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Abstract 

In order to achieve global carbon neutrality in the middle of the 21st century, efficient utilization of fossil fuels is 
highly desired in diverse energy utilization sectors such as industry, transportation, building as well as life science. In 
the energy utilization infrastructure, about 75% of the fossil fuel consumption is used to provide and maintain heat, 
leading to more than 60% waste heat of the input energy discharging to the environment. Types of low-grade waste 
heat recovery technologies are developed to increase the energy efficiency. However, due to the spatial and temporal 
mismatch between the need and supply of the thermal energy, much of the waste thermal energy is difficult to be 
recovered. Thermal energy storage (TES) technologies in the forms of sensible, latent and thermochemical heat stor-
age are developed for relieving the mismatched energy supply and demand. Diverse TES systems are developed in 
recent years with the superior features of large density, long-term, durable and low-cost. These technologies are vital 
in efficient utilization of low-grade waste heat and expected for building a low or zero carbon emission society. This 
paper reviews the thermal storage technologies for low carbon power generation, low carbon transportation, low car-
bon building as well as low carbon life science, in addition, carbon capture, utilization, and storage are also considered 
for carbon emission reduction. The conclusion and perspective are raised after discussing the specific technologies. 
This study is expected to provide a reference for the TES technologies in achieving zero-carbon future.

Keywords  Carbon neutrality, Thermal energy storage, Sensible heat storage, Latent heat storage, Thermochemical 
heat storage, Zero carbon energy

1  Introduction
Due to the intense carbon emission since industrial rev-
olution, the carbon dioxide concentration in the atmos-
phere rapidly increases from 280 to 420  ppm within a 
short period of ~ 300 years. Due to the high transmittance 
in the solar wavelength and low absorbance in the far 
infrared wavelength range, the greenhouse effect occurs 
and contributes to a large increment in global tempera-
ture. The global temperature increment leads to severe 

consequences such as glacier melting, sea level rise and 
climate anomaly. In order to avoid the consequences that 
threaten the human survival, it is necessary to reduce the 
emission of greenhouse gases (GHG) in all sectors of the 
world. To ensure the global temperature rise less than 
2 °C, carbon net zero emission should be achieved at the 
second half of the twenty-first century [213]. In order to 
make the global temperature rise less than 1.5  °C, car-
bon zero emissions must be achieved at around 2050 
[37]. According to the global GHG emissions by sector 
in 2016, the global CO2 emissions are about 49.4 billion 
tons, of which the GHG emissions from industrial energy 
consumption account for the major part, including iron 
& steel, chemical & petrochemical, food & tobacco, non-
ferrous metals and other manufacturing industries. The 
large portion of CO2 emission from industrial process 
is due to the heavy dependence on thermal energy from 
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fossil fuel combustion. The second largest CO2 emission 
is from building sector, of which residential emissions 
account for 10.9% and commercial building emissions 
account for 6.6%. Among them, domestic heating, cool-
ing and hot water supply of residential buildings account 
for 70% of the energy consumption of buildings [10]. The 
third largest CO2 emission is from the transportation sec-
tor, which mainly includes road transportation, aviation 
transportation and shipping transportation, accounting 
for 11.9%, 1.9% and 1.7% respectively. Although electric 
driven transportation is boosted in recent years, the com-
bustion of fossil fuels is still the major measure for trans-
portation energy supply.

From the above analysis one can find that no matter in 
industry, building, or transportation sectors, the carbon 
emissions are mainly from the combustion of fossil fuel 
for providing thermal energy. Due to the massive demand 
on thermal energy in the aforementioned energy utili-
zation sectors, the dependence on fossil fuels could not 
be replaced in a short period of time. However, the uti-
lization of thermal energy would lead to severe heat loss 
inevitably. The heat loss appears in the forms of exhaust 
gas from the chimney of thermal power plant, convec-
tion and radiation heat loss from the surface of equip-
ment and thermal pipelines, as well as the exhaust gas 
from gas turbine and internal combustion engines. It is 
reported that more than 60% of the energy consump-
tion is lost as low-grade thermal energy. The efficient 
utilization of the low-grade waste thermal energy could 
significantly reduce the utilization of fossil fuels and con-
tribute to the development of a carbon neutrality. Diverse 
technologies for recycling the low-grade waste thermal 
energy are developed including organic rankine cycle 
power generation system [214], heat pumps (HP) [275], 
solid-state power converters (thermoelectric [73], ther-
moelectrochemical cells [43], thermo-osmotic systems 
[255], thermally regenerative cells [120] and so on. The 
utilization of the above heat recovery technologies could 
increase the overall efficiency of fossil fuel combustion 
to a certain extent. However, the thermal energy could 
not be recycled by these technologies in some occa-
sions. This could be attributed to three reasons. First, the 
low-grade waste thermal energy is typically discontinu-
ous. The discontinuous thermal energy supply leads to 
adverse operating condition for the organic rankine cycle 
system,Second, the location mismatch between sup-
ply and demand of thermal energy. The low-grade waste 
thermal energy is typically generated in industrial zone 
where is rich of thermal energy. However, the demand 
on low-grade thermal energy typically happens in urban 
zones. The location mismatch induces heat loss and cost-
efficiency problems for waste energy recovery,Third, the 
timing mismatch between the supply and demand of 

thermal energy. For example, the low-grade waste ther-
mal energy is typically generated in the industrial pro-
cess during daytime, while the demand on waste thermal 
energy is typically at night for domestic heating purposes. 
These three reasons severely limit the wide application of 
waste thermal energy recovery technologies and hinder 
the overall conversion efficiency of the fossil fuel chemi-
cal energy. A technology ensures the highly efficient uti-
lization of the low-grade waste thermal energy is highly 
desired.

TES is considered to be a technology that can solve the 
problems of heat source discontinuity as well as loca-
tion and timing mismatch between heat source and heat 
load for efficiently recover the thermal energy from both 
industrial and renewable resources [14, 96]. In the past 
decades, the research on TES is boosting [170, 260] but 
the commercialization shows a slow pace. This is mainly 
attributed to the issues raised from the cost, technical 
maturity as well as policy guidance [16, 154]. The high-
grade thermal energy is typically recycled in the industry 
with good payback period and economic benefits. As a 
contrary, the recycle on low-grade thermal energy is less 
attractive. However, with the urgent goal for achieving 
carbon neutrality globally, diverse policies (e.g. carbon 
emission tax and peak-valley price on electricity) have 
been made for charging excess carbon emission. These 
policies induce more worthwhile efforts on recycling the 
low-grade thermal energy.

On the other hand, the development on renewable 
sources (e.g. solar and wind energy) is equally important 
as compared to waste energy recovering for contribut-
ing to a low-carbon emission society. However, the solar 
and wind energy face the same discontinuity issues as the 
waste energy. Storage units are essential for the efficient 
utilization of renewable energy. There are diverse com-
mercial storage technologies including [173], such as 
compressed air energy storage [299, 300], flywheel energy 
storage [49], pumped hydro energy storage [202], battery 
energy storage [28], hydrogen storage [36], TES [194] and 
the novelty carnot battery [164]. The energy storage effi-
ciency, density, cost and other parameters of common 
energy storage methods are shown in Table 1. From the 
viewpoints of storage scale, capacity and cost, TES sys-
tem with the scale of hundreds of MWh, capacity up to 
several months and cost of energy [123] as low as 0.1 €/
kWh is attractive among the storage technologies.

TES has shown great potential in the applications of 
renewable sources development as well as low-grade 
energy recovery, which are the two important contents 
in achieving carbon neutrality. In addition, the IPCC 
(Intergovernmental Panel on Climate Change) special 
report on global warming of 1.5  °C states that CCUS 
(Carbon Capture Utilization and Storage) technology 
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can effectively improve the global climate change, and 
it is clearly pointed out that CCUS technology is sig-
nificant to achieve zero carbon emissions by 2050. The 
combination of CCUS and TES will be the most effec-
tive and direct means of carbon emission reduction, 
with great emission reduction potential, wide applica-
tion scenarios and high potential benefits. Although 
there have been many reviews on TES technology, most 
of them focus on technical aspects such as material 
improvement, equipment design and system optimiza-
tion. None of the published review article is from the 
viewpoint of TES contribution in achieving a carbon 
neutrality. This article reviews the TES technology in 
achieving zero-carbon power generation, zero-carbon 
transportation, zero-carbon building, zero-carbon life 
science and zero-carbon society, as shown in Fig. 1. The 
aforementioned energy consumption sectors require 
different temperature range thermal storage materials 
and systems. The sensible, latent and thermochemi-
cal thermal storage materials and systems for diverse 
temperature ranges are also compared for clarifying 
the pros and cons. This paper firstly reviews the clas-
sification of TES and the mechanism of energy storage 
(Section  2). According to the type of thermal storage, 
the applications of using sensible heat storage (SHS) 
for developing a zero-carbon future is summarized in 
Section  3, followed by using latent heat storage (LHS) 

in Section 4 and thermochemical heat storage (TCHS) 
in Section  5. The future requirements on TES tech-
nology for achieving carbon neutrality is discussed in 
Section  6. Finally, the conclusions and perspectives 
are provided in Section 7. This review is beneficial for 
subsequent researchers and engineers to design a more 
efficient and more reasonable TES system suitable for 
developing a zero-carbon future.

2 � Overview of TES technologies
TES is a heat storage technology that collects, stores and 
releases heat with relatively large capacity. This feature 
allows the feasible integration of TES with diverse energy 
systems such as solar energy, wind energy, geothermal 
energy and industrial waste heat. With the difference in 
storage mechanism, TES can be classified as SHS, LHS 
and TCHS.

2.1 � SHS
The heat storage capacity of SHS is related to the mass, 
specific heat capacity and temperature change of the heat 
storage medium. During the entire heat storage process, 
the temperature of the storage medium would increase or 
decrease to store or release heat. Therefore, the amount 
of heat stored could be expressed as:

Table 1  Comparison of common energy storage methods

Type Efficiency Energy storage 
capacity (Wh/
kg)

Storage time Power 
generation
(MW)

Cost ($/kW) Limitation

Pumped hydro 
storage

70%-80% [224] 0.5–1.5 [18] Hours-Months [30] 1000–1500 
[119, 224]

550–630 [30, 293] Flat terrain and water 
scarcity [119]

Electrochemical More than 90% [4] 50–240 [18] Several hours [18] More than 1 
[81]

80–160 [81] Electrodes are expen-
sive, Flammable and 
explosive [4]

Thermal storage 
(sensible)

50%-98% [14] 0–3.5 GJ/m3 [14] Hours-Months - 0–10 $/kg [14] High temperature 
corrosion and heat 
loss

Compress air energy 
storage

42%-55% [40] 30–60 [25] Several hours Largest 290  
[210]

1020–1100 [293] Slow response time, 
takes up a lot of space 
and is less efficient 
[218]

Hydrogen storage 45%-60% [310] 33000  [26] Hours-Days 0.1–15 12–15 [293] High cost of hydro-
gen production, can 
only be used for fuel 
cell [26]

Flywheel energy 
storage

90%-95% [200] 0.5–1.65 [51, 161] Several minutes [25] 0–20 [161, 293] 265–315 [218, 293] Friction of mechanical 
parts, low discharge 
time, gyroscopic 
effect [218]

Carnot battery 40%-50% [70] 200 kWh/m3 [70] Several hours 10–100 50–180 €/kWh [99] Low power gen-
eration efficiency and 
large initial invest-
ment [70]
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According to formula (1), the stored thermal energy is 
proportional to the mass, specific capacity and tempera-
ture variation of the thermal storage material. Consid-
ering the specific capacity, cost and temperature range, 
solid and liquid are generally chosen as the heat stor-
age medium. Solid materials (temperature changes over 
100 °C) such as non-metallic sand, gravel [125], concrete 
[131], soil bedrock [99, 100] and high-temperature metal 
materials are typically employed as high-temperature 
thermal storage medium, while water [84], aquifer, vari-
ous heat transfer oils [233] and high-temperature molten 
salts [23], can typically employed for different tempera-
ture range thermal storage in liquid materials. In the 
heat storage process, SHS materials typically have good 
thermal reliability and chemical stability after repeated 
thermal cycles. At the same time, the SHS materials are 
also limited by the relatively larger size of the container. 

(1)Q = m ·

Tfinal

Tinitial

CpdT
The following Table 2 shows the advantage and disadvan-
tage applications of some representative SHS materials, 
which have been widely used in commercial and domes-
tic applications.

2.2 � LHS
LHS has become a hot topic of research in recent 
years. In the initial stage of heat storage, the same as 
the SHS, as the temperature of the heat storage mate-
rial increases, the heat absorbed gradually increases, 
but the difference is that when the temperature reaches 
the phase transition point, the heat storage material 
continues to absorb heat without further increment of 
temperature during phase transition process. After the 
phase transition is complete, the temperature contin-
ues to increase as SHS. Therefore, the amount of heat 
stored could be expressed as:

(2)Q = m ⋅ ∫
Tmelt

Tinitial

Cp,sdT +m ⋅ ΔH +m ⋅ ∫
Tfinal

Tmelt

Cp,ldT

Fig. 1  Contribution of TES technology for building a zero-carbon society



Page 5 of 54Sun et al. Carbon Neutrality            (2023) 2:12 	

Although there also exists sensible heat during the 
whole thermal storage process, the whole heat storage 
process is dominated by the latent heat value �H since 
the heat of fusion is generally several times to the sensi-
ble heat. The heat storage medium is called phase change 
material (PCM), and the PCM is divided into solid–solid, 
solid–liquid, solid–gas and liquid–gas according to the 
type of phase transition. Among them, the solid–solid 
phase transition mainly refers to the change of the inter-
nal lattice structure of the molecule, and the latent heat of 
phase transition is generally much lower than that of the 
solid–liquid phase transition process. For solid–gas and 
liquid–gas phase transition, the volume change before 
and after the phase transition is severe, thus leading to few 

practical applications in industry. The solid–liquid phase 
transition has the characteristics of large value of latent 
heat, small volume change during phase change, and wide 
range of phase transition temperature. The types of PCMs 
are shown in Fig.  2 including organic PCMs [244, 308], 
inorganic PCMs and eutectic PCMs. The organic PCMs 
can be classified as paraffins, sugar alcohols, fatty acids 
and esters. The inorganic PCMs [137] can be classified as 
crystalline hydration salts, molten salts, metals and alloys. 
The eutectic PCMs [156, 158, 160, 235, 296], can be syn-
thesized between organic-organic, organic–inorganic, and 
inorganic-inorganic PCMs. Although solid–liquid PCMs 
have been developed for many years, have shown fea-
tures of high heat storage density, and have already been 

Table 2  Classification and comparison of common SHS materials

Classification Representative 
material

Operation 
temperature 
(°C)

Density
(kg/m3)

Thermal 
conductivity 
(W/m·K)

Specific heat 
kJ/(kg·K)

Cost (Rs./kg) Advantage Disadvantage

Solid Brick 0–1000 [143] 1500–1800 
[222]

0.9–1.2 [222] 0.84 [222] 10 per piece 
[143]

Wide source, 
No leakage, 
Non-corro-
sion, High 
thermal con-
ductivity, Wide 
temperature 
range

Low heat stor-
age density, 
Heavy weight, 
More space 
occupation

Concrete 350–390 [80] 2307 [199] 1.36 [199] 0.88 [199] 7 [143]

Rock 200–300 [143] 2480 [17] 2–7 [17] 0.84 [17] 0.15$/kg [17, 
222]

Glass Up to 1000 
[168]

2660 [167, 
168]

1.19–1.6 [168] 0.822–1.274 
[168]

-

Sand  < 1500 [17] 1450 [238] 0.26 [238] 0.8 [238] 2 [143]

Pebble Up to 1000 
[199]

1350 [190] 0.85 [190] 0.9 [190] 10 [143]

Cast Iron 200–400 [17] 7900 [17] 29.3 [17] 0.837 [17] 60 [143]

Aluminum  < 660 [17] 2707 [17] 204 [17] 0.896 [17] 7000 $/m3 
[169]

Liquid Thermal oil
(Therminol 55)

0–400 [143] 875 [7] 0.1276 [7] 1.6–2.1 [143] 127 [143] Thermochem-
ical and cyclic 
stability

Higher cost, 
Poor liquidity

Water 0–100 1000 0.59 4.2  ~ 0 Wide source, 
Environment 
friendly

Low heat 
storage, Lower 
storage tem-
perature

Molten nitrate
(KNO3/
NaNO3/LiNO3/
Ca(NO3)2‧4H2O)

 < 612 [299] 1920 [299] 0.528 [299] 1.56 [299] 125 [299] Lower melting 
point, Large 
temperature 
range, High 
specific heat, 
Low viscosity

Low energy 
storage density, 
High tempera-
ture corrosion, 
Leakage, High 
cost

Molten nitrate
(KNO3/NaNO3/
NaNO2)

450–540 [67] 1800 [67] - 1.5 [67] 55.72 [67]

Molten chloride 
salt (KCl/NaCl/
ZnCl2)

850 [67] 1900–2300 
[157]

0.28–0.38 
[157]

0.9–0.92 [157] 63.68 [67]

Molten carbon-
ate
(K2CO3/ Li2CO3/
Na2CO3)

 > 650 [67] 2000 [67] - 1.9 [67] 103.35–198.75 
[67]

Gas Steam 400 [253] 90 [253] - -  ~ 0 [253] Low cost Heat storage 
volume is too 
large
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put into commercial applications, there are still some 
problems in the process of energy storage [104, 105, 176]. 
Table 3 shows the advantages and disadvantages of using 
all kinds of PCM in practical applications. The problems 
mainly include low thermal conductivity, poor cycling 
performance, ease for leakage and corrosion and so on. In 
response to this problem, many measures have been taken 
to improve the overall performance of the PCM, which 
are well discussed in the review articles [216, 264, 286].

2.3 � TCHS
TCHS can be further divided into chemical reaction heat 
storage, ad/absorption heat storage [294]. For chemical 
reaction energy storage, it mainly utilizes chemical bond 
formation and bond breaking in forward/reverse reactions 
of chemical reactions to achieve thermal storage or release. 
The adsorption heat storage can be defined as the adsor-
bent in the condensed state, through physical or chemical 
adsorption to fix and capture the adsorbate. The formula 
for heat storage in a chemical reaction is as follows:

According to the chemical heat storage formula (3), 
this TES technology relies on the chemical reaction. The 
process of combining the two separately stored reactants 
A and B through chemical bonds to form a single product 
is accompanied by heat release. When the thermal energy 
is stored, the product AB absorbs heat and decomposes 
to products A and B through the decomposition reaction. 
The products could be kept separately for long-term stor-
age. Common chemical reaction energy storage methods 
such as carbonate decomposition [19, 178], metal hydride 

(3)
Astore + Bstore

reactor
−→ AB+ Qrelease

AB+ Qrelease
reactor
−→ Astore + Bstore

hydrogen production [225, 246], ammonia synthesis and 
methane reforming [71, 72] have shown large heat stor-
age capacity and long heat storage duration. The TCHS 
system typically shows a 2–5 times larger specific stor-
age capacity as compared to LHS and 8–10 times larger 
to SHS [307]. However, such systems require higher acti-
vation energy before heat storage. For adsorption heat 
storage, the capture and adsorption of adsorbate by solid 
or liquid matrix materials, such as zeolite and silica gel 
systems [106, 130]. Liquid absorption such as solution 
of Lithium salt [57], sodium hydroxide [279], etc., which 
also can be employed for TES. In practical applications, 
Table 4 provides a more detailed comparison and analysis 
of TCHS.

Among the three TES methods, SHS has the highest 
maturity, stable cycle, low cost, wide source availabil-
ity. Besides, the system is simple and easy to be imple-
mented. The disadvantage is that it is greatly affected by 
environmental factors. Consideration on thermal insu-
lation measures need to be taken. Only short-term heat 
storage can be performed, and the amount of heat stor-
age is affected by the volume of the system. LHS has 
gradually begun to be used due to its advantages of high 
heat storage density, wide phase transition temperature 
range, constant phase transition temperature, and large 
heat storage per unit volume. The disadvantage is that 
the cycle stability is poor, especially the inorganic PCMs 
have supercooling and phase separation phenomena. The 
energy storage density per unit volume of TCHS is about 
8 to 10 times that of SHS, and more than twice that of 
LHS. It also has the advantages of long heat storage dura-
tion and less heat loss. However, larger reactor equip-
ment and storage tanks are required for thermal storage 
for thermochemical reactions. Compared with the other 

Fig. 2  Classification of PCMs
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two heat storage methods, TCHS is seldom used com-
mercially due to its complex operation, high reaction cost 
constraints, and poor cycling performance [191, 227]. In 
Table 5, we summarize and compare the advantages and 
disadvantages of three different TES in more detail, such 
as energy storage density, efficiency, cost and technology 
maturity.

3 � SHS in achieving carbon neutrality
This section reviews the SHS technology in the practical 
applications for achieving carbon neutrality. The employ-
ment of using SHS for zero-carbon power generation, 
zero-carbon building, zero-carbon heating and zero-
carbon transportation is reviewed. Issues with material 
selection, system integration and durability are discussed.

3.1 � SHS in zero‑carbon power generation
SHS is typically employed in the concentration solar 
(photothermal) power (CSP) which target for a great 
reduction in carbon emission during the power genera-
tion process. The International Energy Agency (IEA) has 
set a target to generate about 630 GW of electricity by 
2050 using CSP technology [97]. As shown in Fig. 3, the 
main idea of a CSP system is to collect the solar energy 
from the arrays of heliostat for photothermal conversion. 
The heated receiver with a temperature of over 600  °C 
could be employed for power generation via either Rank-
ine cycle or Brayton cycle. The CSP system typically oper-
ates either in a direct or indirect mode. SHS systems are 
vital in both the direct steam power generation (DSPG) 
and the indirect steam power generation (ISPG). The 
SHS system with storage capability is able to bring part 
of the photothermal energy from daytime to the night to 
achieve continuous power generation which is important 
for pursuing high energy efficiency, better load matching 
as well as long lifespan of the power generation system. 
Other than the concentration solar energy, the SHS could 
also be employed in industrial waste recovery power gen-
eration system, for storing and balancing the fluctuating 
waste heat source. In these systems, the selected SHS 
material is mainly high-temperature molten salt, liquid 
metal, heat transfer oil, concrete, rock, solid particles, 
steam, etc., which have the characteristics of high ther-
mal conductivity, high boiling point, low melting point, 
high heat capacity, high thermal stability, low cost, and 
low corrosiveness to metal containers [203].

3.1.1 � DSPG
In a DSPG system, the SHS material serves both as a heat 
storage medium as well as a heat transfer fluid (HTF). In 
such systems, the tower like solar concentration system 
is typically employed and the receiver temperature could 
be greater than 500  °C. The heat transfer oil cannot be 

employed for its relatively low decomposition tempera-
ture (< 400 °C). Under this circumstance, liquid phase SHS 
(molten nitrate salts [272], fluidized particles [65, 129], 
and liquid metal [61]) are typically employed.

The dual functions of the SHS as well as HTF mate-
rial are favorable for reducing the system complexity and 
the construction cost. The first molten salt based DSPG 
system was introduced in 1984 [71, 72]. With a system 
configuration as shown in Fig. 4a [67, 254], the thermal 
energy collected from the tower-type concentration sys-
tem is transferred to the molten salt. Molten salts as both 
HTF and SHS material, which the feed temperature is 
290 °C and the molten salt is heated to over 565 °C after 
heat transfer with the high temperature receiver. The 
heated molten salt flows to the steam generator to power 
the Rankine cycle via a TES tank. Figure  4b shows the 
two-tank molten salt TES system of the Andasol 350 MW 
CSP plant in Spain, which contains ~ 28,500 metric tons 
Solar Salt for 7.5  h storage [67]. The heat storage pro-
cess using high-temperature fluidized particles as HTF is 
shown in Fig. 5. The solar radiation is collected and the 
heat is exchanged with the fluidized particles through 
the wall of the vertically placed tubular absorber. Sili-
con carbide is typically employed as the fluidized parti-
cles with the features of high-dense particle suspension 
and unstable fluidization to improve heat transfer in the 
fluidized bed [228], which is favorable in obtaining an 
increased system efficiency. In addition to silicon car-
bide as fluid particles, Minerva Díaz-Heras et  al. [64] 
also tested sand, carbo Accucast ID50 and SiC particles 
for CSP. The results show that the main attraction of SiC 
and carbo is their very high absorptivity, around 0.9 or 
more than 0.9, which ensures a higher ability to absorb 
direct solar radiation, thereby increasing the temperature 
and efficiency of the system. While sand is an abundant 
material, 4–5 times cheaper than SiC and carbo, it can 
be transported/fluidized at lower pumping costs. Other 
than the molten salts and fluidized particles, low melting 
point liquid metal material has become an attractive heat 
transfer medium widely used in CSP systems due to its 
unique properties such as low melting point, high ther-
mal conductivity, high latent heat, non-flammability, and 
non-toxicity [61]. In recent years, Salyan proposed [229] 
a method of adding liquid metal Ga plug-in to the solar 
energy storage system to improve the heat storage capac-
ity. Ga’s high thermal conductivity, low specific heat, and 
its liquidus temperature facilitate Ga’s use as a thermal 
energy carrier in the TES device, and a maximum power 
output of 0.64 kW was obtained during the curing cycle. 
In addition to liquid SHS material, steam accumulator is 
typically employed for waste heat recovery from indus-
try. The steam accumulator is a heat storage device that 
directly stores high-temperature steam at higher pressure 
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Fig. 3  Schematic diagram of a concentration solar power system, with permissions requested from [272]

Fig. 4  a State-of-the-art commercial power tower CSP plant with a direct molten nitrate salt TES system, with permissions requested from [67]. b 
Two-tank molten salt TES system of the Andasol 350 MW CSP plant in Spain, with permissions requested from [67]

Fig. 5  Fluidized particles based DSPG, with permissions requested from [35]
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and releases lower pressure steam when needed. In Janu-
ary 2016, only two commercial tower power plants using 
steam accumulator thermal energy storage were in oper-
ation: PS10 and PS20, located in Spain, became the first 
two commercial solar towers in the world [201]. The first 
generation of CSP columns used saturated steam tech-
nology (Fig.  6a). The PS10 storage system provides 20 
MWh of storage capacity, during plant operation steam 
is generated in the receiver and sent to a turbine where 
it expands to generate mechanical work and electric-
ity, excess steam is stored in a steam accumulator for 
later use. The second generation CSP direct steam tower 
adopts superheated steam technology (Fig.  6b). Utiliz-
ing a second receiver to reheat the steam produced by 
the first receiver to reach a higher temperature, the high-
temperature steam produced can reach a temperature 
of 540  °C and a pressure of 130  bar, compared with its 
predecessor PS20, the power cycle’s efficiency increased 
by 30% [95]. Although steam can be directly used as TES 
for CSP system, additional high-pressure energy storage 
tanks and anti-corrosion treatment of impurities in water 
are required, which increases additional costs.

At present, the commonly used SHS materials are 
mainly molten salts and metal oxides. As far as future 
DSPG technology is concerned, with the development 
of photothermal technology, low-cost, stable, high-effi-
ciency, and environmentally friendly sensible heat mate-
rials need to be developed, which will have a great impact 
on improving power plant efficiency and reducing con-
struction and operating costs. The steam generator is also 

a key component of solar steam generation. Exploring 
new steam generators is of great significance to improve 
the efficiency of power generation and the reliability of 
power plants.

3.1.2 � ISPG
In the ISPG system, the SHS material only serves as the 
TES medium. Heat transfer oil and antifreeze fluids are 
typically employed as the HTF [95].

As compared to the DSPG, the ISPG system shows two 
distinct features. The first feature is that the operation 
temperature is relatively lower (< 400 °C) than the DSPG, 
thus parabolic trough solar concentrators could meet the 
requirements for power generation [182]. Second, since 
the TES and HTF fluids transfer heat in an indirect way, 
the system is more complex than the DSPG system due 
to the existence of extra heat exchangers, valves and 
pumps as shown in Fig. 7a. The figure shows the 1 MWe 
CSP system in Yanqing, Beijing [162], which includes 
solar field, indirect heat storage double tanks, steam 
generation system and power generation module. The 
double-tank heat storage is mainly that the molten salt 
can store additional heat energy, and directly exchange 
heat with the HTF heat transfer oil to generate steam for 
power generation. The temperature of the low-tempera-
ture heat storage tank is 292 °C, and the temperature of 
the high-temperature heat storage tank is 386 °C. When 
the solar radiation heat is insufficient or encountered in 
cloudy and rainy days, it is necessary to use a high tem-
perature heat storage tank to preheat the heat transfer oil 

Fig. 6  a Steam accumulators of PS10 plant, with permission requested from [201]. b 50 MW Khi Solar One plant with steam accumulator TES 
system, with permissions requested from [95]
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to provide extra heat into the system. Herrmann et  al., 
[112] proposed a trough solar double-tank heat storage 
and collector field. The high-temperature heat transfer oil 
absorbs heat through the trough-type collector, and the 
low-temperature molten salt is heated to 385  °C. Dur-
ing the power generation process, the high temperature 
molten salt and the heat transfer oil releases heat to the 
HTF. The temperature of the molten salt drops to 300 °C 
and flows into the low temperature heat storage tank. At 
the same time, the HTF exchanges heat to generate steam 
for power generation. Solid SHS material could also be 
employed in the ISPG since the SHS only plays a role 
as TES medium. Compared with the double-tank liq-
uid SHS heat storage system, solid heat storage medium 
becomes more attractive due to its lower investment, 
lower maintenance costs, wider range of sources such as 
sand, gravel, concrete, etc. Using concrete block as heat 
storage medium, as it is easy to handle, available all over 
the world, and with no environmentally critical com-
ponents. Laing et  al., [148] designed and tested a ISPG 

system as shown in Fig. 7b. The concrete storage module 
consists of tube register and storage concrete. The heat 
transfer medium is oil, and the entire storage module is 
insulated with mineral wool. To improve the heat transfer 
effect, the charging and discharging process uses aniso-
tropic flow to ensure a heat transfer temperature differ-
ence of 100  K. However, concrete as a thermal storage 
medium is affected by working temperature. When the 
temperature exceeds 150  °C, there will be a loss of free 
water and other components in concrete [150]. When 
the temperature continues to rise to 500 °C, the mass of 
cement continues to decrease, and after several cycles, 
the compressive strength of concrete will drop to 30–50% 
of its initial value, reaching the maximum usable strength 
of concrete. As a result, the applicable temperature of 
using concrete as a thermal storage medium should not 
exceed 500 °C.

In the ISPG system, SHS material is used as the heat 
storage medium in the CSP system. Compared with the 
DSPG system, although the construction cost of solar 

Fig. 7  a Schematic of molten salt based ISPG in which the molten serves as TES medium, with permissions requested from [162]. b Solid phase 
concrete SHS based ISPG, with permissions requested from [148]
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thermal power generation is higher, it can effectively 
solve the problems of insufficient sunlight and intermit-
tent power generation. Due to the complexity of the ISPG 
system, the synergy between the various components is 
more important. Optimizing system design and integra-
tion can achieve more efficient solar power generation, in 
addition, the use of artificial intelligence and Internet of 
Things technology for intelligent monitoring and mainte-
nance of ISPG systems can also improve system stability.

3.1.3 � Redundant power to power
At present, the energy directly used by human beings is 
mainly electric power. The redundant power generated 
by renewable energy needs to be stored during the low 
peak period of power consumption. At present, battery 
storage power stations have been used for energy storage. 
However, it will face disadvantages such as high invest-
ment and maintenance costs, low safety, and serious self-
discharge of storage power stations. SHS, as a mature 
heat storage technology, can store redundant electric-
ity in low peak periods as heat energy. During the peak 

period of electricity consumption, heat energy is con-
verted into electricity and put into use.

In the process of converting electricity into heat, Joule 
heat is used, and the high-temperature heat generated 
(the highest temperature exceeds 700 °C) is mainly stored 
through solid heat storage media and high-temperature 
molten salt materials. As shown in Fig.  8a, Siemens 
Gamesa Renewable Energy has begun operation of its 
electric TES system [307], which contains about 1,000 
tons of volcanic rock as the energy storage medium. 
The electrical energy is converted into hot air by elec-
tric resistance heaters and blowers, heating the rocks 
to 750  °C. When demand peaks, the stored energy is 
re-energized using a steam turbine. Operational results 
show that the plant can store up to 130 MWh of thermal 
energy for about a week and keep it constant throughout 
the charging cycle. Thermo-mechanical energy storage 
technology that uses thermoelectricity as the main out-
put energy source and stores electrical energy as ther-
mal energy is called Carnot batteries. As shown in the 
Fig. 8b, the electric-thermal-electric system is made up of 

Fig. 8  a Electric TES using solid heat storage material, with permissions requested from [307]. b Carnot batteries using liquid heat storage materials, 
with permissions requested from [39]
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three main components [39], the power block, the Car-
not battery and the NuScale nuclear reactor. The role of 
the Carnot battery is to ensure continuous superheat-
ing of the steam and to store excess power from the grid. 
For this purpose, it consists of an electric heater, two 
TES tanks, superheater and circulating pump. The stor-
age medium is a mixture of molten salts, similar to the 
CSP heat storage medium, this mixture consists of 60wt% 
NaNO3-40wt% KNO3. The cold tank and hot tank tem-
perature are specified in this study at 267 °C and 590 °C, 
respectively, to keep the storage medium at acceptable 
operating conditions.

The use of solid and molten salt sensible heat materials 
as the heat storage part of the Carnot battery is economi-
cal and environmentally friendly compared to other types 
of power storage methods.

Although the efficiency of the existing Carnot battery 
technology for power generation is about 40%, using 
redundant low-cost electricity and abandoning the burn-
ing of coal can greatly reduce carbon dioxide emissions. 
In the future, the electric heating part can be replaced by 
a heat pump. Driving electricity still comes from renewa-
ble energy surplus electricity. In addition, the hot molten 
salt tank will be changed to "hot molten salt tank and 
high temperature radiator", and the cold molten salt tank 
will be changed to "cold molten salt tank and low temper-
ature heat source". Compared with resistance heaters, the 
heat pump charging efficiency can reach 120%, so that 
the overall efficiency of the system can reach 50%.

3.2 � SHS in zero‑carbon building
The main energy requirement in building includes elec-
tricity, thermal and cooling. The heating load could be 
great in buildings especially in winter. The heating load 
in buildings comes from domestic hot water and space 
heating. To achieve a zero-carbon or low-carbon build-
ing, the heating load should be supplied from renewable 
energy or industrial waste heat. Similar to the scenario in 
power generation sector, the application of both the solar 
energy and industrial waste heat faces the problems of 
discontinuity and fluctuation. The application of SHS in 
zero-carbon buildings is mainly divided into passive type 
and active type heat storage in building.

3.2.1 � Passive type heat storage in buildings
Passive type heat storage in buildings typically employs 
different SHS on the façade of the buildings. The mate-
rials with high thermal capacity will have a positive 
impact on building thermal comfort and reduction in 
building energy consumption [223]. These SHS mate-
rials could shift the solar energy from peak to off-peak 
periods [287] and contributes for stabilizing indoor 
temperature fluctuations [13, 290]. To reduce the indoor 

temperature fluctuations, DM et al., [198] evaluated the 
effect of four different thermal mass levels on reducing 
the indoor maximum daytime temperature in differ-
ent environmental climates. A formula was proposed 
in their study for predicting the maximum daily indoor 
temperature of buildings at high equatorial elevations. 
Karlsson et  al., [135] investigated the addition of high 
thermal capacity SHS in the building walls to reduce 
heating energy consumption and propose the relation-
ship between heating energy requirement and solar 
input. Although the passive type building thermal man-
agement could not provide thermal or cooling energy 
to the building, the size and thermophysical properties 
of SHS could be tuned to retrofit buildings for ther-
mal insulation and heat dissipation. Al-Sanea et al., [1] 
investigated the effect of adding high thermal inertia 
concrete materials at internal and external wall posi-
tions on buildings. The results showed that installing a 
concrete layer on the inner side of the wall had a bet-
ter effect on indoor thermal comfort than installing it 
on the outer layer. However, different conclusions have 
been reached in other studies, Bloomfield and Fisk 
et al., [31, 242] reported that additional thermal inertia 
in weighty buildings during daily intermittent heating 
does not provide any substantial energy savings. The 
achievement of positive results depends on many fac-
tors. Climatic conditions, acceptable indoor comfort 
demand, and high thermal mass designs may introduce 
conflicting requirements for winter heating and sum-
mer cooling.

3.2.2 � Active type heat storage for buildings
Active type TES is the use of external energy sources 
such as solar energy and off-peak electricity for domestic 
heating to improve the thermal comfort inside the build-
ing. Domestic heating most commonly uses hot water as 
the SHS material to store solar heat. The temperature in 
the collector is generally less than 100 °C and the temper-
ature difference between hot water and heat exchanger 
is between 5–10  °C. In addition to hot water heating, 
underground water, sand, and soil are used as heat stor-
age medium for large buildings’ thermal active energy 
storage with heat pump (HP) and so on. In addition to 
the application of renewable energy sources, off-peak 
electricity can also be used for space heating in residen-
tial buildings with better economic performance. Off-
peak electricity is used to heat high heat capacity SHS 
materials on building walls.

Heat storage with water has attracted widespread 
attention, the configurations of hot water tanks can be 
divided into three categories as shown in Fig.  9. They 
are direct water tank with heat insulation, shell-and-
tube heat exchangers, and the third is the double-pipe 
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heat exchanger. Since SHS has the characteristics of 
large heat loss due to the influence of external temper-
ature. To solve the problem, underground heat storage 
can be selected for large-scale building heat storage 
including underground water, sand and soil. This tech-
nology is mature for large-scale heat storage [74, 284, 
285]. Xu et al [284] proposed to use underground soil as 
a heat storage medium for agricultural greenhouse envi-
ronmental insulation to replace the auxiliary electric 
heating system. As shown in Fig. 10a, water is used as a 
heat transfer medium and the soil as the storage mate-
rial. The heat is released only through the heat radia-
tion and heat convection of the heat exchanger when 

the temperature of greenhouse is low. The results show 
the maximum ambient temperature could be increased 
by 13 °C. Large-scale application of underground water 
as heat storage media such as [103, 215] is shown in 
Fig.  10b with similar system configuration but differ-
ent storage medium. Meister et  al., [179] also propose 
a full-scale experimental solar thermal system with a 36 
m3 underground tank, which not only provides space 
heating but also domestic hot water. The results showed 
that the solar system can provide 15 GJ of space heat 
load including 86% of domestic hot water load (total 
load = 13 GJ). In addition to soil and water, there also 
exist other types of SHS media such as rock bed. Zhao 

Fig. 9  SHS for heating water in three categories

Fig. 10  a Utilizing soil for direct building heat storage, with permissions requested from (Xu, [284]. b Using groundwater to directly store heat in 
buildings, with permissions requested from [103, 215]
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et  al. [304], using the TRNSYS model to simulate and 
establish the air heating system using pebble bed as the 
heat storage medium. It was demonstrated the system 
could be able to meet 32.8% of the heating demand in 
winter and 84.6% of the energy demand in the non-heat-
ing season. In some parts of Europe, the use of under-
ground water, soil, rocks, etc. to store heat accounts for 
about 9–10% of the European energy supply, while the 
direct use of solar energy for heating only accounts for 
3.2% [88]. The use of SHS materials, with its reliable 
heat storage capacity and low cost, has a great applica-
tion market and prospects in the direction of large-scale 
cross-seasonal energy storage in the future.

The use of off-peak electric energy for heat stor-
age and heating is also one of the recent popular space 
heating methods [124, 252]. As shown in Fig.  11a, the 
electric energy during off-peak periods is used to con-
vert the electric energy into thermal energy to heat the 
firebricks material for heat energy storage [307]. During 
application, ambient air could be injected into the heat 
storage system to extract heat and for heating water to 
achieve space heating, the distribution of the hot and 
cold flows is regulated by adjusting the opening of the 
dampers to determine the final output temperature in 
the mixer to ensure that the mixing temperature is sta-
ble around the set point (Tset). The initial temperature 
is set to 1000 °C and the air inflow temperature is set to 
60 °C. It is found that the mixer output temperature is 
effectively stabilised at each Tset, such as Tset = 100  °C 
or 200 °C in Fig. 11b. The use of this redundant electric 
heat storage heating can also save energy and reduce 
emissions, but it is necessary to consider the heating 
temperature control equipment to meet the heat load 
demand [307].

3.2.3 � Cold storage for buildings
As a commonly used as energy storage medium, SHS 
can not only store or release thermal energy in heating, 
but also shows good performance in cold storage appli-
cations. The SHS system has been applied to chilled 
water storage (CWS) to provide cooling for buildings 
[20]. The use of chilled water as SHS is mainly used as 
a coolant in large refrigeration units or for air condi-
tioning and cooling of buildings, as shown in the Fig. 12 
[38], during the charging period of the CWS, chilled 
water at 5–6  °C flows from the chiller to the cooling 
load of the building and the heat storage tank of the 
CWS respectively. After heat exchange the chilled water 
temperature rises to 11–12 °C and the higher tempera-
ture water at the top of the CWS flows through the 
chiller again. In the discharging, chilled water at 5–6 °C 
from the CWS flows to the cooling coil of the build-
ings and then back to the CWS again at low flow rates 
when dealing with very low cooling load. When the 
cooling load demand is greater, a single CWS cannot 
provide sufficient cooling, so a CWS uses fresh water 
as storage medium which is considered environmen-
tally friendly. Thu et  al., [263] experimentally studied 
the temperature variation of chilled water in mechani-
cal vapor compression chiller. The results showed that 
the cooling capacity increased by 40–45% and Coef-
ficient of Performance (COP) increased by 37–40% at 
chilled water outlet temperature of 17  °C with a stor-
age configuration. Other studies have designed dif-
ferent CWS systems to meet the optimal cold storage 
requirements. Boonnasa et al. [38], proposed a method 
for the optimal capacity and operation strategy of CWS 
systems under different electricity prices. According to 
the experimental results, the CWS system consists of 

Fig. 11  a Electric thermal storage in building heating, with permissions requested from [307]. b Adjustable output temperature, with permissions 
requested from [307]
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two continuously operating chillers and a TES system 
with a volume of 5175 m3 showed the optimal perfor-
mance, which reduced the cooling energy consump-
tion of the chillers and the peak demand by more than 
2 times and 31.2% respectively. As for the application of 
CWS in building interiors, it is mainly used to remove 
excess heat. Vadiee et al., [267] proposed the combina-
tion of chilled water technology and underground heat 
storage in a closed greenhouse system design for meet-
ing daily heating and cooling demand as well as peak 
loads in a closed greenhouse. From economic point of 
view, the system shows a payback period of 7–8 years. 

Andrepont et  al., [15] also have successfully carried 
out CWS technology and the system is considered to 
be one of the largest CWS systems in the world for dis-
tinct cooling, with a storage capacity of 432.6 MWh 
and a peak cooling rate of 87.9 MW.

In summary, under the condition that the temperature 
requirement is less than 100 °C and the heat storage vol-
ume is not limited, water is a highly stable sensible heat 
material with high specific heat capacity and cost close to 
zero. Not only can it be applied to domestic heating and 
cooling, but it can also be applied to large-scale cross-
seasonal energy storage of buildings and other fields.

Fig. 12  Schematic diagram of building cooling system with a CWS, with permissions requested from [38]
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3.3 � SHS in zero‑carbon transportation
To reduce energy consumption and carbon emissions 
in the transport sector. Electric vehicles (EV) are more 
efficient, faster and produce lower emissions than con-
ventional internal combustion engine vehicles, but the 
discharge performance of their core lithium batteries is 
severely affected by temperature. As the most common 
SHS materials, air and coolant have important impact 
on improving the charging and discharging performance 
of battery packs and increasing the cruising range of 
vehicles.

3.3.1 � Air‑based SHS materials
Using air as a heat storage material relies on the charac-
teristics of air has strong fluidity, low price, wide source, 
and high heat transfer intensity. Air can be used not only 
as a heat storage material but also as HTF, as shown in 
Fig.  13a, Hong et  al., [298] adopted a parallel air-cool-
ing system for the prismatic battery pack. The air was 
pumped into the battery thermal management system 
(BTMS), and then dispersed into each cooling channel 
through the divergence plenum, and collected by the 
convergence plenum at the end of the cooling channel 
after heat exchange with the battery pack then flow out 
later and consider introducing secondary vents at differ-
ent locations, the maximum temperature of the battery 

pack is reduced by 5 K or more and the maximum tem-
perature difference is reduced by 60%. Saw et  al., [237] 
used forced convection air in a cylindrical battery pack, 
as shown in Fig.  13b. The air for forced heat exchange 
adopts a parallel air flow group, but the air flow group 
will generate axial flow around the battery due to the 
structure during the transportation process. The maxi-
mum cell pack temperature is 63 °C when the mass flow 
rate is 5 g/s, and the temperature decreases to 33.2 °C at 
a mass flow rate of 75 g/s. According to the temperature 
uniformity test, the battery pack indicates a uniformity 
temperature change of about 6 °C at a mass flow rate of 
5 g/s, which decreases to about 1.5 °C at 75 g/s, as the air 
flow speed increases, the cooling performance of the bat-
tery group is improved. Using air as a HTF material for 
EV BTMS can not only dissipate heat at high temperature 
but also heat the battery pack at low temperature. Ji et al. 
[126], proposed to use electric heaters and fans to exter-
nally heat the battery pack. As shown in the Fig. 13c, in 
a closed space, the air is heated by electric heating, and 
the air is sent into the battery pack through the fan to 
increase the temperature of the battery pack. After the 
battery pack releases heat, it is heated again by an elec-
tric heating device. Figure 13d shows that the use of air 
heat storage materials not only for low-temperature heat 
release but also high-temperature heat dissipation of the 

Fig. 13  a Secondary ventilation air based BTMS, with permissions requested from [298]. b Forced air heat exchange diagram of cylindrical battery, 
with permissions requested from [237]. c Schematic view of air low temperature heating system, with permissions requested from [126]. d Air based 
BTMS, with permissions requested from [207]
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battery pack has the characteristics of simple configu-
ration and low maintenance cost, and does not require 
separate storage of coolant, occupying less space for the 
battery pack. Develop an efficient thermal management 
system, optimize the design of the heat storage system, 
including the size, shape, and structure of the device, to 
ensure that the temperature of the heat storage mate-
rial will not be too high or too low, thereby ensuring the 
safety and stability of EVs.

3.3.2 � Liquid‑based SHS materials
Compared with air-based BTMS, liquid-based has the 
characteristics of high thermal conductivity, higher heat 
storage and release capacity, higher specific heat capacity 
and faster heat dissipation to the battery under extreme 
conditions. Among them, water and ethylene glycol as 
the most mainstream liquid-based materials. For regular 
shaped square battery packs, Panchal et  al., [204] com-
pares the temperature and velocity distribution inside a 
micro-channel cooling plate placed on a prismatic lith-
ium-ion battery cell using experimental and numerical 
technologies. The study was performed on water cooling 
methods at discharge rates of 1C and 2C and at different 
operating temperatures of 5  °C, 15  °C and 25  °C. Cool-
ant can be used not only as heat release and heat storage 
medium of battery pack but also as HTF, the results show 
that the temperature of the microchannel fluid increases 
with the increase of the discharge rate, and it is experi-
mentally also found that the heat generation at the two 
poles of the battery is higher than that in the middle of 
the battery. For the other type cylindrical battery packs, 
Rao et  al., [221] proposed a liquid-based BTMS system 
based on variable contact surface designed for cylindri-
cal lithium battery packs, as shown in Fig. 14a, by chang-
ing the size of the contact surface between the aluminum 
block and the battery pack. The aluminum block is used 
as a SHS material, which can absorb the heat of the bat-
tery pack. The microchannel in the middle of the alu-
minum block is filled with cold water as a HTF to take 
away the heat. The results show that the system with vari-
able contact surface is better than the system with con-
stant contact surface considering the system weight and 
the pump power consumption. When the inlet velocity 
is 0.05 m/s, the temperature difference decreases by 6%, 
14% and 28% with increasing variable contact surface, 
while the system weight decreases by 20%, 29% and 47%, 
of these three slopes, the variable contact surface of 3 mm 
is the best design of the system. Considering the safety 
between the battery and coolant, Basu et al., [3] designed 
a new liquid-based BTMS method for 18,650 battery 
packs in Fig. 14b, which ensures safe operation under the 
condition of ensuring heat transfer and economic condi-
tions. The heat generated by the battery is transferred by 

the SHS medium aluminum material and exchanges heat 
with the fluid. The simulation result shows at high dis-
charge rate (2.7C) and low coolant flow rate (0.01 m/s), 
the maximum temperature rise is kept within 7  K. In 
addition to the heat conduction, the aluminum material 
can also be used as a separator to prevent liquid leakage 
and short circuit. However, the traditional water and eth-
ylene glycol used as coolants have shortcomings such as 
low thermal conductivity. Therefore, a new type of cool-
ant liquid metal material was proposed for use in liquid-
based BTMS systems [292]. The results show that under 
the same flow rate, the liquid metal as a coolant enables 
lower battery pack temperatures and more uniform tem-
peratures. Liquid-based coolant can not only reduce the 
overall temperature of the battery module and improve 
the temperature uniformity of the module [274], but also 
can alleviate thermal diffusion in the event of a collision 
or thermal runaway [127].

In addition to heat exchange with the battery pack, 
for the entire EV heating, ventilation and air condition-
ing (HVAC) system, not only the battery pack needs 
temperature control, but also the cabin needs thermal 
comfort adjustment, Harden et  al. [101] designed a 
coolant as a SHS medium, and integrated the SHS tank 
into the coolant circuit for low-temperature heating of 
the EV in winter, as seen in Fig.  14c. There is an air/
coolant heat exchanger in the system that transfers heat 
from the coolant side to the air side. In low temperature 
environments, grid energy can be used to heat the heat 
storage medium to the required temperature before 
departure. The heat storage medium can then partially 
or completely offset heating needs without the use of 
a power battery. At the same time, the system also has 
a positive temperature coefficient (PTC) heater. If the 
heat storage tank is not stored before departure, the 
coolant can be heated by the PTC and flow into the 
heat exchanger to heat the air. Simulation results show 
that an 80 kg, 80 °C coolant tank can meet all the heat-
ing requirements of a 36 km, 1 h and 9 min city driv-
ing cycle. Furthermore, annual analysis shows that a 
30 kg heat storage tank can reduce the average annual 
consumption of the battery by up to 20Wh/km or 12%. 
Likewise, Lajunen et  al., [151] performed a similar 
study by modeling the effect of TES units on a medium-
sized passenger EV. Simulation results show that, under 
very cold conditions (-30  °C), installing a large storage 
capacity coolant-based TES tank (150 L) and a higher 
initial storage temperature (80  °C) increases the driv-
ing distance by about 25%. However, due to the large 
volume of SHS, the mass and volume of the vehicle will 
be too large, which will increase energy consumption 
compared with high heat storage density materials such 
as PCM and TCHS.
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3.4 � SHS in zero‑carbon society
The greenhouse effect and global climate change have 
attracted worldwide attention. With the development 
of human society, the emission of GHGs has increased 
greatly, especially the contribution of CO2 to the green-
house effect is greater than that of other GHGs. Accord-
ing to the IEA report, in the past decade, global CO2 
emissions have stabilized at more than 30 Gt/year. 40% of 
CO2 comes from power plants, 23% from transport, and 
22% from steel mills and other industries. We have also 
gradually realized that only by improving the produc-
tion process and rationally using resources, we cannot 

effectively reduce CO2 emissions in society. Climate 
change caused by large amounts of carbon dioxide can 
be mitigated in a short period of time through carbon 
capture and storage (CCS). Applying SHS to CCS can 
effectively improve energy efficiency and reduce carbon 
emissions.

CCS, which capture CO2 from fuel combustion or 
industrial processes, transports it by ship or pipeline, and 
stores it underground, in depleted oil and gas fields and 
deep saline formations. At present, due to high energy 
consumption and high cost, CCS technology is mainly 
concentrated in power plants [232], using extra steam 

Fig. 14  a Liquid based variable contact surface for BTMS, with permissions requested from [221]. b Liquid based indirect heat transfer for BTMS, 
with permissions requested from  [3]. c HVAC system diagram with SHS tank in EVs, with permissions requested from [101]
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heat provided by power plants to improve carbon cap-
ture efficiency, for iron and steel plants with low steam 
production, there will also be a large amount of waste 
heat resources such as rolling mills and steel billets, 
Zhang et  al., [298] developed a method to capture CO2 
in the flue gas of the heating furnace by using the sensi-
ble heat of the continuous casting slab, and optimized the 
system parameters. The carbon dioxide absorbed in the 
solvent is separated by using the sensible heat resource 
of the continuous casting slab, which improves the regen-
eration efficiency of the solvent and reduces the extra 
energy consumption, the results show that the purity of 
CO2 captured is 98.4%, the annual CO2 capture capacity 
is about 70 000 tons, and the regeneration energy con-
sumption is 3.67 MJ/kg CO2. The most important aspect 
of the CO2 capture process is the energy requirement. In 
a typical thermal adsorption–desorption system, energy 
is required for material (sorbent and flue gas) transport, 
sorbent heating (sensible heat), and CO2 desorption 
[132]. For example, Sjostrom [250] suggested a fluidized 
bed process for CO2 capture using an indirect sensible 
heat exchange scheme. In this process, water circulates 
between two solid–liquid heat exchangers as a heat trans-
fer medium for sensible heat exchange, one solid–liq-
uid heat exchanger is used for the cold solids flow of the 
adsorption bed and the other is used for the hot flow of 
the desorption bed. Therefore, SHS technology is of great 
significance for CCS systems in terms of improving the 
regeneration rate of solvents, reducing energy consump-
tion, reducing carbon emissions, and utilizing waste heat.

4 � LHS in achieving carbon neutrality
This section reviews the practical applications of LHS 
technologies in achieving carbon neutrality. The LHS 
materials can be applied to different fields of thermal 
storage applications due to its features of the wide range 
of phase change temperatures and large latent heat 
value. The selection of PCMs, the material thermophysi-
cal property improvement and the practical application 
of the LHS system towards zero carbon development is 
reviewed.

4.1 � LHS in zero‑carbon power generation
In the future, a zero-carbon power generation based on 
solar power plants show superior features for less carbon 
emission. The utilization of solar energy for power gener-
ation could be classified as CSP system as well as the pho-
tovoltaic (PV) system. LHS play important roles in these 
two systems to address the intermittency and fluctuation 
problems of solar energy and to improve the continuity 
of power generation. This section will mainly discuss the 
application of LHS in the field of CSP and PV plants.

4.1.1 � Concentrate solar power systems (CSP)
As shown in Section 3.1, CSP system collects solar energy 
through a reaction mirror field which collect much 
heat, and then converting the collected heat into steam 
to drive a turbine to produce electricity. When there is 
too much light to produce too much heat or when it is 
too rainy to provide enough heat, the TES integrated in 
the CSP system can serve to store and release the heat. 
Considering the existing CSP temperature range (200–
600  °C), high temperature PCMs are selected for use in 
TES systems [52, 197]. High temperature PCMs usu-
ally include inorganic PCM such as molten salts, metals 
and alloys, multi-component molten salt eutectic PCMs, 
etc. According to the literature [116], for molten salt or 
eutectic salt the phase transition temperature is in the 
range of 500  K-1300  K, among these single-component 
salts such as nitrate, chloride salt, carbon salts and flu-
oride salts, the latent heat of chloride salts is large, and 
the cost is relatively low (0.3 $/kg), so chloride salt has 
high attractiveness [139, 283]. Utilizing the characteris-
tics of multi-component eutectic salts, eutectic salts with 
a large phase transition temperature range can be pre-
pared. Chloride salt which can be prepared the ternary 
chloride salt eutectic PCMs as 59.98 wt.% MgCl2-20.42 
wt.% KCl-19.60 wt.% NaCl, using TGA/DSC to start the 
detection and heating from 120 °C to 450 °C, the melting 
point temperature is 381.47 °C, the average latent heat is 
198.55 kJ/kg. Preparing the 34.81 wt.% NaCl-32.28 wt.% 
KCl-32.91 wt.% LiCl ternary chloride salt, the phase tran-
sition temperature is 351.36 °C, and the phase transition 
latent heat is 131.96 kJ/kg [94], it can be used as a high 
temperature heat storage material in the CSP system. In 
addition to the chloride salts used above, there are also 
nitrate-based PCMs used in CSP systems. In early 2008, 
Laing et  al., [149] proposed that NaNO3 was used as a 
PCM, the melting temperature was 306 °C and the latent 
heat value was 175  kJ/kg, which build and designed a 
laboratory pipeline with a concentrating heat field of 5 
KW, the experiments result also has been used to fabri-
cate a 700 kWh PCM storage. In addition to utilizing sin-
gle component PCM, a cascade PCMs system approach 
can be taken depending on the temperature. Prieto et al., 
[212] designed a PCM with four different temperatures of 
chloride salt and nitrate compound, as shown in Fig. 15, 
the heat storage and discharging process is carried out 
by the HTF flowing through different heat storage tanks. 
The heat discharging process is to start the HTF from the 
low temperature storage tank and finally flow through the 
high temperature storage tank, and vice versa. Simula-
tion results show that the TES heat storage efficiency of 
this cascade system throughout the year is 90.8%, and the 
power generation is 3% different from that of the tradi-
tional two-tank molten salt type, which is technically 
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feasible, but the subsequent need to account for eco-
nomic costs and other issues.

In addition to the cascade systems mentioned above, 
Galione et al., [85] proposed the heat storage concept of 
multilayer phase change materials (MLPCM), As shown 
in Fig.  16a, the upper layer is PCM with higher phase 
transition temperature, the bottom layer is PCM with 
lower phase transition temperature. Compared with the 
single solid heat storage tank of the same volume, the 
MLPCM heat storage tank has better heat storage effi-
ciency and heat storage capacity. Elfeky et  al., [75] pro-
posed a transient Concentric-Dispersion model to apply 
MLPCM heat storage to high-temperature CSP genera-
tion. As shown in Fig. 16b, it is analyzed and verified that 
the three-stage PCM has faster heat storage and release 
performance than the single-stage PCM under similar 
working conditions, and the overall system the energy 

and exergy efficiencies vary between 60.6–75.76% and 
41.5–75.18%, respectively. Although molten salt-based 
PCMs are widely used in CSP systems, they suffer from 
low thermal conductivity, high phase change volume 
expansion, phase separation, and high supercooling.

Compared with molten salt-based PCM, metal and 
alloy PCMs [64] with lower vapour pressure have more 
and more advantages in improving thermal conductivity, 
reducing phase separation, and reducing volume change 
before and after phase transition, which can be used in 
the field of high-temperature power generation. Com-
mon alloy materials such as aluminum-based materials, 
zinc-based materials and magnesium-based heat stor-
age materials. In particular, silicon-aluminum alloys 
have a large heat of solution and are widely used. Khare 
et  al., [142] proposed a multi-objective optimization 
method to select appropriate metal-based alloys for high 

Fig. 15  Cascade system PCM charging and discharging process, with permissions requested from [212]

Fig. 16  a MSLPCM schematic diagram of three-layer heat storage tank, with permissions requested from [85]. b Heat storage tanks with different 
phase transition types, with permissions requested from [75]
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temperature steam generation power generation sys-
tems, the results show that for Al, Mg, Zn and Si materi-
als, 88wt% Al-12wt% Si and 60wt% Al-34wt% Mg-6wt% 
Zn are the most suitable materials for steam generation 
in the temperature range of 400–750 °C, the heat trans-
fer performance is generally better than that of inorganic 
molten salt, and it is relatively friendly to the environ-
ment. Adinberg et al., [8] developed and tested a recircu-
lating heat transfer storage system using metallic PCM, 
which can be applied to generate superheated steam in 
the temperature range of 350–400  °C. When the metal 
component is 70wt% Zn-30wt% Sn, the melting temper-
ature of 370  °C is the best metal alloy material for high 
temperature steam power generation. Integration of the 
developed thermal storage system into a 12  MW solar 
CHP. The storage system will also allow the solar thermal 
system to operate uninterrupted on a daily basis when 
the normal solar radiation is not sufficient. Although this 
metal alloy is much more expensive than inorganic salts, 
due to its excellent chemical stability and high thermal 
conductivity, there is still research value.

Existing latent heat materials such as nitrates and chlo-
rides have been commercially used in CSP systems, but 
due to the limitation of heat storage density and thermal 
conductivity, it is necessary to develop new latent heat 
materials with high heat storage density in the future, 
and in order to prevent PCMs from Leakage and crack-
ing also need to optimize the wrapping and fixing meth-
ods of heat storage materials. Also optimizing the system 
design of latent heat materials has an important impact 
on improving heat storage performance and service life.

4.1.2 � PV‑Thermal
Solar PV is a photoelectric conversion method that 
converts photon energy into electrical energy to gen-
erate electricity, and its core component is a solar cell. 
Although many emerging solar cells have been pro-
posed, the power generation efficiency is still low due 
to the influence of temperature. According to the litera-
ture [217], when the temperature is increased by 1  °C, 
the photoelectric conversion efficiency decreases by 
0.3%-0.65%, and the good working temperature range is 
-40 °C-85°C [136]. It is essential to perform thermal man-
agement in PV cells and their components using PCMs 
can significantly improve the photoelectric conversion 
efficiency of PV cells [171, 174].

PV/PCM has become a new type of temperature man-
agement module, compared with traditional methods 
such as spraying cooling water, the use of PCMs to cool-
ing PV can not only control the temperature of PV, but 
also collect the heat. Hasan et al., [11] studied the appli-
cation of PCM in PV power generation, using PCM to 
absorb 41% of the heat in PV modules to heating water, 

increasing the photoelectric conversion efficiency by 
1.3%. Kibria et  al., [144] studied the addition of three 
PCMs with different phase transition temperatures in PV 
panels by numerical simulation method, which effectively 
confirmed that PCM can improve the thermal perfor-
mance of PV cells by 5% as an effective means to sup-
press the temperature rise of PV cells. Compared with 
conventional photovoltaic electric/thermal (PV/T), it 
is capable of heat collection and heating water in addi-
tion to heat dissipation, Browne et al., [175] proposed a 
novel PV/T/PCM system that can delay heat generation 
from the collector by adding PCM to the PV/T system, 
where the heat is first stored in the collector. The PCM 
selected a eutectic mixture of fatty acid and palmitic acid 
with a phase transition temperature of 17.7 °C. As shown 
in Fig. 17, by setting 4 different PV/T collector systems, 
compared with the system without PCM, the water tem-
perature was increased by 5.5  °C at 6:00 am, and it was 
confirmed that PCM could improve the PV temperature 
to increase the output energy of the system. Islam et al., 
[185] utilized a PV/T/PCM system to provide 33% ther-
mal storage potential compared to conventional pho-
tovoltaic hot water systems (PV/T/W) with extended 
thermal availability 75–100%, heat production increased 
by about 9%, and the cooling effect of the PV/T/PCM is 
also better than that of the conventional PV/T/W system. 
In areas rich in solar energy resources, the combination 
of collectors and photovoltaic solar cells can reduce heat 
load demand for space heating and supply domestic hot 
water, and is of great significance for reducing the tem-
perature of solar panels and increasing power generation.

4.2 � LHS in zero‑carbon building
In areas with harsh environments, LHS has been widely 
used in construction fields such as space heating and 
domestic hot water, which alleviates peak power con-
sumption and energy waste to a certain extent. The 
energy consumption of the building part accounts for 
30% of the main energy consumption [181]. To reduce 
energy consumption and improve thermal comfort of 
buildings, review [245] pointed out that organic PCMs 
have good applications in heating/cooling buildings. 
Storage concepts applied to the building sector have been 
classified as passive and active systems, in this section we 
will discuss in detail.

4.2.1 � Passive building applications
The thermal control of passive buildings mainly uses the 
characteristics of PCMs with small temperature changes 
during the phase change, and directly incorporated 
PCMs into building structures such as gypsum wall-
board, concrete, or porous materials by direct incorpora-
tion, immersion, encapsulation and microencapsulation.
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Organic PCMs such as paraffin wax, fatty acid and their 
blends are considered as an efficient PCMs that can be 
applied in the field of passive building energy conserva-
tion. Kenisarin et al., [138] analyzed and summarized the 
application of PCMs in passive thermal control in the 
building field, and summed up the cases that have been 
successfully applied commercially to maintain the tem-
perature fluctuation in the building at 18  °C-25°C, also 
mentioned the application of three methods to integrate 
PCMs into building structures, the first is to immerse 
porous materials into PCMs, second is to prepare micro-
encapsulated PCMs into building structures, and the 
last is introduce macro-encapsulated PCM into building 
materials. Sharifi et al., [243] using the first method dif-
ferent kinds of paraffin in gypsum board by immersion 
method, and showed that the use of paraffin in the build-
ing material can increase the maintenance time of indoor 
thermal comfort and reduced the HVAC energy demand 
by 17% for a full year which 6% of the heating demand 
and 35% of the cooling demand. Mohammad et al., [239] 
using the second method prepared shape-stable nano-
PCMs with fatty acids and expanded graphite (EG), 
incorporated nano-PCMs into gypsum wallboards using 
a 3-layer wallboard design, and conducted diurnal tem-
perature tests with a control group (no nano-PCMs), as 
shown in the Fig. 18a. Studies have shown that the indoor 
temperature fluctuation (18.5–26.5  °C) of using nano-
PCMs in wall panels is smaller than that without nano-
PCMs (13–32 °C), and it can also delay the time to reach 
the peak temperature. Under the requirement of indoor 
thermal comfort, numerical simulation studies show 
that the incorporation of nano-PCMs into wall panels 
reduces energy consumption by 79%. Park et  al., [206] 
impregnated a series of PCMs into expanded perlite and 

vermiculite to prepare EP/EV-gypsum boards in Fig. 18b, 
and replaced the traditional gypsum boards of Korean 
standard residential buildings, and carried out circulat-
ing water bath tests under Korean climate conditions. 
The study showed that, the composite PCMs obtained 
by configuring n-octadecane and n-heptadecane at a 
mass ratio of 7:3 showed the greatest energy-saving effect 
when cooled in the thermal comfort range, and the phase 
transition temperature was 23–24  °C. Although the use 
of micro-encapsulated PCMs can prevent the leakage 
and improve thermal conductivity, it still faces problems 
such as high cost and cumbersome process in practi-
cal application. In response to this, the use of a macro-
encapsulation PCM is proposed. Ramakrishnan et  al., 
[219] used a numerical simulation method to simulate 
the addition of macro-encapsulated Bio-PCM™ mat-like 
PCMs with fatty acids as the main component to the 
walls and ceilings of a single-storey residential building 
in Melbourne in summer. Under heat wave conditions, 
the period of severe discomfort is reduced by 65% reduc-
ing indoor thermal stress. The application of PCM to 
actual construction projects not only needs to consider 
the requirements of its reliability on the thermal comfort 
of the indoor environment, but also needs to consider 
the economic cost. Taking a Chinese city as an example, 
Mi et al., [183] studied five cities in different geographi-
cal locations, and simulated the filling of PCM with a 
phase transition temperature of 27  °C and a latent heat 
value of 230  kJ/kg. The results show that the economic 
benefits of filling PCM are more prominent only in areas 
with relatively harsh environments, such as Shenyang 
and Zhengzhou in cold winter and Changsha in hot sum-
mer. The application of LHS in passive building applica-
tions should improve the thermal conductivity of PCM in 

Fig. 17  PV/T/PCM composite power generation and heating system, with permissions requested from [175]
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building walls in the future to meet the requirements of 
packaging PCM processing convenience and wall safety.

4.2.2 � Active building applications
An attractive solution using LHS in building active sys-
tems is the application of new or retrofitted buildings, 
such as the realization of renewable energy for HVAC 
space heating and cooling, domestic water heating, the 
improvement of the performance of current installations 
or the possible application of peak shifting strategies.

Residential, commercial, and industrial buildings 
typically require hot water around 60  °C, while bathing, 
laundry, and cleaning operations in the domestic sec-
tor typically require hot water around 50  °C [62]. As a 
representative of organic PCMs, paraffin wax is a very 
commonly used thermal storage material for solar hot 
water. Khalifa et  al., [141] installed solar collector tubes 
in paraffin PCM. When there is no sunlight, the paraffin-
filled collector tubes can continue to heat water by using 
paraffin as a heat source, as shown in Fig. 19a, the par-
affin is filled under the copper tube, which can utilize 
the radiant heat of the sun as much as possible, which 
the experimental results show that the temperature of 
the heat collector tube filled with PCM its thermal stor-
age efficiency is between 45 and 54%. Mahfuz et  al., 
[172] filled paraffin into a shell-and-tube hot water heat 

storage device for heat storage to improve the thermal 
energy utilization rate of the system, as shown in Fig. 19b, 
when the mass flow rate of HTF increased from 0.033 
to 0.167  kg/min, the system energy efficiency increased 
from 63.88% to 77.41%. Single-stage PCMs have low effi-
ciency for medium and low temperature waste heat utili-
zation. Fan et al. [291] proposed a PCM cascade system 
to increase the waste heat recovery rate from 15.8% to 
63.4% using a composite system of erythritol and paraf-
fin. This is the high efficiency cascade LHS system has 
great potential to recover medium and low temperature 
waste heat and accelerate the decarbonization of build-
ing space heating in the future. In addition to the use of 
solar energy for TES, Konyk et al., [146] also proposed a 
new mobile heat storage vehicle with carrier-filled PCM 
by using industrial waste heat through quantitative and 
qualitative regulation in the heat distribution process to 
reduce heat loss during transportation by virtue of the 
latent heat properties of the PCMs. If the cost problem 
can be solved, the mobile heat storage vehicle can solve 
the mismatch of space waste heat resources in the future.

For the use of solar energy for hot water heat stor-
age, not only organic PCMs can be used for heat stor-
age, hydrated salt inorganic PCMs have large latent heat 
value of phase change and suitable phase change tem-
perature and are also widely used. Najafian et  al., [192] 

Fig. 18  a Nano-PCM using in sandwich envelope panels, with permissions requested from [239]. b Assembly of walls include PCMs in the building 
model, with permissions requested from [206]
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selected PCM filled with sodium acetate trihydrate as the 
main filling at a phase transition temperature of 50 °C to 
70  °C, and added 10% graphite to improve the thermal 
conductivity of PCM, and used the TRNSYS to simu-
late the thermal conductivity of PCM. The influence of 
the amount, the position in the container and the size of 
the container on the heat release time of the PCM was 
calculated. In addition, the supercooling energy storage 
using hydrated salt inorganic materials can be adapted 
to long-term energy storage research. As shown in the 
Fig.  20, Fan et  al. [55, 76], for the first time studied the 
use of sodium acetate trihydrate to stabilize supercool-
ing vacuum tubular collectors, water tanks and PCM 
unit solar combination system performance, with a 22.4 
m2 collector area and 5 PCM units of 200 L each, a solar 
fraction of 71% was calculated for the annual heat supply. 
The system meets year-round passive domestic water as 
well as daily heat loads in Denmark. Using the sensible 
heat of sodium acetate trihydrate and supercooling latent 
heat energy storage to meet 7 different working modes, 
the highest solar energy utilization rate can reach 69%.

In addition to using solar energy to heat hot water, 
direct space heating in building interiors using PCM. 
Weinläder et al., [280] proposed the LHS unit was inte-
grated into the top of the room ceiling using a ventila-
tion system as shown in the Fig. 21a. During the daytime, 
the ventilation was operated as a pure cycle to direct 
the warm room air into the PCM, at night the PCM was 
regenerated using outdoor air. It is able to reduce the 
maximum room temperature by 2 °C during the daytime 
in summer, but cooling at night must take into account 
the inability of cold air to enter the ceiling for PCM 

regeneration. In addition to ceilings, PCM can be filled 
on wall facades for cooling, Gracia et al., [59] design the 
thermal performance of a ventilated façade containing 
PCM in the channel was experimentally evaluated by 
adjusting the gates in different inlet directions so that the 
air in the cavity was below or even lower than the external 
ambient temperature during the peak load. As a result, 
the compartment is exposed to less heat gain through 
this enclosure, thus reducing the energy consumed by the 
HP during this period. As an important part of the build-
ing’s free cooling system [108], the TES system stores the 
cold energy in the environment, as shown in Fig.  21b. 
The cold storage process is that when the ambient tem-
perature at night is lower than the phase transition tem-
perature of the PCM, the cooling capacity is carried by 
an electric fan. When the heat of the PCM is taken away, 
the PCM solidifies. When the cold energy is released dur-
ing the day, the hot air in the room exchanges heat with 
the PCM, and the melting process of the PCM reduces 
the indoor air temperature. Solar energy, as a renewable 
energy source, has been used for household daily heat-
ing and domestic hot water. Compared with sensible heat 
materials, the use of latent heat materials reduces the 
volume and increases the heat storage density. It can also 
be used in new application scenarios and energy systems 
such as ground source heat pump heating systems and 
biomass water heaters in the future.

4.2.3 � Phase‑change cold storage
PCMs have a wide temperature range and can not only 
be used for high-temperature heat collection and power 
generation, but also can be used for cold storage at low 

Fig. 19  a Paraffin as PCM for heat storage on the back of a collector tube, with permissions requested from [141]. b Paraffin PCM in solar collector 
charge and release heat, with permissions requested from [172]
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temperatures. Currently, the commonly used cold stor-
age methods are mainly divided into chilled water cold 
storage, ice cold storage and eutectic hydrated salt cold 
storage [104, 105]. For ice storage, the latent heat of 
phase transition is 334  kJ/kg [122], but due to the low 
phase transition temperature, the chiller needs to pro-
vide a cooling capacity of about -5  °C during the charg-
ing process. In addition to that, eutectic hydrated salt has 
the largest cold storage capacity, especially for inorganic 
hydrated salt PCMs, the hydrated salt solution formed 
with excess water forms binary eutectic PCMs, and its 
eutectic temperature is lower than 0  °C, low tempera-
ture cold storage can be carried out. Khan et al., [9] per-
formed an experimental study of a household refrigerator 
using two different PCMs (i.e., water and eutectic solu-
tion with a melting point 0 and -5 °C, respectively) placed 
behind the evaporator. COP significantly increased 
through the use of PCM, improving 20–27%. They also 
found that by increasing the quantity of PCM, COP 

increased about 6%. Comparing the two PCMs, eutec-
tic solutions was found to increase the COP more than 
water. Not only that, Abdolmaleki et  al., [5] a eutectic 
mixture of polyethylene glycol with a phase change tem-
perature of -20 °C (PEG200:PEG300 = 30wt%:70wt%) was 
prepared for application in a freezer chamber. The results 
showed that the energy consumption of the freezer with 
the PCM was much lower than that of the normal freezer, 
with 8.37% energy saving when 1.5 kg of PCM was added 
and at a melting temperature of -20  °C. Although the 
hydrated salt solution has a lower phase transition tem-
perature and a higher cold storage density, the hydrated 
salt solution faces supercooling at low temperature and 
phase separation during long-term operation, exploring 
stable and efficient cold storage materials is the main-
stream research direction. Wang et al., [277] presented a 
review summarizing clathrate hydrate, refrigerant clath-
rate hydrate, carbon dioxide clathrate hydrate, hydro-
carbon clathrate hydrate and multicomponent inclusion 

Fig. 20  Sodium acetate trihydrate as PCM for long term heat storage, with permissions requested from [76]
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hydrates, compared with frozen water and ice cold stor-
age, it has higher cold storage density and phase transi-
tion temperature, and has better cycle stability and heat 
transfer characteristics than eutectic salts.

4.3 � LHS in zero‑carbon transportation
LHS is a widely researched energy storage technology, 
not only as a cooling material for coolant in traditional 
internal combustion engine vehicles and for preheat-
ing before cold start of vehicles, but also in the face of 
emerging new energy EVs, which have more impact on 
their power battery packs whose performance is seri-
ously affected by temperature. Therefore, this sec-
tion summarizes the application of LHS in zero carbon 
transportation.

4.3.1 � LHS in internal combustion engine vehicles
At present, the global transportation is still based on 
internal combustion engine vehicles, and which can pro-
duce a large amount of GHG emissions and consume a 
large amount of petroleum fuel. Although a lot of work 
has been done to optimize vehicle combustion and injec-
tion systems [273], in recent years, research into efficient 
cooling of automotive engines could reduce harmful 

emissions and improve fuel economy. In early 2008, 
Vetrovec et  al., [271] proposed to add a PCM-rich col-
lector to the cooling system of an vehicle, heat can be 
collected by the collector and discharged with low heat 
consumption, reducing the weight of the cooling system, 
save vehicle fuel consumption. Kim et  al., [2] selected 
a latent heat value of erythritol with a phase transition 
temperature of 118 °C and a latent heat value of 339.8 kJ/
kg as the heat storage material. The result is a reduc-
tion in the weight of the vehicle’s cooling system and the 
ability to reduce coolant volume by 30%, and the stored 
heat can also be used to warm up the engine. In the same 
way, Gumus et al., [98] applied a TES system in the car to 
reduce the energy consumption during the cold start of 
the internal combustion engine vehicle. The TES system 
mainly used sodium sulfate decahydrate as the PCM, it 
can increase the engine temperature by 17.4  °C before 
cold start, the maximum thermal efficiency of the TES 
system can reach 57.5%, reducing CO and CH com-
pound emissions by 64% and 15%, respectively. In short, 
PCMs have been studied and applied in automobiles, 
such as engine preheating [220, 270], improving thermal 
comfort of automobiles [32], and three-way catalyst pre-
heating [41, 42].

Fig. 21  a Cool TES combined with HVAC, with permissions requested from [280]. b Free cooling system using PCMs, with permissions requested 
from [108]



Page 31 of 54Sun et al. Carbon Neutrality            (2023) 2:12 	

4.3.2 � LHS in EVs
The core of EVs is the power battery pack. Lithium-ion 
batteries have the advantages of high energy density, fast 
charge and discharge rate, and high cycle life, but they 
also face thermal runaway phenomenon in the summer 
or in the winter extreme environment, the discharge volt-
age is too low and the car cannot start.

Compared with air-based/liquid-based active cooling 
methods that consume additional electrical energy and 
other auxiliary energy, PCMs have been widely used in 
power battery packs as a passive BTMS relying only on 
their own heat storage characteristics [156, 165, 288], 
which can improve the performance of the battery and 
the service life. Hallaj et al., [12] conducted a temperature 
analysis of the discharge process of the 18,650 battery 
pack with or without PCM, and found that the battery 
pack filled with PCM can discharge more stably for a 
long time. The PCMs used in battery packs are mainly 
paraffin-based organic PCMs, Stefan et  al., [147, 282] 
designing a fast-charging TES device using paraffin PCM 
to store heat for fast-changing urban electric buses. The 
system is designed to keep the cabin temperature around 
18 °C and can be fully charged in just a few minutes using 
the terminal’s high-voltage charger. As shown in Fig. 22b. 
The core TES module consists of a paraffin PCM layer, 
an electric heater and a cooling tube, and the module 
is packaged in an incubator. Each module has a storage 
capacity of 0.76 kWh and a storage density of 30Wh/kg. 

The charging power is 11 kW, and it can be fully charged 
in 316  s. Multiple modules can be installed at different 
locations on the electric bus to meet heat dissipation 
requirements. Due to their low thermal conductivity, 
there has been a lot of literature by adding high thermal 
conductivity materials, such as graphene [93, 177], car-
bon fiber [230], carbon nanotubes [248] and metal parti-
cles and metal foams [117, 301, 303]. In order to improve 
the heat dissipation performance of the battery pack, 
there are also some new TES systems combined with 
PCM heat storage technology. Wu et al., [281] proposed a 
combination of HP technology and PCMs for BTMS. As 
shown in Fig. 22a, where the battery pack and the PCM 
are closely together, one end of the HP combined with 
the PCM acts as an evaporator, and the other end uses a 
fan to blow cold air to exchange heat with HP, this BTMS 
combined with heat pipe technology maintains the bat-
tery temperature below 50 °C as much as possible. Other 
research proposed a BTMS method combining PCM and 
cooling water plate. Bai et al., [21] used a combination of 
cooling water plate and PCM for the different locations 
of local heat generated during the discharge process of 
the power battery, as shown in Fig.  22c, the maximum 
temperature of the battery can be reduced by setting the 
cold water plate at the electrode with higher heat genera-
tion, and the PCM is arranged at the rest of the battery 
to improve the uniformity of the heat generated by the 
battery.

Fig. 22  a PCM combined with HP applied to prismatic battery, with permissions requested from [281]. b Fast-charge TES devices for electric 
buses using paraffin PCMs, with permissions requested from [282]. c PCM combined with cooling water plate applied to prismatic battery, with 
permissions requested from [21]
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The above heat pipe and cooling water plate BTMS 
methods combined with PCMs are only suitable for 
prismatic batteries. For cylindrical batteries, improv-
ing the PCM and heat pipe or fluid-based heat transfer 
structure forms a new BTMS for cylindrical batteries. 
Jiang et al., [128] surrounded the cylindrical battery with 
a paraffin/EG composite PCM (CPCM) and wrapped 
it with an aluminum shell. Through forced air convec-
tion heat exchange with the battery pack in Fig. 23a, the 
temperature difference of the entire component did not 
exceed 2  °C. Using air baffles can increase the interac-
tion between the cells and the air to improve heat trans-
fer efficiency. Zhao et al., [305] improved the PCM-based 
temperature control under natural convection conditions 
by using a technology of combining PCMs with HPs in a 
cylindrical battery pack, as shown in Fig. 23b. Under the 
same conditions, the maximum temperature of PCM/HP 
coupled BTMS can be controlled below 50 °C for a longer 
time, filling PCM can reduce the temperature difference 

by about 33.6%, and embedding HP in PCM can further 
reduce 28.9%, PCM/HP is applied in the maximum tem-
perature difference of BTMS can be controlled below 
5 °C for a long time. Filling the PCM in the power battery 
pack can not only dissipate the high temperature heat 
generated during the operation of the battery pack, but 
also some scholars have proposed that the large super-
cooling characteristic can heat up the battery pack in a 
low temperature environment in winter, without using 
additional heat, only the heat released by the discharge 
of the battery pack absorbed by the PCM can be used. 
Sun et  al., [258] proposed to prepare a ternary eutec-
tic PCM by using a hydrated salt eutectic PCM, which 
can maintain stability at -20 °C after trigger the PCM to 
release the heat, raising the temperature around the bat-
tery pack to 0 °C, as shown in Fig. 23c. Commercial com-
panies have designed different TES devices for EVs and 
electric buses [29]. These TES units can be used for EV 
cabin heating and dehumidification. These TES devices 

Fig. 23  a Heat transfer between PCM and air forced convection applied circular battery, with permissions requested from [128]. b PCM combined 
with HP applied circular battery, with permissions requested from [305]. c Deeply supercooling eutectic PCMs for BTMS, with permissions requested 
from [258]
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use low-temperature PCMs such as sodium acetate trihy-
drate and strontium bromide hexahydrate as heat storage 
materials. Large TES units for buses consist of small TES 
units with a heat storage capacity of 2.5 kWh, which the 
small TES unit is a shell-and-tube structure and the HTF 
is a liquid.

Whether it is heating the EV battery pack in winter 
or cooling it in summer, it needs to be considered that 
EVs need a battery management system with a compact 
size and a high storage density per unit volume. This 
raises the requirement that compact materials with high 
heat storage density need to be considered in follow-up 
studies.

4.4 � LHS in zero‑carbon life science
LHS can be used not only in zero-carbon power gen-
eration, buildings, transportation, but also in textiles, 
medical treatment and food refrigeration etc. Ultimately 
reduce energy consumption and reduce greenhouse gas 
emissions, thereby creating a zero-carbon life science.

4.4.1 � Phase‑change textiles
When choosing PCM for textile products, phase tran-
sition temperature between 28  °C and 35  °C should be 
selected as far as possible. When the ambient tempera-
ture or the surface temperature of the human body rises, 
the PCM undergoes a solid–liquid phase change to 
absorb heat, and in the low temperature environment in 
winter, it can release heat to keep the human body warm. 
Zhao et al., [306] a novel microcapsules of n-octadecane 
with natural silk cellulose were synthesized using a self-
assembly method in oil/water emulsions. The maximum 
encapsulation rate and phase change enthalpy of the 
melting process are 46.65% and 88.23 kJ/kg, respectively, 
and the onset decomposition temperature of the micro-
capsules of PCMs was determined to be 178.5 °C. There-
fore, the CPCMs prepared in this study exhibited high 
thermal storage capacity and good thermal stability and 
could be the best candidates for thermoregulated textiles 
or fibers as well as biomedical materials. Behrouz et al., 
[110] prepared a binary eutectic PCM with lauric acid: 
palmitic acid = 69wt%:31wt% based on two fatty acids 
according to experimental tests, and the phase transi-
tion temperature was 32.17 °C. As shown in Fig. 24, Liu 
et al. [166], report for the first time a versatile strategy for 
designed assembly of high enthalpy flexible phase change 
nonwovens by wet-spinning hybrid graphene-boron 
nitride fiber and subsequent impregnating paraffins. 
These materials exhibited an enthalpy value of 206.0 kJ/
kg, excellent thermal reliability and anti-leakage capacity, 
superb thermal cycling ability of 97.6% after 1000 cycles, 
and ultrahigh water vapor permeability. This novel strat-
egy further expands the advanced functional application 

of PCMs, and it will have a wide range of applications in 
the field of human wearable passive thermal management 
in real-world environments.

4.4.2 � Phase‑change medical treatment
The fatty acid-based organic PCM with non-toxicity 
to human body and good biocompatibility is screened 
out, and a fatty acid eutectic PCM whose phase transi-
tion temperature is in line with human body temperature 
is prepared, which can be used for drug-directed medi-
cal treatment. Zhu et  al., [309] used lauric acid: stearic 
acid to prepare a binary fatty acid eutectic PCM with a 
phase transition temperature of 39 °C in a ratio of 4:1, as 
a gated material for near-infrared-triggered drug release. 
When the drug reaches the pathological cells, the drug 
is released through near-infrared heating. As shown in 
Fig. 25a, Li et al., [159] by adding 5wt% sodium hydrox-
ide to erythritol, the erythritol supercooling degree can 
be increased and the phase change heat release tempera-
ture can be maintained above 40 °C for a longer period of 
time more than 7 min, which can be used for skin ther-
mal therapy. In addition, some researchers have prepared 
encapsulated PCMs to provide thermal protection to 
surrounding tissues, which is beneficial to the transport 
of drugs [209]. In addition to fatty acid-based organic 
PCM, Chen et  al., [275] developed a biodegradable sili-
cone-based nano system utilizing CuS nanocrystals as 
a photothermal agent and PCM (1-tetradecanol) as a 
stimuli-responsive "gatekeeper" in this system, as shown 
in Fig.  25b. The system features dual stimuli-responsive 
drug delivery, which can effectively suppress tumors by 
stimulating drug release through synergistic chemother-
apy and photothermal therapy.

Due to the fact that the temperature of the phase 
change process is basically constant, PCMs have good 
performance in the biological field, such as temperature 
control, drug delivery, tissue repair, etc. The efficient and 
stable heat storage materials developed now need to con-
sider biocompatibility and safety issues, and optimize 
the performance of PCMs according to the temperature 
requirements of different organisms.

4.4.3 � Phase‑change food refrigeration
In order to maintain the quality of food that is seriously 
affected by temperature, some food must be stored under 
refrigerated or frozen conditions. Therefore, avoiding 
food spoilage, prolonging the shelf life of food and main-
taining the cold chain during storage, transfer, delivery 
and sale are crucial. PCMs are commonly used in heat 
storage and transport systems in the food industry, such 
as thermal processing sections, refrigeration and packag-
ing applications.
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Cuneyt Erdinc Tas et al., [261] proposed polyethylene-
based flexible nanocomposite food packaging films with 
thermal buffer properties at cold-chain temperatures 

were fabricated using PCM-impregnated halloysite nano-
tubes as nanofillers. The result shows that food sam-
ples demonstrate the effectiveness of nanocomposite 

Fig. 24  Wearable thermal management in face masks during summer and winter, with permissions requested from [166]

Fig. 25  a ET-NaOH composites using in thermal therapy, with permissions requested from [159]. b PCM applied in responsive drug release for 
synergistic chemo- and photothermal tumor therapy. with permissions requested from [275]
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packaging films in keeping food cold for extended peri-
ods of time. Saurav Sarkar et al. mentioned in the review 
[236] that the polyurethane doped with PCMs prevents 
food spoilage and low-temperature refrigeration, it 
includes the selection and synthesis of PCMs, the syn-
thesis method and its application in refrigerated food in 
-10  °C-15°C polyurethane PCMs. Particularly for non-
paraffinic, organic PCMs include esters, fatty alcohols, 
glycols, etc. Despite the different structural components, 
they all share some common characteristics, such as low 
supercooling, and instability at high temperature, low 
thermal conductivity, and flammability. Unlike paraffins, 
these "green" PCMs are "food-grade," meaning they’re 
safe to eat [297]. Large-scale cold chain transportation 
based on PCM has also been commercially applied. The 
University of Birmingham and China CRRC [203] have 
developed the world’s first 40-foot container that uses 
storage and release of cold energy materials. This con-
tainer is used for the transportation of fresh fruits and 
vegetables in the market. PCM can maintain an internal 
temperature between 5–12 °C for up to 120 h. The tech-
nology has recently completed commercial trials, with 
35,000 km of road and 1,000 km of rail transport carried 
out in different climate zones.

4.5 � LHS in zero‑carbon society
The TES technology and CCS technology are placed in 
the comprehensive energy system modeling framework 
[299], which considers the power system and thermal 
system. For the power system, conventional power gen-
eration, renewable energy and CCS are considered. For 
heating systems, both district heating networks come 
from industrial-scale cogeneration, high-voltage and 
TES systems. Cogeneration and high voltage on the dis-
trict heating network and end-user side play an impor-
tant role in linking the electricity and heat systems, 
enabling operational synergies through energy system 
integration. TES mainly refers to LHS and TCHS, which 
can increase the saving rate of the entire system from 
7.3% to 18.3%. In addition to CCS, the utilization of high 
latent heat (501–507 kJ/kg), an appropriate phase change 
temperature range (0–15 °C), low material cost, and high 
chemical safety and stability CO2 hydrate as a cold stor-
age medium in different types of air-conditioning sys-
tems can be used to reduce peak electricity consumption 
and alleviate energy supply intermittency and the paper 
[278] reviews the research progress of CO2 hydrate ther-
modynamics, kinetics and transport phenomena related 
to cold energy storage on the CO2 hydrate formation. 
Although CO2 hydrate has been used for cold stor-
age in the laboratory, CO2 hydrate is seriously affected 
by temperature and pressure [211], which will lead to 
operational instability and the need to build additional 

gas storage for replenishment, resulting in further cost 
increases.

5 � TCHS in carbon neutrality
As the TCHS with the highest heat storage density, there 
are two main types of heat storage: adsorption/absorp-
tion heat storage and chemical reaction heat storage. This 
chapter focuses on the research and application of differ-
ent kinds of thermal storage methods on the zero-carbon 
field.

5.1 � TCHS in zero‑carbon power generation
Compared with the other two heat storage methods, 
because of its potentially higher energy storage den-
sity, TCHS systems emerge as an attractive alternative 
for the design of next-generation power plants, which 
are expected to operate at higher temperatures (300–
1000  °C). The application of TCHS in the field of solar 
power generation the most important part is the selec-
tion of thermochemical reaction material.

According to Table 4, the solar power generation tech-
nology adapted to high temperature reaction conditions 
utilizes thermochemical reaction TCHS. There have 
been many large-scale industrial applications, carbonates 
which can store and release the heat through endother-
mic calcination and exothermic carbonation processes. 
It can be used as high-temperature thermochemical stor-
age materials. The most common carbonates material is 
the calcium carbonate, which is in abundance on earth 
and widely used in power plants due to its low cost and 
high operating temperature (> 550 °C). Carbonate TCHS 
technology was first proposed in 1970s [77], but faced 
with the problem of CO2 storage, in order to reduce CO2 
emissions, a calcium looping (CaL) integrated in solar 
power plants was proposed. In recent years, Chen et al., 
[46] proposed a novel CSP-CaL plant system which can 
eliminate the dependence on carbonation for power gen-
eration during sunshine time and free power dispatch 
can be easily realized, as shown in the Fig. 26a, the sys-
tem is divided into sunshine and night modes, by driving 
CaCO3 to calcine to absorb solar energy and convert the 
energy into CaO and the chemical form of CO2 in sun-
light mode, the heat after the reaction is used to gener-
ate electricity and preheat the reactants. When it goes 
into night mode. The energy demand is met by releasing 
energy through the exothermic reaction of CaO and CO2. 
The global storage exergy efficiency and power efficien-
cies can reach 37.60% and 48.04%, respectively, under 
optimal operation conditions. However, conventional 
CaCO3 pellets suffer from slow reaction kinetics, poor 
stability, and low solar absorption. To improve the heat 
storage capacity and enhance the mechanical, optical, 
and thermal properties of CaL, novel SiC/Mn co-doped 
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Fig. 26  a Schematic of the proposed CSP-CaL integration system, with permissions requested from [48]. b Schematic diagram of the CSP plant 
using MH-TES system, with permissions requested from [180]. c SOEC mode and SOFC mode in RSOFC mode, with permissions requested from 
[259]. d A schematic diagram of an amino TCHS system, with permissions requested from [153]
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CaO particles were prepared by extrusion-spheroniza-
tion [155]. When the mass ratio of CaO:SiC:MnO2 was 
100:5:5, the co-doped CaO pellets improved the stability 
of CaL and exhibited excellent heat storage performance 
compared with pure CaO particles, the heat storage 
density improved by 41.5%, the light absorption capac-
ity and high thermal conductivity are 17.6 times and 3.2 
times that of the original, respectively. In addition, Yuan 
et  al. [295] proposed a composite CaCO3 particle in 
which binary sulfate and Al-Mn-Fe oxide synergistically 
improved cycle stability, mechanical strength, and solar 
energy absorption, the energy storage density of compos-
ite CaCO3 particles has only a slight decay rate of 4.91% 
after 100 cycles, and still has a high energy storage den-
sity of 1455 kJ/kg.

Furthermore, Using high-energy–density and high-
temperature metal hydrides (MHs) for TCHS is an 
attractive concept, and a two-reactor MH system uses 
high and low-temperature metal hydrides. High tem-
perature metal hydride (HTMH) is used as energy stor-
age media, while low temperature metal hydride (LTMH) 
is used as hydrogen storage media. Those MHs that have 
been primarily investigated to date for high-temperature 
energy-storage applications are MgH2, TiH2, and CaH2. 
Figure 26b illustrates a CSP plant coupled with an MH-
TES system to run the steam power plant [180]. This 
system comprises of three sections: solar concentra-
tion section, MH-TES system, and steam power plant 
based on the Rankine cycle. The TES system shown uses 
LTMH and HTMH. Excess solar energy during the day 
is stored in HTMH via HTF. HTMH can absorb a large 
amount of high-temperature solar energy through the 
endothermic reaction of releasing hydrogen. LTMH, on 
the other hand, absorbs the hydrogen released by HTMH 
through an endothermic reaction. The chemical process 
can be reversed when solar energy is not available and 
advanced thermal energy is required to run the power 
plant. The hydrogen stored in the LTMH can flow from 
the LTMH reactor (using waste heat desorption) to the 
HTMH reactor for high-grade heat output. The absorp-
tion of hydrogen by HTMH results in the generation of 
high-temperature heat required by steam generators 
through an exothermic reaction. The biggest problem of 
using metal hydrides for heat storage is to solve the prob-
lem of hydrogen storage. According to the experimental 
and modeling results, Jensen et  al. [226] designed and 
manufactured a HTMH for 600–800  °C power genera-
tion of about 200 kWh/m3, and a near-room-temperature 
LTMH to store hydrogen in sunlight until it is needed to 
generate electricity. Experiments have proved that the 
prototype can operate reversibly for at least 60 cycles at 
635–645 °C and 1 bar hydrogen pressure, and the actual 
gravimetric energy density is about 800 kJ/kg, it can not 

only meet the requirements of heat storage but also meet 
the design requirements of low-temperature hydrogen 
storage. The use of different types of MH for heat storage 
in thermochemical reactions at different operating tem-
peratures has been summarized in the review [50].

In addition to integration with solar thermal plants 
and waste heat recovery, hydrogen-based TES systems 
can also be integrated with reversible solid oxide fuel 
cells (RSOFC). The RSOFC device is divided into two 
modes, the hydrogen storage system is the SOEC mode, 
the heat storage system is the SOFC mode, and the MH-
based TES system can be considered at the same time, as 
shown in the Fig. 26c [259]. In SOEC mode, the hydrogen 
released from the RSOFC is absorbed by the MH reactor, 
and the process releases heat for an exothermic reaction. 
This heat is used to generate steam, which is fed back to 
the RSOFC. In the SOFC mode, the MH reactor desorbs 
H2 in an endothermic reaction by absorbing the waste 
heat generated by the RSOFC, and combines it with O2 in 
the RSOFC to generate external power [247]. Giap et al. 
[90] proposed a novel RSOFC system combined with MH 
and waste steam. RSOFC works at 1.1  bar and opera-
tion temperature is 750 °C MgH2-5 at.% V and LaNi5 are 
studied as MH materials. The whole adsorption/desorp-
tion process takes 8  h, and the system round-trip effi-
ciency of HTMH system and LTMH system is 45.6% and 
48.1%, respectively.

In addition to the above-mentioned TCHS materials 
using carbonate, MH and MH-based RSOFC for zero-
carbon power generation, the industrial use of high-tem-
perature, high-pressure and catalytic ammonia synthesis 
reactions also generate a lot of heat. The schematic dia-
gram of the ammonia TCHS system is shown in Fig. 26d. 
Lavine et  al., [153] conducted an ammonia-based study 
of the US Department of Energy’s solar thermal cost tar-
get by integrating an endothermic reactor into a tower 
receiver and then synthesizing ammonia into steam that 
can be used to generate supercritical Steam Rankine 
cycle. The purpose of this study is to promote the use of 
ammonia TCES systems in CSP. At temperatures above 
650 °C, the operating cost of the developed TCES is less 
than 15$/kWh. Inorganic hydroxides, mainly Ca (OH)2, 
are non-toxic and inexpensive. Its decomposition reac-
tion is accompanied by a large amount of reaction heat, 
so it can be applied to medium and high temperature 
TCES systems. It is feasible to choose Ca (OH)2-CaO-
H2O system for power generation which the cyclic stabil-
ity and reversibility of the system were also tested [241]. 
In addition, Liu et al., [167] proposed a high-temperature 
metal oxide redox pair Mn2O3/Mn3O4 and Co3O4/CoO 
systems for TCES, with O2 involved in the endothermic 
process, the operating temperature is 1115 K-1179 K, the 
findings were used in the design of a 10 kW TCES pilot 
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plant that is currently being tested in a concentrated solar 
furnace.

Although TCHS has a high heat storage density in the 
field of high-temperature power generation, the cycle 
stability, reaction kinetics, reversibility, and thermal con-
ductivity of solid–gas TCES materials must be addressed. 
In the next stage, researchers should reduce the operat-
ing cost of the CSP system by improving the economi-
cal, reliable and ecologically compatible performance 
of storage materials and optimizing the reactor process 
parameters.

5.2 � TCHS in zero‑carbon building heating
Building heating as a future heating method most likely 
to be replaced by renewable energy, and TCHS applied 
to building heating at a charge temperature of less than 
140 °C. Compared to TCHS where thermochemical reac-
tions occur, These TCHS methods occurs by means of 
adsorption/absorption reactions in the form of solid gas 
or liquid gas, so this section focuses on the application of 
adsorption/absorption TCHS to building heating.

5.2.1 � Absorption TCHS application
Absorption TCHS, a physical or chemical process in 
which the molecules of a substance penetrate the surface 
layer of a liquid or solid by combining with the structure 
of a solid or liquid, resulting in a change in the compo-
sition of the structure. Usually occurs in the liquid–gas 
absorption process, the liquid acts as the absorbents 
and the gas acts as the absorbates. Absorption TCHS 

processes are more focused on cooling and air condition-
ing systems.

Regarding the absorption technologies developed, 
absorption refrigeration is the most commonly used 
technology for solar cooling, Ramen Kanti De et al., [60] 
proposed a solar-assisted lithium bromide-water vapor 
absorption system as a new type of system for refrigera-
tion. Solar energy provides thermal energy demand for 
the steam absorption system, and the side of the cold 
storage can use the electric energy provided by PV pan-
els. The performance evaluation of the single-effect and 
double-effect steam absorption systems was carried out. 
The annual COP of the double-effect steam absorption 
system is 80% higher than that of the single-effect sys-
tem, and the exergy efficiency is about 16% higher. Simi-
larly, As shown in Fig.  27, Gao et  al., [86] also believed 
that the energy storage density of the double-stage sys-
tem for the LiBr-H2O solar vapor absorption system is 
much higher than that of the single-stage system, which 
are 233  kJ/kg and 93  kJ/kg, respectively. Increasing the 
evaporation temperature leads to better performance 
with higher COP and energy storage density. The experi-
mental results show that the energy storage density is 67 
kWh/m3 at the absorption temperature between 12 and 
15  °C and the heat storage density is 85 kWh/m3 at the 
absorption temperature between 15 and 18  °C. Another 
most common solar vapor absorption refrigeration sys-
tem uses NH3-H2O as the working medium [186], and 
the dynamic modeling of the system is carried out. The 
charging and discharging process is changed according 

Fig. 27  Operation principle of the single-stage and double-stage absorption thermal storage, with permissions requested from [86]
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to the concentration of ammonia vapor and ammonia 
solution. As the ambient temperature of the evapora-
tor decreases, the vapor flow rate gradually decreases, 
and changes in the refrigerant flow rate, weak solution 
flow rate, and solution mass density will affect the stored 
density. It involves very low or no power consumption, 
and for the same cooling capacity, the size of absorption 
refrigeration units is mostly smaller compared to other 
units due to the large amount of heat and mass transfer.

Liquid absorption TCHS can be used not only for 
absorption liquid refrigeration, but a fraction of mate-
rial can also be used for space heating and domestic hot 
water, Fumey et al., [83] a liquid absorption method with 
sodium hydroxide/water as absorbent mass/agent is pro-
posed in which the solution is diluted from 50wt% to 
27wt% and the absorber temperature is raised by 35  K. 
During desorption, the concentration is raised from 
25wt% to 53wt% at a temperature difference of 44  K 
between the desorber and the condenser. In terms of 
the concentration difference, a theoretical energy den-
sity of 435 kWh/m3 is achieved relative to the discharged 
absorber. This development achieves compact, lossless, 
long-term thermal storage for space heating and domes-
tic hot water.

5.2.2 � Adsorption TCHS application
Adsorption thermochemical reaction heat storage is 
defined as a surface phenomenon in which gas or liq-
uid molecules attach to the solid surface of an adsor-
bent. Adsorption is generally based on the property of 
solid surfaces to reversibly immobilize certain molecules 
through weak van der Waals bonds. When adsorption is 
mentioned, it is generally considered solid/gas adsorp-
tion, and according to the binding force between the two 
phases, adsorption is classified into two forms: phys-
isorption and chemisorption [89]. The main interaction 
force of physisorption is the van der Waals force, which 
can be defined as a type of adsorption that occurs when 
most particles come into contact with a solid or liquid 
surface. Chemisorption is characterized by chemical 
interactions using covalent forces similar to those that 
occur in compound formation.

Common physisorption mainly includes a surface 
adsorption on solid surfaces such as zeolite, metal–
organic frameworks (MOF), and silica gel, while chem-
isorption mainly includes dehydration/water absorption 
reactions of different types of hydrated salts. According 
to the IEA [121], about 36% of the world’s energy con-
sumption is used in buildings, accounting for about 40% 
of the total global CO2 emissions. Most of the energy 
used in buildings is for space heating and domestic hot 
water. For adsorbents as pure solids, relevant experi-
ments have been carried out in the early years, in 2007, 

ZAE has produced a 7000 kg open system using zeolite 
13X [106], and proposed the direct use of zeolite 13X for 
heat storage [114], as shown in Fig. 28a, Johannes et al., 
[130] designed an open system using solar heat storage 
in building heating, using 40 kg of zeolite, setting the air-
flow inlet at 20 °C, flow rate of 180 m3/h, specific humid-
ity of dry air, the test results show that the temperature at 
the outlet of each zeolite container rose by an average of 
38 °C in 8 h, and the discharge temperature at 120–180 °C 
to meet the summer temperature requirements. Another 
experiment found that an open adsorption reactor loaded 
with 40 kg of pure zeolite could provide a constant power 
of 2.25 kW for more than two hours, which corresponds 
to a material exothermic capacity of 27.5 W/kg [262]. In 
addition to zeolite, another solid porous adsorbent mate-
rial that is commonly adapted to open systems is silica 
gel. Hesham et  al., [109] proposed a laboratory study 
using silica gel as an adsorbent, and the maximum heat 
storage density was 325.8  MJ/m3 when the filling vol-
ume was 0.5 L, as the air humidity increased, the heat 
storage density increased and the emission temperature 
also increased. Strong et  al., [256] varied the operating 
parameters (relative humidity, particle size, desorption 
temperature and flow rate) to optimize the performance 
of an open batch silica gel/water vapor adsorption energy 
storage system for an open TCHS system. It was found 
that for a 50 g silica gel system the desorption tempera-
ture was 120 °C, the flow rate was 24 SLPM, the relative 
humidity of the adsorption inlet was 90%, and the 12–20 
mesh particle size. Under these conditions, an energy 
storage density of 200.7 kWh/m3 was achieved with a 
maximum temperature rise of 28.5 °C and maximum and 
average system thermal power of 308 W/kg and 118 W/
kg, respectively. The same MOF [111] are also used as 
common pure solids for thermal storage.

In addition to pure solids as adsorbent, chemisorp-
tion heat storage using hydrated salts has been studied 
and experimentally applied. For example, MgSO4 [268] 
with a charge/discharge temperature of 150/30  °C and 
a thermal storage density of 2.8 GJ/m3, K2CO3 [134] 
with a thermal storage density of 1.3 GJ/m3 and MgCl2 
and CuSO4 with a thermal storage density of more than 
2.5 GJ/m3 [69]. In the latest research progress, Li et  al., 
[159] evaluated dozens of different types of brine com-
pounds for adsorption-assisted thermal storage matched 
to domestic hot water, as shown in Fig. 28b, for a pres-
surized-assisted adsorption system driven by low-grade 
solar energy to achieve different temperature rises by 
regulating water vapor pressure. Considering the energy 
density, temperature rise and thermal economy perfor-
mance, SrBr2-6H2O, K2CO3-1.5H2O and LiOH-H2O 
are the more promising hydrates in the system with the 
best energy efficiency of 82.47%, 55.08% and 63.97%. The 
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Fig. 28  a Zeolite TCHS system using in buildings, with permissions requested from [130]. b Pressurisation-assisted TCES system for heat 
upgradation, with permissions requested from [159]. c Photograph of the sorption thermal battery prototype, with permissions requested from [45]
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temperature enhancements achieved by the above salt-
based single-stage and two-stage pressurized systems 
were 17.6–19.9  °C and 32.2–37.8  °C, respectively, com-
pared to the conventional TCHS cycle. Developing new 
materials, especially cost-effective or composite adsorp-
tion TCHS materials with particularly high performance, 
is an important direction for future adsorption heat 
storage.

Composite adsorption materials are composed of at 
least two constituents, one of which provides structural 
support (host matrix) and the other is the active sub-
stance that performs the sorption process. The poros-
ity of the host matrix should be high in order to retain 
as much active material as possible. The design of the 
material requires a balance between pores filled by active 
substances and free pores to improve the ability of the 
adsorbent to be adsorbed [82]. If the host matrix pore size 
is small, it can also provide heat for adsorption, however, 
the amount of hydrated salt will be reduced. On the other 
hand, a large pore size can accommodate more salt, but 
the host matrix is not involved in the adsorption process 
[240]. Miao et al., [184] prepared a composite adsorption 
TCHS using EG and MgSO4. EG has good thermal con-
ductivity, high porosity and large specific surface area, 
and is a very promising support matrix. The composite 
was applied to an open TCHS system in the temperature 
range of 20–120  °C. The heat of reaction increased sig-
nificantly with the increase of salt content, and accord-
ing to the latent heat values of different composites, 
only the salt in the composite was involved in the ther-
mal storage reaction, while the matrix was not. The use 
of EG not only increased the thermal conductivity of the 
composites by about 84.8%, but also reduced the hydra-
tion time by about 1/4. In addition to using EG as a host 
matrix, Chao et  al., [45] developed a novel zeolite 13X/
MgCl2 high energy density heat absorption cell based on 
the composite water absorption work pair of Zeolite 13X 
for integrated heat and cold storage, as shown in Fig. 28c. 
Compared with zeolite 13X, the energy density of zeolite 
13X/MgCl2 can be increased by 15.1%, which exhibits 
the unique ability to achieve high power/energy density 
for heat and cold storage, with average power densities 
of 279.66 W/kg and 242.95 W/kg, average energy den-
sities as high as 686.86 kJ/kg and 597.13 kJ/kg, which is 
better than the current SHS or LHS. The proposed zeo-
lite 13X/MgCl2 based adsorption type thermal cell pro-
vides a promising way to achieve high density heat and 
cold storage based on one thermal energy storage device 
simultaneously.

As seen from previously published articles, most stud-
ies on adsorption-based thermochemical energy storage 
of composites are usually directed to the preparation 
of material aspects. SrBr2/expanded vermiculite [66] 

composites prepared by impregnation method. Ideal 
for achieving space heating in low-energy homes, SrBr2 
encapsulated in mesoporous MIL-101(Cr) MOF is capa-
ble of achieving a thermal storage density of 233 kWh/
m3 [53]. Skrylnyk et  al., [251] tested a laboratory-scale 
prototype of a proposed packed-bed adsorption thermo-
chemical reactor for TCHS from domestic waste. In the 
experiment, a salt-based composite consisting of silica 
gel and 43wt% CaCl2 salt was used as the test adsorbent, 
and the air temperature was set in the range of 17–40 °C. 
A prototype filled with 245  g of material was evaluated 
for temperature and energy performance at a water vapor 
inlet pressure of 12.5  mbar. The output has an average 
temperature rise of 9–13 °C and inside the packed bed an 
average specific thermal power of 168–267 W/kg, with 
a volumetric energy storage density between 1.0 and 1.6 
GJ/m3. Also, Zhang et  al., [301, 303] used an activated 
alumina/LiCl composite sorbent to study a 1 kWh lab-
scale open sorption prototype for storing low-temper-
ature heat for space heating, and the system efficiency 
ranging from 84.5% to 96.9%. Over a period of 7.1 h, air 
at temperature over 30 °C could be supplied, equating to 
a total volumetric storage density of 191 kWh/m3. In the 
future, it is necessary to develop a composite adsorption 
heat storage system, research new low-cost ad/absorp-
tion materials, and improve the overall heat storage effi-
ciency of the system.

5.3 � TCHS in zero‑carbon traffic
At present, the research focus of internal combustion 
engine vehicles is to use three-way catalysts to con-
vert NO into N2. Preheating the engine is considered 
an important measure to reduce fuel consumption and 
reduce environmental pollution. The application of 
TCHS technology to the engine is an effective way to 
reduce energy consumption and pollutant emissions dur-
ing the cold start process of automobiles.

5.3.1 � Inorganic oxide adsorption reaction
The engine coolant is preheated by inorganic oxide/
water adsorption reaction. Darkwa et  al., [133] pro-
posed a model for heat generation by adsorption of 
calcium oxide and water, and carried out experiments 
and theoretical calculations. During the experiment, 
1/2  mol of calcium oxide and water were sampled for 
adsorption reaction. The temperature is raised from 
20  °C to 220  °C, which is 17% different from the theo-
retical calculation result, and it can be considered to 
heat the engine coolant. Callaghant et  al., [56] utilized 
the adsorption and desorption of inorganic oxides and 
atmospheric water vapor for heat release and storage, as 
shown in Fig. 29a. The adsorption process of moist air 
and inorganic oxides by turning on the water pump, by 
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the heat generated heats the coolant of the engine, and 
has a preheating effect on the cold start of the engine. 
When the temperature reaches a predetermined tem-
perature, the engine is started and the fuel is burned. 
The high-temperature exhaust gas produced afterward 
can meet the three-way catalytic temperature require-
ments. Some waste heat is also used in the desorption 
process which can recovers the ambient temperature of 
the engine and the exhaust gas temperature so that the 
adsorbate can be reused. Adsorption-based TCHS use 
solid–gas or liquid–gas adsorption as storage materials. 
These technologies have high heat storage density, long-
term heat storage without heat loss, and miniaturization 
and compact equipment are likely to be used in EVs. 
Narayanan et  al., [193] designed an adsorption-based 
thermal battery capable of providing heating and cool-
ing to vehicles, as shown in Fig. 29b. The adsorbent in 
the design is NaX zeolite, and the refrigerant is water. 
The results show a heating and cooling capacity of more 
than 2.5 kWh for a compact thermal battery with a vol-
ume of up to 30 L.

5.3.2 � Metal hydride
In addition to the use of inorganic oxide adsorption pro-
cesses, for the use of waste heat in engines can also be 
carried out dehydrogenation reactions of metal hydrides. 
Beard et  al., [24] designed a device consisting of metal 
and metal hydride capable of storing hydrogen. By con-
trolling the switch, 2 g of hydrogen is transferred to the 
metal to instantly form a metal hydride, which is accom-
panied by a large amount of heat. The heat generated in 
this process heats the exhaust gas, which in turn raises 
the temperature of the exhaust gas entering the three-
way catalytic converter to the set temperature, reducing 
the emission of pollutants. The heat storage process uses 
the temperature of the exhaust gas discharged from the 
engine to decompose the metal hydride to store heat. 

Considering that the car will need heating, ventilation 
and cooling during transportation, Fang et al., [78] devel-
oped thermal battery prototypes with two TCHS meth-
ods, using catalytic MgH2 and TiV0.62Mn1.5 as HT and LT 
hydride. The results showed that the cooling COP was 
0.384, and the total cooling and heating energy were 13.6 
and 35.4Wh, respectively.

5.4 � TCHS in zero‑carbon life science
TCHS can not only be used for power generation, build-
ings, transportation, etc., but with its high heat of reac-
tion, it has been used in self-heating food in the early days, 
which can help heat the instant food or beverage inside. An 
exothermic reaction is used as a heat source. This product 
is useful for military operations, during natural disasters, 
mountain climbers, and any time traditional cooking is 
not possible. Bohra et al., [34] compared the heat released 
by the reaction of phosphorus pentoxide with water in 
the presence of calcium oxide and the heat of adsorption 
of zeolite. Although phosphorus pentoxide can release a 
large amount of heat energy when it meets water, due to its 
corrosion to metals and harm to the human body, zeolite 
3A was finally selected as the heat source for self-heating 
food cans. Environmentally friendly and user-friendly, 
zeolite 3A can be dehydrated after use so it can be reac-
tivated to make it reusable. In addition to utilizing zeolite 
or calcium oxide as a self-heating heat source, Picard et al. 
[208] proposed a self-heating group meal assembly using 
an exothermic chemical heater containing a metallic mag-
nesium-iron alloy. Lamensdorf et  al., [152] improved the 
Mg-Fe alloy heater through experiments to improve the 
heat release performance. In short, the use of high reaction 
heat of TCHS for self-heating food has been widely used 
in the food field, and it can meet the food heating require-
ments without consuming additional energy, which pro-
vides convenience.

Fig. 29  a Inorganic oxide adsorption to preheat engine, with permissions requested from [56]. b Adsorption-based thermal battery design for Evs, 
with permissions requested from [193]
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5.5 � TCHS in zero‑carbon society
CCSU are not only the main technical means for the low-
carbon utilization of fossil energy, but also the underlying 
technical guarantee for achieving the goal of carbon neu-
trality. Calcium cycle technology uses the carbonation 
and calcination cycle reaction of CaO to capture CO2, 
which is one of the promising large-scale CO2 capture 
technologies. CaL is an attractive reaction that has been 
extensively studied in CCSU as a means of TCHS [265].

In recent years, [266] simulating direct concentrated 
radiative heating from solar energy sources at the labo-
ratory scale, TCHS and CCUS were experimentally 
compared using the integration between CSP and CaL, 
as seen in Fig.  30a. The results show that under the 

condition of CaL-TCHS, the heat storage density is in 
the range of 960–1130  MJ/m3. Correspondingly, the 
energy storage density under CCSU conditions is about 
780–960 MJ/m3. The energy storage density are all higher 
than the SHS density of solar energy using molten salts 
in the range of 290–565 °C. Additionally, the CaL option 
has better long-term storage stability and higher temper-
ature levels compared to molten salt. The CaL-TCHS is 
able to guarantee the maximum energy storage density, 
however, the CaL-CCSU scheme takes full advantage of 
the overall reduction of the carbon footprint of the inte-
grated process, capturing concentrated CO2. To increase 
the share of renewable energy and reduce CO2 emissions, 
Claudio Tregambi et  al. [265] used concentrated solar 

Fig. 30  a Outline of the integrated CaL-CSP process for CCSU, with permissions requested from [266]. b Modelling of a CSP-PVs hybrid plant for CO2 
capture and utilization via CaL and methanation, with permissions requested from [265]
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energy to capture CO2 from combustion power plants via 
the CaL, and then reacted CO2 with hydrogen obtained 
from water electrolysis to generate methane (power-to-
gas), as shown in Fig.  30b. Electrolyzed water could be 
powered by PVs or excess renewable energy. Simulation 
of the operating conditions of a municipal solid waste 
incineration plant located in Manfredonia (Italy). Mod-
eling results show that CO2 capture rates can vary from 
30 to 85%. The input thermal power of concentrated 
solar power is between 50 and 175 MWth, and the opera-
tion is 12 h. A portion of this energy could be integrated 
into the power cycle for power generation, boosting the 
potential of the original combustion unit. In the end, the 
plant has an overall efficiency of 20–22%, while captur-
ing carbon dioxide, harnessing renewable energy solar 
and producing methane from carbon dioxide. Although 
CaL can be used for both TCHS and CCUS, a significant 
disadvantage is that at the required high temperature and 
high partial pressure of CO2, the sintering of CaO grains 
leads to gradual deactivation during cycling. However, 
researchers have proposed several techniques such as 
adding inert stabilizers Al2O3 [27], SiO2 [231], Sun, [158], 
to improve the performance and cycle stability of Ca-
based materials or doping CaO with binary metal com-
pounds of Mg and Fe by sol–gel method [265]. Han et al 
[102] proposed to synthesize CaO-based inert oxide-
stabilized composites by chemical vapor deposition pro-
cess, in order to prevent the deactivation of CaO due to 
sintering. The inert materials of the stabilizer include 
Al2O3, SiO2 and TiO2. Al2O3 produced the most stable 
composite during the experiments. The composite con-
taining only 5 mol.% Al exhibits an excellent CO2 absorp-
tion capacity, without any deactivation over 50 cycles 
and maintains an energy density of 1.50 GJ/t, which cor-
responds to the theoretical maximum 87% of the total. 
This high stability is attributed to a unique synthesis 
strategy in which thermally stable oxide nanoparticles are 
deposited on the surface of CaO grains and prevent their 
aggregation and overgrowth.

At present, TCHS in the direction of CCUS is mainly 
based on the CaL, which can not only capture CO2 in 
the atmosphere but also store heat. However, after many 
cycles, the overall carbon capture efficiency decreases 
due to the effect of sintering, therefore, it is of great sig-
nificance to develop stable new heat storage materials 
and design new catalysts for CCUS systems.

6 � Future development and challenges
Carbon neutrality is becoming increasingly important 
as the world grapples with the threat of climate change. 
Many countries and organizations have set ambitious 
goals to achieve carbon neutrality within a certain period 
of time, achieving net zero carbon emissions by 2050. 

To achieve carbon neutrality, carbon emissions can be 
reduced as much as possible through measures such as 
improving energy efficiency, switching to renewable 
energy sources, and reducing waste. Utilizing the exist-
ing TES technology to store and release thermal energy 
to ensure the thermal stability of time and space can also 
help achieve carbon neutrality. Nevertheless, TES tech-
nology still faces challenges in power generation, build-
ing, transportation, life sciences, and society. In addition, 
to achieve carbon neutrality requires the joint efforts of 
policy measures, technological innovation, personal and 
social change and so on.

In view of the comparisons of different types of TES 
already presented in Tables 2, 3, and 4, the problems that 
need to be solved and the directions of research for the 
application of TES technology in different aspects of car-
bon neutrality in the future are as follows.

(1)	 Taking water as an example, in order to improve the 
efficiency of SHS, the thermal stratification of water 
in the heat storage tank should be strengthened 
in the future, and the flow rate of water inlet and 
outlet and the size of the heat storage tank should 
be strengthened. Measures such as adopting more 
cost-effective insulation technology and reducing 
heat loss to the outside world. In the future, new 
SHS materials will be developed to improve the 
heat storage density and thermal stability of SHS 
materials. In terms of system design, it is neces-
sary to consider multiple aspects of heat transfer, 
storage, and release to optimize the SHS system to 
improve the energy conversion efficiency and ser-
vice life of the system.

(2)	 For LHS technology, the core is PCM. At present, 
the heat storage density of existing PCMs is lim-
ited, and problems such as phase separation, super-
cooling, and low thermal conductivity are prone 
to occur in long-term use. Future research can 
explore new heat storage materials, such as devel-
oping thickeners, nucleating agents, and high ther-
mal conductivity agents to improve heat storage 
density and thermal stability. At present, micro-
encapsulated PCM technology can increase the 
surface heat transfer area, prevent PCM leakage, 
and solve problems such as supercooling. There-
fore, encapsulating PCM technology is a promising 
approach to improve the performance of LHS in 
the future. In addition to the combination of LHS 
technology with traditional solar energy, it can also 
be combined with ground source heat pump sys-
tems and biomass water heaters in the future to 
achieve more efficient energy conversion and utili-
zation efficiency.
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(3)	 In future, TCHS should focus on the development of 
low-cost, long-life, high cycle stability heat storage 
materials and improvements to the reactor to reduce 
investment costs, matching and control of chemical 
reaction rates and heat transfer rates. For the selec-
tion of reactant materials, the TCHS materials with 
optimized environment, wide source range and high 
catalytic performance should be selected as far as 
possible. The design of the TCHS system should also 
take into account the optimization of the entire heat 
storage system, including heat storage, heat transfer 
pipes, and control systems, etc.

7 � Conclusions
In response to the energy crisis and the emission of 
GHGs, TES technology has played a very important role 
in achieving the goal of global carbon neutrality as soon 
as possible. This article summarizes the application of 
SHS, LHS and TCHS technologies in different zero-car-
bon fields in recent years. The heat storage mechanism of 
different types of heat storage methods is summarized, 
and the application of heat storage methods in differ-
ent zero-carbon situations and the future improvement 
direction in the zero-carbon field are discussed. The 
details are as follows.

(1)	 To describe the performance of the TES method, it 
can be described in terms of heat storage density, 
investment and operating costs, cycle stability and 
energy storage efficiency. According to the heat 
storage density, the maximum heat storage den-
sity is TCHS, the heat storage density can reach 
1000 MJ/m3, followed by the LHS of 300–500 MJ/
m3, and finally the SHS with an average energy stor-
age density of 100  MJ/m3. The cost of SHS is low, 
while the cost of TCHS is high. Considering the 
cycle stability and energy storage efficiency, TCHS 
can be stored for a long time for several years with-
out loss, LHS can store heat across seasons, while 
SHS heat storage capacity can only be maintained 
for a few days.

(2)	 For zero-carbon buildings, mainly refers to domes-
tic hot water, space heating and HVAC, high ther-
mal inertia materials are generally used, and also 
can be used in the building field with low heat dis-
sipation such as groundwater and underground soil. 
However, SHS heat storage occupies a large vol-
ume and is heavily influenced by temperature. At 
present, building materials are filled with organic 
PCMs with suitable phase change temperatures 
such as paraffin and fatty acids, which can absorb 
solar radiation heat during the day and improve the 

thermal comfort of buildings. In addition to sensi-
ble and latent heat methods, using TCHS methods 
currently available are solid adsorption methods, 
which are stored or released in buildings through 
hot water pipe networks or solar heat.

(3)	 For zero-carbon power generation, it can be divided 
into CSP and PV power generation, while CSP 
is usually divided into two categories: DSPG and 
ISPG, direct steam generation usually uses high-
temperature molten salt, fluidized particles, etc., to 
generate steam through heat exchange in the tower 
collector, while indirect steam generation uses the 
high heat storage characteristics and heat storage 
characteristics of molten salt and alloys in PCM. 
For TCHS, the use of chemical reaction heat stor-
age, the high temperature heat of solar radiation is 
stored, and the heat is released to generate steam 
for power generation. PV power generation mainly 
using PCM to regulate the surface temperature of 
PV panels during the day to improve photoelectric 
conversion efficiency.

(4)	 For zero-carbon transportation, the main discus-
sion of this review is that the current fuel vehicles 
and EVs are the research objects. For fuel vehicles, 
the use of PCMs is mainly to preheat the vehicle 
engine and improve the cooling efficiency of the 
vehicle cooling system. For EVs, the TES method 
is mainly to dissipate heat from the battery pack, 
using air or liquid as sensible heat to dissipate 
heat, which has low heat dissipation efficiency and 
uneven temperature. PCMs are used to store heat 
around the battery pack, it can reduce the maxi-
mum temperature and improve the uniformity of 
the battery, and the use of PCMs in winter can keep 
the battery warm.

(5)	 For zero-carbon life science, this paper focuses on 
the application of heat storage technology in food, 
textile and medical treatment. Among them, the 
low-temperature heat storage material hydrated 
salt solution is relatively mature in low-temperature 
preservation of food, and the problems of phase 
separation and supercooling also need to be solved. 
If the phase transition temperature is not much dif-
ferent from body temperature, it can be used in tex-
tiles, and heat storage materials with good biocom-
patibility can be used in medical treatment for drug 
delivery. In the future, more efficient and stable heat 
storage materials need to be developed.

(6)	 For zero-carbon society, carbon capture can funda-
mentally reduce the concentration of GHGs, car-
bon storage and carbon utilization can store CO2 
permanently in the ground and oceans, or convert 
CO2 into valuable chemicals and products, reduc-
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ing dependence on fossil fuels. Heat storage technol-
ogy can be used in the adsorption and desorption 
cycle in carbon capture, absorbing greenhouse gases 
such as CO2, and releasing heat during the desorp-
tion process. Especially in industry, areas with rich 
waste heat resources such as iron and steel plants 
and cement plants can capture and store CO2. In 
addition, the use of CaL in the TCHS process can 
also capture CO2 into CaCO3. It should be noted that 
sintering phenomenon is prone to occur during CaL, 
so the development of carbon capture materials with 
high cycle life is very important in the future.

8 � Nomenclature
Tinitial   Initial temperature of heat storage material (°C)
Tmelt    Phase transition temperature of heat storage mate-

rial (°C)
Tfinal     Final temperature of heat storage material (°C)
Cp, s      Solid specific heat capacity (kJ/kg·K)
Cp, l      Liquid specific heat capacity (kJ/kg·K)
ΔH       Phase transition enthalpy (kJ/kg)
m         Mass of heat storage material (kg)
A/B     TCHS reactants
AB       TCHS products

Abbreviations
TES	� Thermal Energy Storage
IPCC	� Intergovernmental Panel on Climate Change
IEA	� International Energy Agency
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