melting”, “mathe-
matical calculation”, “heat conduction”, “heat exchanger”, and “energy 
storage”. Those keywords mainly describe the method and the concept 

of application of TES in roads and bridges analysed through numerical 
methods. One of the most cited studies was published by Mirzanamadi 
et al. [141] that evaluated the anti-icing performance of hydronic 
heating pavements. In this technique, the solar energy is stored in 
summer though seasonal storage and is used to heat up a working fluid 
that circulates into piped directly embedded into roads for ice-melting. 
On the other hand, it is possible to notice that there are two main 
clusters around the keyword phase change materials. In particular, the 
red cluster in Fig. 25 includes keywords such as “concrete”, “pave-
ments”, “encapsulation”, and “porous inclusion”, that refer to the 
different methods used to integrate PCM into construction materials. A 
review on the topic was published in 2019 by Marani et al. [142]. On the 
other hand, the green cluster refers to the integration of phase change 
materials into “lightweight aggregate” through “impregnation/ 

Fig. 19. Co-occurrence and link of the keyword ”demand side management”  

Fig. 20. Co-occurrence and link of the keyword ”smart grid”  
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encasement” that as stated by Kheradmand et al. [141] is an effective 
method when PCM cannot be incorporated directly into asphalt pave-
ments. From Fig. 25 it is possible to notice that technologies such as 
“borehole” or “geothermal” are not highlighted. Indeed, despite there 
are few studies published about that [139,140,143] probably the key-
words selected by the authors are not strongly connected to the main 
ones (“thermal energy storage”, “heat transfer”, and “phase change 
materials”). The author keywords with the highest occurrence in papers 
related to thermal energy storage in roads and bridges are reported in 
Table 12. 

5. Summary of research trends and gaps 

The literature output concerning the application of TES in the built 

environment has shown a strong increase the recent years. The trends on 
number of documents published each year on the different topics ana-
lysed in this paper was mostly influenced by the legislative, policies, and 
funding available for the different countries/territory. Therefore, future 
research trend is expected to mostly depend on those factors. Nowadays, 
the legislation related to high energy-efficient buildings that came into 
force in most countries has led the application of thermal energy storage 
in buildings to have a high impact in the scientific literature. In this case, 
due to the high investments in energy efficiency, Europe is leading the 
research with the highest number of papers in the literature. In the case 
of districts, the missing of specific legislation or policies that enhance the 

Fig. 21. Co-occurrence and link of the keyword ”thermal stratification”  
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Fig. 22. Publications per year on TES applied to roads and bridges.  
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Fig. 23. Number of publications of top five countries/territories that published 
on TES applied to roads and bridges between 1999 and 2019. 
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integration of district thermal energy networks has led the application of 
thermal energy storage into districts to receive less attention in most 
countries. However, the bibliometric analysis carried out showed an 
increasing trend of studies mostly in Europe, that is the territory that 
better promoted the decentralization of energy production. The biblio-
metric analysis of studies related to the application of thermal energy 
storage into roads and bridges showed a low effort in research on studies 
related to this topic. Today, only a few researchers are investigating on 
this application, without defining a literature trend. This is probably due 
to the lower potential of this application, not fully demonstrated yet. 
Therefore, more resources should be invested before observing an 
increasing trend on the number of studies. From the results shown by the 

keyword analysis, different research trends and perspectives on thermal 
energy storages can be outlined for each category of the built environ-
ment. However, two main aspects were not fully addressed in the 
research of thermal energy storage applied to the built environment. The 
first is related to the economic analysis, that had a low impact on the 
keyword analysis compared to numerical analysis and numerical model. 
The economic assessment of storage technologies is important to allow a 
comprehensive understanding of its feasibility in a different context, and 
it could be a topic with space for more investigation. Another aspect, 
that can define a research gap, is related to the contribution to the 
environmental impact of thermal energy storage technology. Although 
the efficiency evaluation and the economic feasibility are important to 
demonstrate the benefit of different storage technologies, their envi-
ronmental impact results do not appear in the keyword analysis. This is 
an aspect that needs to have further research since nowadays the 
concept of sustainability and the interest to move towards circular 
economy is becoming relevant. Another lack of studies within thermal 
energy storage on the built environment is related to socials aspects. The 
literature maps showed in the previous section do not show keywords 
related to behaviour, social acceptance, or users. This shows that the 
recent literature on the topic is still too incipient to appear. However, in 
the field of energy storage, this is becoming an important aspect to 
evaluate the role and the perception of social acceptability into the 
energy infrastructure [102]. Concerning the application of thermal en-
ergy storage into buildings, latent heat thermal energy storage with the 
use of PCM attracted most of the attention in this context having the 
highest contribution in the literature. Indeed, studies that are specif-
ically related to sensible TES and thermochemical TES had a low rele-
vance in building applications, as well as the investigation of seasonal 
TES. From the keyword analysis, studies related to PCM at material level 
showed that the enhancement of the thermal properties through shape- 
stabilized PCM and microencapsulation had the highest occurrence on 
the field. In the latest studies focused on PCM for building applications, 
the research is moving to cement-based composite materials and carbon 
nanotubes for thermal conductivity enhancement. Concerning the 
studies regarding the integration of thermal energy storage systems into 
buildings, the research interest is directed to the energy management 
through the application of demand side management techniques and the 
integration of thermal energy storage in distributed energy systems that 
includes electricity sources and storage such as batteries and photovol-
taics. However, experimental approaches on the study of TES in build-
ings had a lower relevance compared to numerical modelling and 
numerical analysis, showing a gap in the literature. In the case of ther-
mal energy storage applied to districts, research carried out today is 
mostly focused on seasonal TES and, in this context, borehole TES rep-
resents the latest trend. However, the largest research gap includes study 
based on economic (and techno-economic) analysis and on and the 
application of TES on district cooling networks. Concerning the appli-
cation of TES into roads and bridges, it is not possible to define a 
research trend considering today state-of-the-art that could define the 
topic itself a research gap. 

0 1 2 3 4

Construction And Building
Materials

Applied Mechanics And Materials

Taiyangneng Xuebao Acta Energiae
Solaris Sinica

Transactions Of The Japan Society
Of Mechanical Engineers Series B

Number of publications

Fig. 24. Top five journal publishing on TES applied to roads and bridges.  

Table 8 
Top institutions with documents published on TES in districts.  

Affiliation Publications Country 

Aalto University 15 Finland 
Ontario Tech University 12 Canada 
The Royal Institute of Technology KTH 11 Sweden 
Politechnika Warszawska 11 Poland 
Vlaamse Instelling voor Technologisch Onderzoek 11 Belgium 
Aalto University 15 Finland  

Table 9 
Author keywords with the higher number of occurrences on “TES on 
districts”  

Keyword Number of occurrences 

tes 141 
optimization 44 
seasonal tes 43 
numerical model 36 
cogeneration 34 
solar energy 31 
heat pump 27 
district heating network 23 
renewables 23 
energy storage 20 
solar applications 20  

Table 10 
Top authors on documents published on TES in roads and bridges.  

Author name N◦ publications Affiliation Country 

Gao, Q. 4 Jilin University China 
Liu, Y. 4 Jilin University China 
Huang, Y. 3 Jilin University China 
Umemiya, H. 3 Yamagata University Japan  

Table 11 
Top institutions with documents published on TES in roads and bridges.  

Institution N◦

publications 
Country 

Jilin University 5 China 
Chalmers University of Technology 2 Sweden 
Kajima Corporation 2 Japan 
Colorado School of Mines 2 United States 
University of Nottingham 2 United 

Kingdom 
Empa - Swiss Federal Laboratories for Materials 

Science and Technology 
2 Switzerland 

Wuhan University of Technology 2 China 
Hochschule Luzern 2 Switzerland  
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6. Conclusions 

This paper presents a detailed bibliometric analysis of thermal en-
ergy storage (TES) applied to different levels of the built environment. 
The literature search, done with the Scopus database, different queries 
for three main categories in particular in buildings, districts, and roads 
and bridges, was done. The main conclusions, divided by sections drawn 
from the bibliometric analysis, are the following. 

TES applied to buildings  

• “Buildings” is the main category for which TES is studied. Indeed, the 
making of different legislative basis and policies of energy efficiency 
related to buildings has led to a rapid increase in research output 
after 2010, especially in Europe.  

• USA was the first country to publish relevant studies related to the 
application of TES into buildings mainly to reduce the cooling de-
mand through optimal control techniques remaining the main 
research trend. The research trend in Europe is mainly based on the 
application of latent heat thermal energy storage through passive 
techniques and demand side management strategies while the most 
relevant studies from China are based on materials.  

• The keyword analysis confirmed that latent heat energy storage had 
the strongest interest amounts other technologies both at system and 
material level. However, the studies related to buildings does not 
refer to a specific category. Indeed, this is only specified in studies of 
demand side management or optimization, where the user profile 
has an important role.  

• The economic analysis (and “techno-economic analysis) appears to 
be in recent studies of TES related to buildings. However, the low 
relevance of the keywords highlighted from the keyword analysis 
indicates a research gap that could be furtherly investigated. The 

environmental aspect of TES was taken into account through life 
cycle analysis only in some recent studies and, also, in this case, the 
keyword analysis suggests a that the evaluation of the environmental 
impact is research gap that can be taken into account for future 
research together with the social aspects. 

TES applied to districts  

• Despite the absence of specific directive or policies in most of the 
countries, the implementation of district thermal energy networks it 
is recognized as an effective way to improve energy efficiency and 
reduce the gas emissions. Studies implementing TES into districts 
started to raise after 2013 with Europe leading the research due to its 
popularity in northern countries.  

• TES in districts is mostly studied at system level mainly connected to 
solar applications and cogeneration systems. The integration of 
seasonal TES such as borehole or underground TES is a relevant topic 
on a district level. However, when demand side management stra-
tegies are considered, sensible heat TES such as water tank coupled 
with heat pump and cogeneration systems has a higher relevance.  

• Economic and techno-economic analysis were taking into account 
only in recent studies mostly based on seasonal TES. However, the 
lower relevance observed from the keyword analysis identifies that 
economic aspect related to TES on district can be furtherly investi-
gated. From the keyword analysis terms related to sustainability, 
social aspects and environmental aspect are not highlighted identi-
fying a possible research gap. 

TES applied to roads and bridges  

• TES applied to roads and bridges attracted only a few researchers and 
remains at a niche level. Although the first studies were published in 
1989 in Japan and the United States, the interest in this specific topic 
started to rise from 2009 by only a few institutions. Nowadays, China 
has the highest number of papers together with Japan, and in 
Europe, the interest is still low. Therefore, TES applied to road and 
bridges can be identified as a research gap with many aspects that 
can be investigated by future researchers.  

• The keyword analysis identifies two main categories of studies. The 
first, refers to heat transfer study mainly on hydronic heating 

Fig. 25. (a) Network and (b) overlay visualization of author keywords on “TES on roads and bridges” elaborated with VOSviewer.  

Table 12 
Author keywords with the highest number of occurrences on “TES on 
roads and bridges”  

Keyword Number of occurrences 

heat transfer 4 
thermal energy storage 4 
phase change materials 2  
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pavements, while the second is related to the inclusion of phase 
change material into pavements or lightweight aggregate through 
different techniques such as impregnation or microencapsulation.  

• Although borehole and geothermal TES are often integrated to on 
pavements, keywords related to those technologies does not appear, 
probably due to keywords selected by the authors are not strongly 
connected to the main ones. 
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