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Abstract 

Thermal energy storage is a promising approach for alleviating the mismatch between the 
energy supply and demand, utilizing renewable energy sources, exceed electric and industrial 
heat. Thickening and gelling agents are additives used in thermal energy storage area to 
address the stability and shape stabilisation of thermal energy storage materials, which are 
main challenges in thermal energy storage technology deployment. This paper is the first 
comprehensive review of thickening and gelling agents used in thermal energy storage (TES) 
applications. An insight is provided regarding recent progress in this area, covering the 
classification and mechanisms of the thickening and gelling agents, The impact of the 
thickening and gelling agents on the physical properties of different fluids is discussed to 
further address the role of thickening and gelling agents in the field of TES. Following the 
discussion of the state of the art of thickening and gelling agents in TES, a standard 
preparation methodology and associated evaluation process are proposed with the 
establishment of a thickening and gelling agent database which provide a guidance for the 
screening and formulation of composite TES materials. Even though the thickening and 
gelling agents have a promising role in enhancing the TES system performance, further 
investigations are needed to tackle the issues that limits their usage such as cost and 
standardisation. 
 
Highlights 

• Reviewing and classifying the different thickening and gelling agents available in the 
literature used in different applications 

• Assessing and discussing the possible materials available in the literature that could 
be used in thermal energy storage technologies 

• Generating a data base of the thickening and gelling agents, listing their main 
characteristics that need to be considered in use/have significant effect on the 
mixtures 

• Providing a selection tree to help to identify possible thermal energy storage 
thickening and gelling agents depending on the working temperature and base fluid 
characteristics 

• Reviewing and highlighting the effects and challenges of using thickening and gelling 
agents in thermal energy storage 

 
KEYWORDS: thermal energy storage; phase change material; thickening agents; gelling 
agents; form-stable 
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List of abbreviations 

CMC Carboxymethyl cellulose 

HPEC  Hydroxypropyl ether cellulose 

PCM Phase change material 

PAAm Polyacrylamide  

SAT Sodium acetate trihydrate 

SAP  Super-absorbent polymer  

TES Thermal energy storage 

TCM Thermochemical material 
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1. Introduction  

Thickening and gelling agents are additives that create stiffness, stabilize emulsions or form 
gels when dissolved or added into a dispersing phase. Depending on the agents used, the 
thickening effect varies from low viscosities at a fairly high concentration to high viscosities 
at concentrations below 1% (majority). 
 

 
Figure 1 Applications of thickeners and gelling agents 

Thickening and gelling agents play a key role in many industrial sectors [1] [2]; see Figure 1 
for a summary. In the pharmaceutical industry, they are used to make stable semisolid 
formulations (e.g. gels for easy spreading by pressure or friction to deliver drug dosages 
externally [3]). They are employed in the food industry for making soups, gravies, salad 
dressing, sauces, and jams to restructure the food material and provide food a particular 
texture, taste, and mouthfeel that improve the overall eating experience [4]. Fine chemicals is 
another important sector where thickening agents provide a method to tailor the rheological 
properties and improve stability, feel and flow [5]. Thickeners and gelling agents have also 
been used in textile colorants and paints; an example is the use of polyacrylic acid as 
thickener for textile printing. In the petroleum and explosives sectors, guar gum and its 
derivatives are used in the fluid’s fracturing process to help keep the proppants within the 
fluid [6].  
The use of thickening and gelling agents in thermal energy storage (TES) for improving 
thermal performance has a low visibility so far, although this has been ongoing for more than 
20 years (relatively new compared with hundreds of years in other areas of applications). 
Thermal energy storage is traditionally classified into sensible, latent and thermochemical 
storage [7], as shown in Figure 2. Sensible storage materials store thermal energy by 
changing material temperature, and the energy stored in a sensible storage material depends 
on its specific heat and the operation temperature range. Latent storage materials store 
thermal energy through an isothermal process during phase change (solid-solid, solid-liquid, 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/gelling-agent
https://www.sciencedirect.com/topics/engineering/proppants
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etc.) and are therefore also called phase change materials (PCMs). PCMs in practical 
applications mainly utilise phase change transitions considering the balance between thermal 
energy stored and complexity of the system design. Thermochemical storage materials store 
thermal energy through reversible chemical reactions and/or sorption processes.  

 
Figure 2. Overview of thermal energy storage technologies with a specific focus on materials [8,9] 

At the material level, TES currently faces several profound challenges which can be 
addressed by using thickening and gelling agents, particularly those related to stability (phase 
segregation) [10], supercooling [11], leakage, shape stability and volume change. However, 
the impact of the use of thickening and gelling agents is a double-edged sword as their 
introduction can also result in reduced crystallization and heat transfer in some cases [12].  
 

1.1 Thickening and gelling agents for thermal energy storage materials 

Challenges in TES materials that affect their performance and industrial uptake are associated 
with their reliability which depends on their physical and chemical stabilities during cyclic 
charging/discharging processes. Strategies to tackle these challenges are currently being 
studied and assessed. Some of them involve the incorporation and optimization of thickening 
and gelling agents in TES material formulations with the aims of preventing composition 
segregation, minimising volume change, and achieving leakage-free/shape stability. 
  

1.1.1 Cycling stability 

Incongruent phase change or phase segregation is one of the main challenges that a latent 
heat based TES material (PCM) often occurs during thermal cycling. For instance, in a salt 
hydrate solution, when it is supersaturated with the salt in the liquid phase, solid salt crystals 
are formed, and sediment at the bottom of the container due to gravitational force. During 
discharging, water-rich phase at the top of the solution cannot be bound with salt at the 
bottom to form the salt hydrate that leads to phase separation after thermal cycling. The 
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addition of thickeners and gelling agents has been studied to reduce solid to reduce solids 
settling [13].  
 

1.1.2 Supercooling 

Supercooling describes the postponement phenomena of crystallisation during a liquid-solid 
phase change. The degree of the supercooling is the temperature difference between the 
melting and the freezing temperature as follows: 

 
where  denotes the degree of supercooling, Tm is the melting temperature and Tf is the 
freezing temperature. 
This phenomenon significantly affects their industrial applications where a narrow and 
accurate working temperature range is required. Solutions to reducing/eliminating 
supercooling to enable energy release when needed are often based on how the phase 
change/crystallisation is triggered; see Figure 3 for an illustration. 

 
Figure 3 Methods to induce crystallisation event [14] 

The mechanisms of inducing crystallisation in a subcooled liquid can be broadly classified 
into three categories: surface contacting, electrical and mechanical inducement. Surface 
contacting is the most common and effective ones, especially the seeding method. Seeds act 
as nucleators that helps the system to overcome the nucleation energetic barrier and initiate 
crystallisation event. The introduction of thickening/gelling agent have a remarkable impact 
on the supercooling degree of stable compounds over charging/discharging cycles. Kensarin 
et al. [15] studied sodium acetate trihydrate (SAT), an abundant and low cost PCM candidate. 
The use of thickeners and nucleating agents results in a low degree of supercooling, 5°C and 
a good chemical stability after 1000 cycles. 
 

1.1.3 Immobilisation 

Thickeners and gelling agents have been used to formulate composite PCMs to achieve a 
high viscosity and form-stability during thermal cycling. Gel is a three-dimensional network 
that can hold the fluid within its semi-rigid structure [4] and hence prevent leakage. Saeed et 
al. [16] prepared a form-stable gel using a methyl palmitate/lauric acid mixture as a PCM, 
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graphene nanoplatelets as a thermal conductivity enhancer and 2-hydroxypropyl ether as the 
gelling agent, and demonstrated the form-stability.  
Large volume changes during a phase change or a thermochemical process affect the 
mechanical properties of TES materials as well as the device design. Take the device design 
as an example, the volume change implies the TES device need to accommodate 
expansion/contraction, which can complicate the design affect the cost. Hua et al. [17] 
studied the use of different thickeners for sodium acetate trihydrate based PCM formulation, 
and found that they can not only prevent the phase segregation, but also reduce the volume 
change of the composite to around 5%. 
 

1.2 Scope and structure of the review 

As mentioned earlier, although there have been lots of studies on the thickening and gelling 
agents in various industrial sectors and a few reviews related to food [18] [19], cosmetics [5] 
and pharmacy [20], they are far from comprehensive with little information on composition 
and mixing process and their effects on the final mixture. In the TES field, the use of 
thickening and gelling agents has not been systematically assessed, not their optimal use. 
This article aims to provide a comprehensive review with a specific focus on the use of 
thickeners and gelling agents in thermal energy storage materials for the first time, covering 
the following:  

- Thickening and gelling agents are classified in Section 2 according to their main 
characteristics. A corresponding database is established for the first time to guide the 
agent selection process. 

- Three different mechanisms are highlighted in Section 3, providing a fundamental 
understanding for the thickening/gelling behaviour. 

- Section 4 and Section 5 then assess and discuss the use of these agents in TES, 
followed by a selection tree to help identify possible TES thickening and gelling 
agents based on the working temperature and base fluid characteristics 

- Finally, reviewing and highlighting the effects and challenges of the use of thickening 
and gelling agents in TES materials in Section 6 provide a comprehensive review in 
the field. An outlook is given to the future use of thickener and gelling agents in the 
TES field.  

 

2. The classification of thickening and gelling agents 

Thickening/gelling agents can be classified based on their sources, thickening mechanism, 
degradability, etc [21]. Figure 4 shows a classification based on their sources, that the 
thickening/gelling agents can be divided into three main categories of synthetic, semi-
synthetic or natural sources. These categories are further sub-classified according to their 
chemistry properties, either organics or inorganics. A few representative candidates under 
each category are listed. Most agents are organic except for those from minerals. Exudates, 
seeds, microbial polysaccharides, animal extracts and pure plant extracts are all very popular 
thickening and gelling agents in industry. They are also abundant as all of them are nature 
material. Synthetic and semi-synthetic agents are mostly polymers with different functional 
groups while semi-synthetic agents are modified nature materials.  
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Figure 4 Classification of thickening and gelling agents [22] 

 
Table 1 lists the properties of well recognized thickening/gelling agents. The most commonly 
used thickening/gelling agents are listed in the table and classified by their type - whether 
they can act as a thickening, gelling, emulsifier or a stabiliser agent; by their solubility in 
water; by their ionic exchange and structure; and by their applications: food, cosmetics, 
pharmaceutical, textile, printing/packaging or petroleum industry. Besides, a column of the 
table is dedicated to specifying the compatibility and incompatibilities with other materials 
and another to parameters affecting the workability and formation of the agents. This is to 
give an overview of the preparation of the agents and the prediction of their performance 
under practical conditions. In this regard, the reversibility of the agent-type of transformation 
is also compared in Table 1 as reversible, irreversible, or subjected to other effects (e.g. 
shear-thinning, pseudoplastic, etc). 
Most of the agents listed have good solubility in water regardless of the type and the ionic 
charge except that carrageen, agar and cellulose derivates are only soluble in water at 
relatively high temperatures (above 70 oC). All anionic agents are reversible whereas most of 
the non-ionic agents are irreversible. Because the ionic type data of some agents are missing, 
a more comprehensive analysis is only possible after further investigations are made. The 
mechanism of this phenomenon should be studied in the future. The percentage normally 
used are ranged from minimum to maximum, those are normally up to 5 wt. %, which 
indicates that with a small amount of the agent, the rheological property of the solution is 
significantly changed. Amongst all the agents, Agar, Pectin and Carrageenan function at the 
ratio of less than 1 wt. %, making them widely used in many industrial areas such as food, 
leather, textile, pharmaceutical and healthcare. Except for Xanthan gum which is only used in 
food industry, all agents work in food and Pectin industries. Only cellulose derivatives and 
modified starch are currently used in cosmetic industry and cellulose derivatives is the only 
agent used in petroleum industry. Printing/packaging/paper coating sectors requires excellent 
stability of the agents and exudate, seed gum are used in this area. 
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The most versatile agent is seed gum as it can be used as thickening, gelling, emulsifier, and 
stabiliser agent. This will be explained in depth in the following sections for each of the 
agents described. 
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Table 1 the properties of commonly used thichening/gelling agents 

Agent Type Ionic 
charge 

Structure Solubility Applicat
ion 
usage 
(ratios) 

Compatibility Factors 
affecting the 
properties 

Performance 

Agar 
[4,23,24] 

T, G, 
S 

- Heteropolymer/lin
ear 

Water 
soluble in 
boiling water  

F, P, L 

0.2-2% 

√ locust bean gum, high 
sugar concentrations (~60%) 

x with oxidizing agents/ 
proton, scavengers, urea and 
guanidine will block the 
gelling process by impeding 
the formation 

Not suitable 
for acidic 
conditions 
(pH<4) 

Reversible  

Alginate 
[4][25][26] 

T, G, 
S 

- Homopolymer/het
eropolymer 

linear 

Water 
soluble  

F, P 

1-2% 

 Associated 
solution, 
alginate 
molecular 
length 

 

Irreversible/shear
-thinning 

Cellulose 
derivatives 
[23,27–30] 

T, E, 
S 

anionic Homopolymer Water 
soluble in 
boiling water 

F, P, C, 
O 

1-4% 

√ compatible with a wide 
range of natural and 
synthetic water-soluble 
polymers 

 

x Possibly salt-out at high 
temperature or inorganic salt 
concentrations 

Present of 
salts/the order 
of addition 

Reversible with 
condition/ 
pseudoplastic 

Carrageenan 
[21] 

T, G, 
S 

anionic linear Water 
Soluble at 
temperatures 

F, P 

0.5-3% 

 associated 
salts 

Reversible 
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[25][31][32]  
 

above 70oC 

Exudate gum 
[23,24,31] 

T, E - Heteropolymer Water 
soluble 

F, P, L, 
D 

3-5% 

√ compatible with most 
gums and starches 

 

x sodium alginate, agar gels, 
microbial 

Particle size, 
material mesh 
and heating 
time 

Reversible/pseud
oplastic 

Modified 
starch 
[4,24,33] 

T, G, 
S 

Non-
ionic 

 Water 
soluble 

F, C, P, I  Gelling 
spread, steric, 
ionic, covalent 
or electrostatic 
effects 

Irreversible/ 
shear-thinning 

Pectin 
[31][24] 

T, G, 
S 

 Heteropolymer/ 

Linear (branched) 

Water 
soluble 

F, P 

0.1-4% 
(low 
methoxy
) 

2-4% 
(high 
methoxy
) 

√ alginate at PH<4 

 

 x generally no compatible 
with other hydrocolloids 

Mixer speed, 
temperature 

Reversible for 
low methoxy 
pectin / 
pseudoplastic 

Seed gum 
[23,31,33][4
][34]  

T, G, 
E, S 

Non-
ionic  

branched Water 
soluble 

F, P, L, 
D 

borax, calcium/ xanthan 
gum, locust bean gum and 
sodium alginate (synergistic) 

Temperature/ 
vigorously 
shaken 

 

 

Shear-thinning  

Xanthan gum 
[4,23,27,33,
35] 

T, G Highly 
anionic 

Heteropolymer Water 
soluble 

F 

1-3% 

√ high concentrations of 
salts, most acids, thickeners 
(starch, carrageenan, 

Temperature 
up to 300oC 

Reversible  

pseudoplasticity/ 
high shear-
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cellulose derivatives, gelatin 
and alginates)  

 

x dairy proteins, if the 
system is acidic or heat-
processed 

thinning 

 
T: thickening agent  

G: gelling agent 

E: emulsifier 

S: stabilizer 

F: food 

C: cosmetic 

P: pharmaceutical & healthcare 

L: leather & textile 

D: printing/packaging/paper coating 

O: petroleum industry 
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2.1 Agar 

Agar is a seaweed hydrocolloid, or phycocolloid with a long history of use as a gelling, 
thickening and stabilising food additive [24]. Agar is insoluble in cold water but can be 
hydrated to form random coils in boiling water (melting point 80-90°C). As is shown in 
Table 1, the agar gelation process is reversible, which means the gelation state can withstand 
repeated heating/cooling without significant change in the mechanical properties. When the 
pH is below 4, or oxidising agents exist in the system, agar stops functioning. Agar forms 
gels at a concentration of around 0.2%. The gel strength is strongly influenced by 
concentration, pH and sugar content. High sugar content (>60%) has shown to enhanced the 
gel strength [24]. 

 

2.2 Alginates 

Alginates are reported as one of the most significant hydrocolloids used in food, which is 
extracted from brown seaweeds. It is a versatile agent as it can be used as thickening, 
stabilising, gelling and film-forming agent and it is soluble in both hot and cold water. 
Researchers reported that the dissolution rate depends on the particle size of the alginates. 
Smaller particles dissolve fast and have higher chance to agglomerate and form lumps [36]. 
With the presence of calcium ions promote the formation of a stable cold-setting gel network 
which allows it to work at a wider range of temperatures [23]. The alginates gel is 
particularly resistant, shear irreversible and heat stable [24]. However, alginates solution 
exhibits shear-thinning properties and it is affected by the composition of solution system 
because of the molecular weight redistribution of alginates. 
 

2.3 Carboxymethyl cellulose (CMC) 

Carboxymethyl cellulose (CMC) is a cellulose derivative commonly used as a thickening 
agent, stabilizer and emulsifier. It has been intensively applied in the TES fields especially 
the cold energy storage systems[37][38]. Like alginates and guar gum to be introduced in 2.5, 
CMC is also soluble in both cold and hot water. The rheological behaviours of CMC in 
aqueous dispersions depend on the factors such as concentration, molecular weight and 
degree of substitution. When the powder formed CMC contacts water, the particles tend to 
agglomerate because of the rapid hydration of cellulose gum [24]. With the presence of 
divalent and trivalent ions, CMC forms weak gels at above 52 °C. The polymer chain length 
affects the viscosity and solubility of CMC. Shortening the chain will increase solubility and 
decrease the viscosity [24]. The presence of salt affects the cellulose gum solutions. 
Monovalent salts have little impact on the solution characteristics while divalent salts have 
significant impact on it. Therefore, CMC should be fully hydrated before the salt is added. 
 

2.4 Carrageenan 

Carrageenans are polysaccharides (galactose) with various degree of sulfation (between 15% 
and 40%) [39]. They are extracted from red seaweeds and can be used as thermo 
reversible gelling agents and thickening agents. There are three main commercially available 
classes of carrageenan: kappa, iota, and lambda. They are all soluble in hot water, but only 
the lambda form is soluble in cold water without forming a gel. Only iota/lambda are soluble 
in salts. Among them, κ-Carrageenan is the most used, while λ-Carrageenan is the least 
utilized because it is very expensive to produce [40]. The gels formed by ί-carrageenan have 
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much more flexible textures and are less sensitive to shearing than the others. Iota network is 
formed by a series of double-helices and kinks form a transparent, elastic gel [24]. 
Mechanical disturbance can easily break this loose network. However, the network reforms 
quickly once the mechanical disturbance ceases. The gels formed in the solutions of κ- and ι-
types upon cooling. They are stable at room temperature, melt by heating and recover upon 
cooling without loss of gel strength or texture in neutral conditions [22]. 
 

2.5 Guar gum  

Guar gum is a polysaccharide of galactose and mannose, which is obtained from the 
plant Cyamopsis tetragonoloba [39]. This agent can be dissolved in both hot and cold water. 
The gelling capability of guar gum is considered weak, which makes it mostly studied as 
thickening substance. The gel structures unstable at the temperature above 90 °C and pH 
values below 3.5 because of the depolymerisation [24]. As a thickening agent, it presents a 
high viscosity at low concentrations. The addition of borate ions to guar gum solutions causes 
the increase of gelation rate. The addition of monovalent cations have no effect on its 
thickening ability, while an addition of di- or trivalent cations also leads to a viscosity 
increase. However, its viscosity is decreased with the addition of polyols. Besides, the 
addition of guar gum to gelling polysaccharides such as agar increases the strength and 
elasticity of the gels [22]. 
 

2.6 Gelatine 

Gelatine is a collagen material obtained from animal tissues. It has been used in a wide range 
of food and pharmaceutical applications. Commercial gelatine products vary from the form of 
fine powders to flakes. In general, it shows high solubility in water as it can absorb 5-10 
times its own volume of water. Gelatine solution is in general considered not viscous, 
although it shows Newtonian fluid behaviours above 40oC [24]. The viscosity of gelatine 
solution depends on a range of parameters: temperature, concentration, ionic content and pH. 
The gelatine gel is thermoreversible. The melting point of it is as low as 37oC. 
 

2.7 Modified Starch 

Starch is one of the most important polysaccharides and is a major component of many plant-
based food such as wheat, corn, potato, etc. Modified starch is available in various of range 
and differentiated grades based on the type of the raw materials and the production process 
[24]. Starch is used in a very wide range of applications such as food, cosmetics, paper, 
textile, and certain industries, as adhesive, stabilizer, thickening and gelling agents. When the 
temperature increases over the thickening point of the starch, the suspended starch granules 
swell and absorb water until reach the maximum volume. A gel-like structure is then formed 
with heating. 
 

2.8 Polyacrylamide 

Polyacrylamide (PAAm) is a commonly used non-ionic water-soluble polymer in 
pharmaceutical, cosmetic and oil recovery applications. PAAm is formed by polymerization 
pf acrylamide with either inorganic crosslinkers (e.g. chromium) or organic crosslinkers such 
as phenol and polyethyleneimine [41]. The viscosity of PAAm solution is sensitive to high 
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temperature and inorganic salts. The latter is caused by the reaction between salt and 
carboxylic group that hydrolysed from amide groups when presented in aqueous solutions 
[42]. It can remain chemical stability in various conditions.  
 

2.9 Xanthan gum 

Xanthan gum is a long-chain polysaccharide produced commercially in a batch fermentation 
process [24]. Given its soft texture, xanthan gum is widely used as a thickening agent or 
viscosity modifier in both food and non-food industries. Therefore, most of the studies are 
focused on Xanthan’s thickening property while it is considered both a thickening and gelling 
agent. It can also work as a stabilizer in a wide variety of suspensions, emulsions and 
foams. It can be dissolved at room temperature, while hydration time is reduced with the 
increase of mixing speed, temperature and higher particle sizes. It is recommended to hydrate 
xanthan in water before adding salt in the mixture because xanthan has very good salt 
tolerance (up to 20–30% salt) while it is hydrated. Besides, xanthan has a great stability over 
a wide pH (2.5-11) and temperature range (up to 300°C). Owing all the pros it is widely used 
in TES applications [37][43]. However, the biodegradation and mildewing issues of xanthan 
require more attention.  
 

3. Thickening and gelling mechanisms 

Thickening agents are additives used to increase the viscosity of a fluid, whereas gelling 
agents are added into a fluid to form a structure called gel. According to IUPAC, a gel is a 
non-fluid colloidal network or polymer network expanded throughout its whole volume in a 
fluid that has a finite (generally small) yield stress [44]. Attributed to the cross-link 
mechanism gel can be formed through physical or chemical interaction [45].  
As is discussed in Section 2, the distinction between thickening and gelling agent can be 
sometimes difficult to define, as a limited cross-linking process can also thicken the solution 
[23]. The extent of the thickening achieved is affected by the thickening behaviour of the 
material used, the suspending medium, ions concentration, temperature and pH [4]. By 
varying those factors, the flow properties of the dispersing medium can be changed to 
achieve the required properties. In this paper, the different mechanisms of thickening and 
gelling are discussed in detail. 
Gelling and thickening additives modify the rheological properties of the solution, which can 
be attributed to different mechanisms, depending on the chemical nature of the additive. As 
shown in Figure 5, three different mechanisms are listed: non-associative, associative 
(physical), and chemical. Thickening agents follow non-associative or associate (physical) 
mechanisms. Gelling cross-linking can be formed depending on the dominant mechanism, 
with strong or weak interactions. Weak ones refer to the physical interactions, whereas the 
strong ones are chemical interactions in the formation of covalent bonds [46]. 
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Figure 5 Cross-linking methods for chemical gelation 

 
3.1 Non-associative mechanism  

According to the non-associative thickening mechanism, the thickening of the fluid occurs 
through the entanglement of high molecular weight polymer chains, (hundreds of thousands 
to several million) which determines the thickening efficiency. The entangled continuous 
phase and volume expansion result in an increase of the viscosity. This may cause the 
dispersed components to displace from the continue phase due to volume limit, and in some 
cases leads to particle flocculation. Non-associative thickeners are normally low-cost 
common materials from natural resources. These solutions normally have pseudoplastic 
behaviour and highly elastic properties [47]. 
 

3.2 Associative/Physical mechanism  

Associative thickeners are water-soluble or water-swellable polymers that contain several 
hydrophobic groups spaced along the polymer chains. It has a relatively low molecular 
weight compared to non-associative thickeners. A sufficient amount of hydrophobic end 
functional groups of the thickener are polymerized with other hydrophobic substances to 
form an overall net-link structure which increase thickening power. The behaviour of the 
associative thickeners changes significantly with the associative group, a stronger associative 
interaction will lead to higher viscosity.  
Gel physical cross-linking can be classified into hydrophobic interaction, hydrogen bonding 
or ionic interaction (or combinations of them) or complex coacervation. These gels are 
reversible and their strength is affected by the experimental conditions such as temperature or 
pH. Ionic interaction mechanisms are the ones that use di- or trivalent counter anions to 
crosslink the polymer. The counter ion concentration will affect the amount of crosslinks 
formed, hence the strength of the gel. Hydrogen bonding gels can be formed by modifying 
the pH or temperature of an aqueous solution where the polymer is dissolved [48]. 
Hydrophobic interaction refers to the formation of the gel due to the repulsion of the 
functional groups in the polymer, between hydrophobic and hydrophilic groups in the right 
experimental conditions. Complex coacervation is the formation of gels due to the interaction 
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of cationic polymers and anionic polymers, which interact together to form the gel network 
[49]. 
 

3.3 Chemical mechanism 

Gels chemical cross-linking occurs when the polymer chains have functional groups able to 
react and form covalent bonds. Depending on their nature and functionalization, the gels can 
be further categorised by their cross-linking method. 
Radical polymerization involves the formation of free radicals activating an initiator (light, 
temperature, or redox reaction) that leads to the formation of the polymer network. However, 
the chain polymerization can form a non-homogeneous gel structure which leads to inferior 
mechanical properties. Polycondensation refers to the obtention of polymers from 
bifunctional and polyfunctional monomers and the elimination of low-molecular weight by-
products (e.g. water or alcohols). Click reactions are high efficient (high regio- and 
chemoselectivity), have a moderate reaction temperature and have a fast reaction kinetics 
[50]. They can be used to form gels that are highly compatible with bioactive compounds, 
which make them suitable for biological applications [51].  
 

4. The impact of the thickening and gelling agents on material physical properties 

The use of thickening/gelling agents has profound effects on complex materials’ physical 
properties, particularly rheological behaviour and stability, which are discussed in detail in 
the following sub-sections. Although these are essential for the TES application, little 
attention has been paid on these impacts in the TES field. 
 

4.1 Rheological behaviour 

The viscosity enhancement is one of the most important effects of thickening/gelling agents. 
In this respect, the viscosity increment of the fluids ascribed by different mechanisms causes 
a change in the rheological properties of the TES material. Considering the rheological 
effectiveness of thickening/gelling agents, they can create three overall rheology profiles: 
Newtonian, shear thickening (dilatant) and shear thinning (pseudoplastic, also called 
thixotropic). Their correlation between shear stress and viscosity is presented in Figure 6.  

https://www.sciencedirect.com/topics/materials-science/byproduct
https://www.sciencedirect.com/topics/materials-science/byproduct
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Figure 6 The rheological behaviour of complex fluid systems [52] 

The rheological behaviour of a thickened liquid can be complicated. It is affected by the 
conformation (particle size, shape, aggregation), quantity of the thickening/gelling agent 
chains, shear rate and agitation conditions. For instance, it is reported by Song et al. [53] that 
xanthan gum solution exhibits a significant viscosity enhancement with increasing 
concentration and a marked shear thinning behaviour at high concentrations. It also is related 
to the presence of other substances, working condition such as temperature, and pH, etc. For 
instance, the viscosity of the aqueous starch solution keeps increasing owing to the 
continually swelling granules until 90oC, whilst further increase in temperature will result in a 
viscosity decline [54]. 
 

4.2 Operational condition 

The introduction of thickening/gelling agents increases the viscosity and stability of the 
system, prevents separation and, possibly controls the crystal formation during phase change 
[24]. As mentioned in the previous section, besides the agent type and concentration, suitable 
operational conditions are required for the thickening/gelling agents to achieve the best 
performance. Figure 7 shows the temperature/pH range for thickening/gelling agents. Beyond 
this range, the decrease in viscosity or system decomposition will occur. It is reported that the 
thermal degradation of the system is governed by three factors: macromolecular motion, 
solubilisation and molecular weight decreasing [55]. In addition, when using multi-agents, 
the compatibility of each agent can influence the system stability. The compatibility 
information of some commonly used agents can be found in Table 1.  
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Figure 7 The temperature/pH range for some commonly used thickening/gelling agents 

 

5. Thickening/gelling agents in thermal energy storage 

5.1 The state of the art 

As mentioned earlier, phase separation and incongruent melting have been affecting the 
practical implementation of TES technologies in many cases [35]. To address these issues, 
efforts have been made to immobilise TES materials by adding thickening/gelling agents. 
This section reviews a substantial number of papers relating to the use of thickening/gelling 
agents in the thermal energy storage sector. This section reviews a substantial number of 
papers relating to the use of thickening/gelling agents in the thermal energy storage sector. A 
summary is provided in Table 2 regarding the agents used, the base PCM, the working 
temperature, concentration used, preparation method, performance, cycling stability and 
thermal conductivity (when available). 
A systematic approach of screening thickening/gelling agent for improving the performance 
of TES materials is not yet available and it is affected by several factors. Therefore, different 
combination of the TES materials and thickening/gelling agents are studied by researchers. 
Ryu et al. [30] first studied the interaction of various salts with different thickening agents: 
super-absorbent polymer (SAP), CMC and potassium sulfate. SAP was found to be the most 
suitable thickening agent to prevent segregation of hydrate inorganic salts, whilst CMC was 
more effective for SAT. The use of some thickening agents, such as bentonite clay (added to 
Glauber salt) has been suggested to overcome the problem of phase segregation, which will 
bring in unwanted side effects such as reduced thermal conductivity that given the lower 
crystallization and heat transfer rate of the mixture [12]. Efimova et al. [56] prepared stable 
new ternary eutectic salt hydrates (zinc nitrate hexahydrate, manganese nitrate tetrahydrate 
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and potassium nitrate) through the incorporation of a nucleating agent and thickening agents. 
They explored the use of three different thickening agents: silicon dioxide, xanthan and 
methylcellulose (3% in weight). Silicon dioxide showed a poor performance after a few 
cycles; the mixture with methylcellulose has high viscosity after cycling but showed 
significant phase segregation; the only sample that showed no visible segregation was the one 
containng xanthan. Thus, xanthan stabilizes the PCM system without phase segregation while 
silicon dioxide and methylcellulose decrease the enthalpy fusion and increase the 
supercooling effect.  
Xanthan and CMC are two thickening/gelling agents that have been frequently used in the 
TES field. Xiao et al. [57] applied vacuum impregnation to fabricate SAT-xanthan copper 
form thermochemical material (TCM) module. The stability of TCM was enhanced greatly 
with the presence of 2 wt.% of xanthan gum. A more than 30oC of hysteresis reflected in the 
degradation temperature comparing with the pure TCM. The heat capacity of the module only 
reduced 5.9% after 200 melting and solidification cycles. Dannemand et al. [27] added 
xanthan to avoid the deposition of sodium acetate in the sodium acetate/water mixture. The 
thickening agent will help recombine the sodium acetate to the nearby water molecules 
during crystallisation process to form SAT, thus decreasing the phase segregation of the PCM. 
It was mixed with 2-3 g of crushed SAT before added into the melted mixture of SAT and 
graphite, to ensure that the xanthan was properly dispersed. The PCM complex with 
xanthan/graphite showed more discharge cycles and higher heat transfer rates than simple 
substance SAT, while no phase segregation was observed. The research also demonstrated 
that the performance of different thickening/gelling agent in the same TES material can be 
different. A least 5% of CMC or 1% of xanthan is required for a sufficient thickening effect 
in the SAT-graphite PCMs. Upon solidification, composites with CMC exhibit large cavities 
or big cracks, and yet large number of small cavities distributed within composites containing 
xanthan, as shown in Figure 8. These cavities have significant impact on the thermal 
conductivity of the SAT composite. Similar study was also conducted by the same group 
regarding the combination of SAT and CMC [58]. This study concluded that 1% CMC was 
the minimum quantity to achieve a stable and uniform mixture.  
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Figure 8 The view of cavities in different SAT complexes, Figure adapted from Dannemand et al. [27] 

 
Xiang Li et al. [59] studied the thickening effect of CMC in SAT-KCl-Al2O3 composites. The 
study demonstrated that the energy storage density decayed by 3.6%, and particles distributed 
homogenously within composites after 50 cycles. Wang et al. [60] applied CMC (1.5 wt.% 
regarding the TCM) during the encapsulation process of erythritol. Erythritol was mixed with 
the surfactant followed by the addition of the CMC and nucleation agent. Then the precursor 
of shell material and other additives were added subsequently. Then, an ultra-turrax high 
speed homogenizer and ultrasonication cleaner were used to further disperse the mixture 
respectively to form a water in oil (W/O) emulsion. After the process, the encapsulated 
erythritol composites underwent 200 thermal cycles. Capsules contain an average of 59 wt.% 
erythritol have shown favourable thermal properties with a 213.3 kJ/kg of energy density 
upon melting at 121.2oC, an 83.6% on supercooling depression, 29.2% of increasing on the 
thermal conductivity and excellent thermal stability. Zou et al. [61] reported, CaCl2·6H2O 
based composite was stabilized using 2% of methyl cellulose for air-conditioning application 
purpose. Results from the DSC measurements proved that no significant variation on the 
phase change temperature and energy density of the PCM along 50 thermal cycles. The 
supercooling degree increase to 3.5 then maintain unchanged.  
In addition to xanthan and CMC, Fu et al. [62] demonstrated that the combination of sucrose 
and fume silica can effectively suppress the phase segregation in SAT-urea systems, as 
shown in Figure 9. 2% of sucrose was mixed with the binary PCM and nucleating agent 
thoroughly in a seal container and heated up to 60oC. The melted mixture was mixed with 30 
wt.% of fumed silica (SiO2), then cooled down to form composite TCM. Fumed silica acted 
as both structure supporting component and temperature regulator, also contributed greatly on 
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the TCM stability. The energy storage capacity, physiochemical stability and crystallization 
behaviour of the TCM composite had minor variations after 200 cycles.  

 
Figure 9 The formulation of SAT-urea/SiO2 composite PCMs, Figure from Fu et al. [62] 

Saeed et al. [16] introduced a different cellulose, 2-hydroxypropyl ether cellulose (HPEC), to 
form a shape-stable form with a binary eutectic methyl palmitate-lauric acid mixture, which 
solved the liquid leakage problem. HPEC was mixed with methyl palmitate and lauric acid 
(60/40) based PCM at 50oC, as shown in Figure 10. Then the mixture was heated up to 70oC 
to achieve a better fluidity before dispersing nano-graphene platelets. Results suggest that 7.5 
wt.% is the optimal mass fraction of HPEC in the mixture because only all composites 
containing more than 7.5 wt.% of HPEC exhibit form-stable gel texture appearance. The 
leakage occurs when the HPEC mass fraction is below 7.5 wt.%. The thermal analysis shows 
HPEC did not alter the congruent melting behaviour of the eutectic PCM, and a reduction on 
the supercooling degree was also attained. Although the melting temperature, energy storage 
density and thermal conductivity of the complex had a minor decrease with 10 wt.% of HPEC, 
an outstanding reliable thermal performance was observed over 30 thousand thermal cycles, 
see Figure 11.  
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Figure 10 Images of (a) methyl palmitate and lauric acid eutectic mixture (b) form-stable gelled eutectic 

PCM and (c) thermally modified form-stable eutectic PCM, Figure from Saeed et al. [16]  

 

 
Figure 11 The DSC results of form-stable methyl palmitate and lauric acid eutectic PCM after different 

thermal cycling tests, Figure from Saeed et al. [16] 

 
Agrawal et al. [63] used a thickening agent to suppress phase segregation during the curing 
process of the epoxy-PCM composite. The authors selected carbopol, which is a cross-linked 
polyacrylic acid polymer, as the thickening agent due to its known ability to stabilize and 
suspend pharmaceutical products. It ensures minimal phase segregation during sample 
synthesis. The thickening agent was added (5% in weight) into the mixture following by the 
other fillers and then left to cure at room temperature. Wang et al. [64] added a 1% of 
gellatine intending to reduce the phase segregation phenomenon of barium hydroxide 
octahydrate. The gellatine powders are simply mixed using a glass rod in a test tube. With the 
introduction of gellatine, the phase segregation phenomenon is controlled but not stopped. 
Wang et al. [65] also selected PAAm to prevent phase separation from the SAT based 
thermal storage system. The identical mass fraction of PAAm and nucleating agent (1%, 
1.5% and 2%) were introduced to the melt SAT together before the mixture was stirred into a 
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homogenous state. Researchers indicated that with the presence of the nucleating agent, 
PAAm has less influence on the energy storage capacity compared to both carboxymethyl 
cellulose and xanthan. 1.5% of PAAm provided the best stabilization performance below 
120oC. In addition, studies show that thickening/gelling agents can also cooperate with other 
components such as surfactant to increase the phase stability of the TES materials. Fashandi 
and Leung [66] selected the CMC with an average molecular weight of 250,000 as the 
thickener coupled with the surfactant sodium dodecyl sulphate and other additives, blended 
with small SAT particles (< 53µm). 3% of CMC and 0.25% of sodium dodecyl sulphate 
effectively inhibited the phase segregation of the composite. 
From the discussion above, it is evidently that the addition of thickening/gelling agent 
increase the stability of the TES materials. However, adding more thickening/gelling agent 
does not necessarily guarantee a better performance. For instance, Wang et al. [67] studied 
different mass ratio of CMC in disodium hydrogen phosphate dodecahydrate composite. It 
shows that little CMC can be dissolved when its concentration reached 7 % in weight. 
Therefore the ideal working range of CMC is 0.5 - 7%. Other studies show a 3 wt.% CMC 
addition is enough to form a gel [68,69]. Apart from the solubility issue, the immobility of 
the material can be a limiting factor and bring complexity of the material filling in some cases, 
which is effected by the concentration and the molecular weight of the thickening/gelling 
agent. The addition of thickening/gelling agent also has a different degrees of negative impact 
on the latent heat or thermal conductivity of the materials in liquid state. The affect on 
supercooling on the other hand, is controversial in different studies. It is reported in Liang 
and Chen’s research that the addition of the thickening agent reduces the driving force of 
crystallization by the viscosity increment [70]. Zou et al. [61] claimed that the supercooling 
of the thickened composite PCM increased after cycling. Wu et al.[43] compared the 
supercooling of the magnesium chloride solution before/after adding xanthan. It shows as a 
thickener, xanthan did not affect the supercooling degree. For above reasons, a proper 
concentration of thickening/gelling for different TES materials need to be selected. A 
recommanded concentration range of thicken/gelling agents and other selecting criterial can 
be found in Table 1. Besdies, the selection and the preparion of the thickening/gelling agents 
are less explained whilst these are essential aspects for the utilisation of the 
thickening/gelling agents and minimise the inconsistency of the results. Therefore a 
comprehensive guidance is provided as follows for the screening and formulation of 
thickened TES materials. 
 

5.2 Selection of thickening/gelling agent 

A selection flow chart is proposed in this section for the selection of thickening and gelling 
agents according to TES technologies and applications. A guidance for researchers and 
practitioners to perform initial thickening/gelling agent screening is provided. 
As mentioned above, various of thickening/gelling agents are available on the market. To 
obtain the suitable candidates, several key properties such as the compatibility, operating 
conditions, viscosity profile, etc must be addressed. Here, a novel methodology applied to the 
TES field, where steps are guiding through the selection process (see Figure 12) is delivered. 
The first step is to evaluate the compatibility between the thickening/gelling agents and TES 
materials. This is done by identifying organic and inorganic agent and their intrinsic 
compatibility with the TES material selected. A miscible thickening/gelling agent is screened 
corresponding to the selected base materials, either organic or inorganic. In this step, it is 
important to bear in mind the goal of adding a thickening/gelling agent, e.g. increase 
viscosity, increasing the volume/size/percentage of the internal phase, etc. Once this has been 
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assessed, the operating conditions, which are defined by the TES material selected, are 
considered to narrow down the agent candidates. Stabilising the TES material at high or low 
temperatures must consider the specific gravity of the suspended material and its surface 
charge/modification. Besides, pH may change the effect of the agent as the pH will 
profoundly change the solubility and stability of the agent in the suspension. In this regard, it 
is important to consider the effect of the parameters at preparation temperature and at 
operational temperature to ensure the long-term stability of the mixture. The 
thickening/gelling agent candidates that meet the criteria above can be added into the TES 
material at different certain concentration. At this point, researchers should prepare and test 
the thickening/gelling agent material, exploring the minimum-maximum range of agent ratio 
in the TES material. The agent/TES material should be characterised to understand its 
performance under operational conditions. To that end, the viscosity profile of each 
concentration as well as the phase temperature after cycling stability studies are measured 
and compared. The cycling test need to be performed subsequently to study the stability of 
the composite TES material before putting into application. Once the agent/TES material is 
proved to work under operational conditions, the cost factor of this addictive is taken into 
account. This is the point, where the agent candidates are assessed as the final candidates, for 
the agent should not highly increase the cost of the base TES material. Generally, the agents 
are added in sufficiently low quantities, thus cost contribution might not be an issue, however 
is something to consider specially for when using synthetic agents.  

 
Figure 12 the thickening/gelling agents selection methodology for TES 
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Table 2 the properties of composites with thickening/gelling agents 

Agent Based PCM 

Final thermal properties of the composites 
Concentration 

(wt.%) Preparation Performance 
of the agent 

Cycling 
stability Ref. Latent 

heat 
(kJ/kg) 

Phase change 
temperature 

(oC) 

Thermal 
conductivity 

(W/m k) 

CMC 

CaCl2 · 6H2O– 
Ca(NO3)2 · 4H2

O 

116 
( 3%) 

21.4 
(Supercooling 

reduced 
~2.2oC) 

- 0.5 Mixing Reduced 
supercooling - [71] 

CaCl2 ·6H2O 
80wt.% 127.2 

 
11.62 

(supercooling 
degree 

increased to 
3.12 oC cycling) 

- 2 
Mixing with 
pre-prepared 

CPCM 
Thickening  50 

cycles [61] 

CaCl2·6H2O-
MgCl2·6H2O 

(20 wt.%) 

120.62 
( 1.9%

) 

27.39 
(Supercooling 
degree 0.59) 

- 0.5 Stir mixing Circulation 
stability 

100 
cycles [72] 

Mg(NO3)2·6H2

O - 
MgCl2·6H2O 

(60:40) 

147 
(after 

cycling 
100) 

57 (after 
cycling 51) - 1 

Placed with 
pre-prepared 

CPCM at 80oC 
for 24 hours 

Avoided 
phase 

segregation  

100 
cycles [73] 

Mg(NO3)2·6H2

O 

138 
(after 
cycles 
132.5) 

87.48 (after 
cycles 86.95), 
supercooling 

degree 
decreased 
20.39oC 

0.807 

3 (viscosity 
decreases 

above 3wt.% 
of CMC) 

Mixing agents 
in the 

complete 
melted PCM 
for 30 mins 

Thermal 
stability 

enhancement, 
but has minor 
effect on solid 
phase thermal 
conductivity 

50 
cycles [74] 
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CMC 

SAT 

227.54 52.5 - 4 
Mixing with a 
mortar and a 

pestle 
Thickening 50 

cycles [75] 

285.80 62.13 - 

3(CMC : 
silica gel- 

85:15 
mixture) 

Used in along 
with silica gel 
for thickening 

effect  

Reduced 
phase 

segregation 

10 
cycles [76] 

~250 
(after 5 
cycles 
loss 

2.27%) 

59.5 

1.85 

(with 2.5 wt.% 
ethylene 
glycol) 

5 

Mixing agents 
in the 

complete melt 
PCM for 30 

mins 

Thickening 
agent reduced 
aggregation 

5 cycles [77] 

- - 1.1 (with 5% 
graphite flake) 5 - 

At least 5% 
CMC is 

sufficient 
preventing 

phase 
segregation 

- [27] 

230-
240 58-60 

~1.2 (with 5 
wt.% 

nanocomposit
es) 

3 Dry blending 

Circumvent 
phase 

segregation of 

salt hydrates 

20 
cycles [78] 

- 58 - 3 Dry blending Non-effective 
to 

overcome the 
phase 

segregation of 
Na2CO3·10H2

O, good for 
low hydrates 

100 
cycles [30]  

Na2S2O3·5H2O - 48 - 3 Dry blending 100 
cycles [30] 

CMC/ nano Encapsulated 213.3 121.2 0.84 1.5 Dispersion by Thermal - [60] 
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Al2O3 59.2 wt.% 
erythritol  

ultra-turrax 
high speed 

homogenizer 
for 5 min, 

following an 
ultra-

sonication for 
another 30 

min. 

stability 
enhancement 

Xanthan SAT 

205–
210 - - 0.5 

Mixed with 
small amount 
of SAT, then 
slowly added 
into melt STA 

Overcome 
phase 

separation in a 
1.5m reactor 

40 
cycles [27] 

197.2 ~58 2.1 1.5 
Mixing at 
75oC with 
melt STA 

No leakage, 
nor 

deformation, 
good stability 

200 
cycles [79] 

Polyacrylamide SAT 264 57 - 1.5 Direct mixing 
Solved phase 

segregation 
problems 

- [65] 

Poliviniyl 
alcohol (PVA) 

Inorganic salt 
hydrates (i.e. 

Na2CO3 ·10H2O
) 

- - - 1-4 Direct mixing Noneffective 
to sal soda - 

[30] 
acrylic acid 
copolymer 
based SAP 

Na2CO3 ·10H2O  33  3-3.5  
Achieved 

homogeneous 
system 

150 
cycles 

Na2SO4 ·10H2O  32.35 - 2.9  
Effective 
overcome 

phase 

300 
cycles 
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separation 

Na2HPO4 ·12H2

O  50  3.5  
Eliminated 

phase 
separation 

200 
cycles 

SAT    3  
Non-effective 

for lower 
hydrate salts 

20 
cycles 

Sodium acrylate 
（PASS) Na2S2O3·5H2O 206.8 47.3 - 2 Mixed with 

melted PCM  
Good cycling 

stability 
100 

cycles [80] 

2-HPEC 

Methyl 
Palmitate/ 

Lauric Acid - 
60/40 (molar 

ration) 

165.6 24.29 ~0.34 10 

Mixed with 
PCM mixture 
at 50oC for 30 

min 

HPEC has 
negative 
effect on 
thermal 

conductivity, 
positive 

impact on 
supercooling 
and system 

stability 

36000 
cycles [16] 

Silica with 2% 
Sucrose 

SAT-urea non-
eutectic mixture 147.8 37.81 - 30 

Melt PCM 
mixture slowly 

added into 
SiO2 

Reduce 
supercooling 
and leaking 

200 
cycles [62] 

Silica Battery 
electrolyte - - - 30-40 

Simple mixing 
and settling, 

different 
temperatures 

require 
different gel 

times 

No liquid 
separation, 

high gel 
strength, Low 
concentration, 
small particles 
size are better. 
pH<2 is better 

- [81] 
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Oleic acid 
functionalized 

zinc oxide 
nanoparticles 

paraffine based 
mineral C15-

C50 oil 
- - 

0.155 for 0.1 
wt.% f-ZnO-
oil nanofluid 

at 59°C 

0.1-1 
Two step 

method and 
ultrasonication 

Enhancing 
thermal 

conductivity, 
increase the 
viscosity of 

PCM 

Stability 
increase
d up to 
5 days 

[82] 



30 
 

5.3 Preparation of a thickened composite TES system 

In this section the inputs on the preparation of the thickening/gelling TES material are 
provided. As reported in Table 2, the methods used for thickened TES composites are (1) 
Melting method; (2) Solution mixing method and (3) Dry blending. The mixing process can 
be commonly conducted with melt compounding and powder mixing. All those methods 
consist of three main steps illustrated in Figure 13, component weighing, mixing/stirring 
(either in melt or dry state) and the final homogeneous system. To formulate a thickened 
system, thickening/gelling agent is added into the TES materials with various of approaches. 
The mass ratio is needed to be optimised to meet the application requirement. Stirring 
improves the dispersion of the agents in the system to reach a homogeneous state. Specific 
conditions such as temperature, shear rate, etc. is required during this step (such as 
temperature activated agents, nanoparticles) to accelerate the thickening/gelling reaction. If 
there are other components such as thermal conductivity enhancement agent or nuclear agent 
in the system, in order to obtain a homogeneous system, the thickening/gelling agent is 
recommended to be added the last. This procedure depends strongly on the thermal property 
of each TES material and agent.  

A brief description of each of the preparation methods reported is given below: 

(1) Melting mixing method: The melt-and-mix method refers to the mixing technique of 
heating (and melting) the TES material to liquid state at a specific temperature and 
magnetic stirring conditions (on a hot plate for instance) before combining with the 
dry thickening/gelling agent; followed by a mixing step with agents that can be 
performed with stirring, ultrasonic, etc [83]. 

(2) Solution mixing method: this is a method based on a solvent system in which the TES 
material is soluble in the base fluid (e.g. water) and the agents are swellable in the 
solution. This method consists of two steps; the dissolution of the TES material (if it 
is soluble in water) while stirring and the addition of the agent once the material 
dissolved.  

(3) Dry blending: is the process of incorporating dry ingredients to produce a well-mixed 
dry product. The components normally have different particle size, thus sometimes 
the step of using a mill freezer is added into the preparation method [30], [66]. 

Most of the researchers use the melting mixing and the dry blending method (see Table 2) as 
they provide a simple approach to thickened material preparation. Some examples reported in 
the literature are described in the following: Ding et al. [73] introduced CMC into a well 
mixed composite phase change material at 80oC. The system then was held still for 24 h. 
Wang et al. [60] dispersed PCM and surfactant in the solvent at room temperature for 15 min. 
CMC or nano-Al2O3 were added subsequently with ultra-turrax high speed homogenizing for 
5 min, which is followed by an ultra-sonication at the same temperature for another 30 min to 
form the emulsion. More details are listed in Section 2 and the preparation section of Table 2. 
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Figure 13 the schematic diagram of the preparation steps of material thickening/gelling 

 

6. Outlook of the use of thickening and gelling agents in TES 

From the number of academic publications and patents in the last 20 years, thickening/gelling 
is clearly on an arising trend in the TES field; see Figure 14. Both gelling and thickening are 
seen to be of increasing interest according to scientific publications, whereas thickening is 
more reported in patents than gelling.  
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Figure 14 Publications and patents rate of thickening/gelling agents in past decades 

 
6.1 Summary 

Thickening and gelling agents that are currently used and potentially can be used in TES 
technologies are assessed first time in this review. The introduction of a small amounts of 
thickening/gelling agents (1-3% in weight) has shown to address some of the challenges in 
TES materials, particularly supercooling, agglomeration, and leakage (see Table 2, section 5). 
Also, mixing in different proportions gelling and thickening agents like guar gum, xanthan 
gum or locust beam with agar or CMC has been proven to increases the viscosity and 
firmness of PCM solutions. Figure 15 shows the overlapping of the main gelling/thickening 
agents cost found in the literature and the energy storage capacity of the different TES 
materials versus working temperature. The agents listed in this review can be chosen 
according to their stability over the working temperature range, agents such as carrageenan, 
modified starch, agar and gelatin provide a stable structure over 25-150ºC. Others such as 
exudate gums, are indicated over a wider temperature range for medium-high temperature 
applications. Then, working conditions such as pH, chemical compatibility and cycling 
stability are important to achieve a high-performance TES material. Other relevant 
parameters such as cost are also considered to keep the new PCM formulation applicable.  
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Figure 15 TES storage capacity vs thickening/gelling agent cost over the operational working range. 

Adapted from [84] 

 

6.2 Challenges 

The following main challenges of using thickening and gelling agents in TES can be found in 
this review:  
Adding thickening/gelling agent sometimes can lead to a decrease in storage capacities and 
charge/discharge kinetics. This is one of the main challenges for thickening/gelling in TES as 
the energy stored is always desired to be maximised. 
The preparation process of a thickened TES system can be a limiting step without guidelines 
mostly because of the incompatibility of thickening/gelling agents and TES materials: some 
thickening agents require dissolution in water while some TES materials do not dissolve in 
water; some thickening agents require heat to be involved, which can change the initial state 
of the storage material (e.g. salt hydrates).  
Among all the additives commercially available (see Section 2), only a few have been 
explored in TES filed. As described in Section 5.1, most of the studies use CMC mainly to 
prevent phase segregation and supercooling. However, it can not meet the diverse of 
requirements regarding the viscosity profile and material compatibility.  
 

6.3 Future work 

Introducing thickening and gelling agents in TES materials is a promising way for the 
immobilisation and shape stabilisation yet few studies have been conducted in this field. A 
proper thickening and gelling agent screening for the different TES materials should be 
performed to provide an experimental validation of the properties and the interactions 
between agents and TES materials. The preparation method should be discussed as most of 
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the publications report a simple method without critical details, for instance, the preparation 
condition or the properties of the solution. Another task that remains pending is to explore 
novel, cost-wise competitive alternatives of gelling/thickening agents that is feasible in the 
working temperature range and stable conditions. One objective of this review can raise more 
interest of researchers of this field and to inspire more studies. 
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