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Abstract
This review is focused on the study of the requirement of high thermal conductivity of thermal
energy storage (TES) materials and the techniques used to enhance it as this is one of the main
obstacles to achieve full deployment of TES systems. Numerical and experimental studies
involving different thermal conductivity enhancement techniques at high temperature (> 150 ºC)
are reviewed and classified. This article complements Part 1, which reviews the different
requirements that TES materials and systems should consider for being used for high
temperature purposes and the approaches to satisfy them. The enhancements identified for this
temperature range are the addition of extended surfaces like fins or heat pipes and the
combination of highly conductive materials with TES material like graphite or metal foam
composites and nanomaterials. Moreover the techniques presented are classified and discussed
taking into account their research evolution in terms of maturity and publications.

Key-words: Thermal energy storage, High temperature, Thermal enhancement techniques,
Thermal conductivity, Nanoparticles, Technology Readiness Level.
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1. Introduction
Part 1 of this review [1] lists more than 25 different requirements that thermal energy storage
(TES) materials (both sensible and latent) and TES systems should consider for being used for
high temperature purposes (> 150 ºC) and it analyses the different literature approaches
presented in previous studies to achieve such requirements. These requirements have been
classified into chemical, kinetic, physical and thermal for the material point of view; and
environmental, economic and technologic for the system point of view. Within all the
requirements listed, this second part of the review is focused on the study of the requirement for
high thermal conductivity of TES materials, being the one that has drawn more attention in the
scientific community, and the techniques used to enhance their usually low values.
In a TES system, thermal energy needs to be transferred in the first place from an outer energy
source to the TES material to be later on transferred from the TES material to an outer
application. This transition needs to be done within a specific period of time and under different
heat transfer mechanisms: conduction, convection or both. For instance, in a latent charging
process, the TES material undergoes phase change as the heat transfer fluid (HTF) transfers heat
to it, causing the melting front to move away from the heat transfer surface and, as a
consequence, the solid layer of the material decreases while the thickness of the liquid layer
increases. During all the process conduction is present. However, the higher presence of liquid
state leads a higher presence of density gradients, which added to the fact that the thermal
conductivity is lower in the liquid state than in the solid state, causes the convection to become
dominant and the conduction negligible [2]. During the latent discharging process, or
solidification, conduction becomes the dominant heat transfer mechanism since a layer of solid
material is created at the very beginning around the heat transfer surface, reducing the effect of
convection to become almost negligible. Therefore, materials with low thermal conductivity
coefficients, which mean high thermal resistance and slow charging and discharging rates,
drastically decrease the thermal performance of TES and limit possible large-scale applications.
It is a fact that most of the commercial TES materials that are currently available at the market
have intolerably low thermal conductivity values (0.2–1 W/(m·K)), allowing the researchers to
try to make up for such poor values by proposing heat transfer enhancement techniques, not
only for improving the TES material itself but also for improving the effective thermal
conductivity between the HTF and the TES material, which in some cases turn to be the same
material.
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Before introducing any external enhancer to the TES system, the researchers have to bear in
mind in which physical state the TES material is going to be used, whether the liquid phase, the
solid phase or both, since their introduction can enhance the thermal performance of one state
but can decrease the thermal performance of the other state. Hence, a previous study or
discussion should be done in order to know the advantages and disadvantages of the thermal
conductivity enhancement technique which is desired to be used.
The aim of the present study is to review the thermal conductivity enhancement techniques used
in high temperature TES systems and materials for both enhancing the effective thermal
conductivity between the HTF and the TES material by adding extended surfaces, and
enhancing the thermal conductivity of the material itself by combining it with highly conductive
materials (Fig. 1).

Fig. 1. Thermal conductivity enhancement techniques for high temperature purposes.

2. Addition of extended surfaces
The most and widely studied thermal conductivity enhancement technique in the different
temperature ranges is the extended surfaces. This technique consists of increasing the heat
transfer surface between the HTF and the TES material by arranging fins or heated pipes on the
HTF tubes embedded in the TES system. This technique leads to an increase of the effective
thermal conductivity as it diminishes the distance between the storage material and the HTF,
and reduces the thermal resistance between the HTF and the TES material. However, two main
drawbacks are associated to this technique: on the one hand the increase of costs due to the
increase of the extended surfaces material and on the other hand the decreasing of the packing
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factor of the TES system, which is the ratio that defines the percentage of volume of TES
material in front of the total volume of the storage container, due to the increase of the volume
occupied by the extended surfaces.
Despite the fact that not many experimentation at high temperature has been carried out, the
criteria that should be borne in mind when designing a TES system with the extended surfaces
enhancement technique is the same than the used at lower temperatures: HTF pipe dimensions,
material of the extended surfaces, geometry of the extended surfaces, arrangement of the
extended surfaces, good interaction between the TES material, the HTF and the material of the
extended surfaces and finally the boundary conditions of the TES system.
The two main enhancement techniques regarding the extended surfaces which have been studied
by different researchers are the addition of fins and the addition of heated pipes.

2.1 Addition of fins
Concerning to the addition of fins, first references lead us to Zhang et al. [3] who numerically
studied the heat transfer enhancement in a latent heat TES (LHTES) system by using an
internally finned tube. A comparison with a plain tube, in terms of the melting volume factor,
was performed, concluding that this factor could be significantly increased by increasing the
thickness, height and number of fins for a HTF with low thermal conductivity and low Reynolds
numbers.
Seeniraj et al. [4] numerically studied the improvement in terms of temperature, melting front
location and thermal energy stored of an externally finned tube in a space based LHTES unit for
solar dynamic power generation. An enhancement of the performance by increasing the number
of fins for a given set of geometrical parameters and depending on the thermophysical
properties of the tube material and the HTF-TES material combination was observed.
Khaled [5] numerically proposed a variation of the fin enhancement technique called hairy fin
system, which consists of a primary rectangular fin with a large number of slender secondary
rods attached on its surface (Fig. 2). This technique increased the heat transfer, if compared to a
rectangular fin, with low secondary fins diameter and high secondary thermal conductivity.
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Fig. 2.. Schematic diiagram of the hairy fin system [5].

Guo and Zhang [6],
[ Jung and
d Boo [7] annd Tiari et al. [8] numericcally studiedd how the ad
ddition
metric and th
hermal param
meters affecteed the
of aluuminum finss and the varriation of diffferent geom
heat ttransfer enhaancement du
uring the disccharging process in a LH
HTES. Resultts showed th
hat the
magnnitude of thee enhancement was depeendent on thee geometry of
o the fins, ffins spacing,, HTF
tube rradius, boundary conditio
ons and therm
mal conductiivity values of
o the TES m
material.
The German Aerrospace Cen
nter (DLR) ttheoretically
y proposed and
a experime
mentally deveeloped
b
embeddded and finneed tubes enhaancement tecchniques, forr solar
differrent designs concerning both
therm
mal power geeneration and
d high tempperature proccess heat [9][10][11]. Euutectic mixtu
ures of
KNO
O3, NaNO2 and
a NaNO3 were selecteed as base materials
m
and materials such as graaphite,
alumiinum, stainless steel an
nd carbon steeel were co
onsidered forr fins. Resullts showed that a
decreeasing on thee number off tubes couldd be achieveed if the thermal conducctivity of thee TES
materrial was incrreased and a reduction off the chargin
ng process tim
me if graphiite was used as fin
materrial for appliications up to
o 250 °C andd aluminum for higher teemperatures applicationss (Fig.
3).

Fig. 33. (a) Effect of
o thermal conductivity on thhe number off required pipees [10]. (b) Eff
ffect of materiaal fins
on the prrocess of charg
ging [11].
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Tao et al. [12] numericallly studied tthe behavio
or of three geometricallly differentt fins
mpled, cone--fined and helically-fine
h
ed) in termss of TES maaterial
enhanncement techhniques (dim
melting rate, solid–liquid inteerface, TES capacity, TE
ES efficiency
y and HTF ooutlet tempeerature
for a dish solar thhermal poweer generationn system. Results showed
d that all threee enhanced
d tubes
couldd effectively improve th
he thermal pperformance of the systeem, being thhe helically-ffinned
tube tthe one with better resultts (Fig. 4).

Fig. 4. Effects of the fins
f enhancem
ment techniquees on the heat storage efficieency [12].

Gil ett al. [13] devveloped an ex
xperimental study at pilo
ot plant scalee with a finneed shell-and-tubes
heat eexchanger. Itt consisted of a high tempperature TES
S system for solar coolinng application
ns and
analyyzed two sim
milar storage tanks basedd on shell-and
d-tubes heat exchanger cconfiguration
n with
the onnly differencce that one of
o them incorrporated 196
6 squared fin
ns on the tubees bundle. Results
R
show
wed a decreasse in the mellting/solidificcation period
ds and higher heat transffer rates for partial
p
chargging and disccharging proccesses in the tank with fin
ns.
(a)

(b)

Fig. 55. (a) Storage TES
T system without
w
fins. (bb) Storage TE
ES system with
h fins used in the experimen
ntation
[13].
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2.2 Addition
n of heat piipes
Embeedded heat pipes,
p
also referred in diff
fferent studiees as thermossyphons, are gaining releevance
as a hheat transferr enhancemeent techniquee due to theiir high effective thermall conductivitty that
facilitates the heat transfer from
f
the TE
ES material to the HTF and vice ve
versa. This system
m
pipe annd whose insside is
consiists of severaal small clossed tubes whhich are attacched to the main
filledd with a worrking fluid which
w
underggo liquid-vap
por phase ch
hange at the ends of such
h heat
pipess, called evvaporator an
nd condenseer sections. That allow
ws the therrmal perform
mance
enhanncement in thhe heat transsfer (Fig. 6).

Fig. 6. Embeddded heat pipee scheme [14].

Regaarding this teechnique, on
nly numericaal studies haave been perrformed [15]][14][16][17] [18]
[19]. Shabgard et
e al. [14] an
nd Nithyanaandam and Pitchumani
P
[16][17]
[
devveloped a th
hermal
t analyze a heat transfe
fer in a high
h temperaturre LHTES uunit with diffferent
netwoork model to
arranngements of embedded heat
h
pipes fo
for solar therrmal electriccity generatiion evaluatin
ng the
effectt of HTF floow direction
n and the nuumber of heaated pipes am
mong otherss (Fig. 7). Results
R
show
wed a reductioon of the theermal resistannce of the un
nit as well as well as a rellation between the
effecttiveness of the
t heat pipees and the vaariation on several HTF parameters: higher HTF
F mass
flow rate and tubbe diameter implied low
wer effectiveeness of the heat pipes aand vice verrsa. A
ulated resultts showed th
hat the
similaar study wass carried outt by Khalifaa et al. [18], whose simu
energgy extracted after
a
4 h by a finned heatt pipe was 86
6% higher th
han that of a bbare one.
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Fig. 7. Two LHTE
ES units: (a) th
he TES materrial surrounds the HTF tubes, (b) the HTFF passes over tubes
containiing TES material [14].

Finallly, Robak et
e al. [19] theoreticallyy and numeerically stud
died, in econnomic terms, the
t
ons in a largge scale LHT
TES system for
f commerccial collectorr solar
incorrporation of thermosypho
plants (CSP) andd compared the results w
with a two-ttank sensiblee heat TES ((SHTES). Results
R
wed the econoomic compeetitiveness off such system
m, with a reduction of 115% in the capital
c
show
costs.
Tablee 1 and Tablle 2 review, in a chronoological ordeer, the differeent studies ccarried out at
a high
tempeerature conncerning thee extended surfaces enhancemen
nt techniquees, showing
g the
enhanncement techhnique used, the study ccase, the maain characterristics of thee TES system
m, the
compparison perfoormed and the improvemeent observed
d.
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Table 1. Review of the studies concerning the extended surfaces techniques at high temperature in terms of thermal conductivity enhancement. Case 1: Addition of fins.
Technique

System

Study

TES

Pipes/Fins

HTF

geometry

case

material

material

material

Comparison

Internally
finned tube –
1

Single
longitudinal

Improvement

Year

Reference

Percentage of
Annular
shell

Numerical

n.a.

n.a.

n.a.

Finned – plain

improvement

tubed

depending on height

1996

Zhang and
Faghri [3]

and width of the fins

fin

Percentage of
Externally
2

finned tube –
Multiple fins

improvement
Shell-andtubes

Numerical

LiF/MgF2

n.a.

n.a.

Finned – plain

depending on number

tubed

of fins for a given set

2002

Seeniraj et
al. [4]

of geometrical
parameters

3

Hairy fin

Heated

system

surface

Externally
4

finned tube –
Multiple fins

5

Finned tube

6

Externally

Numerical

n.a

n.a.

n.a.

Hairy fins –

Higher improvement if

Rectangular

secondary fins

fins

diameter decreases

2007

Khaled [5]

Percentage of
Shell-andtubes

Numerical

KNO3/NaNO3

Aluminium

n.a

Finned – plain

improvement

tubed

depending on

2008

Guo and
Zhang [6]

geometry of fins
Shell-andtubes
Storage tank

Theoretical

n.a

n.a

n.a

n.a

Theoretical &

KNO3/NaNO2/KaNO3

Graphite

Thermal oil

Finned – plain

9

Reduction of number
of pipes
Depending on the

2008
2009

Tamme et
al. [10]
Laing et al.

finned tube

experimental

KNO3/NaNO3

Aluminum

NaNO3

Stainless

Steam

tube

shape and materials of

[11]

the fins

steel
Carbon steel
Smooth (S)

7

Externally

Shell-and-

finned tube

tubes

Numerical

LiF/CaF2

n.a

He/Xe

Dimpled (D)

Reduction on the

Cone-finned

melting time of 19.9%

(CF)

(D), 26.9 % (CF) and

Helically-

2012

Tao et al.
[12]

30.7 % (HF)

finned (HF)
Externally
8

finned tube –
multiple fins

Shell-andtubes

Experimental

Hydroquinone

Stainless
steel

Therminol

Finned – plain

Charging/discharging

tube

time enhancement

2014

Gil et al.
[13]

Percentage of
9

Externally
finned tube

n.a.

Numerical

KNO3

Nickel

n.a.

Geometrical
parameters

improvement
depending on number
of fins and geometrical

2015

Tiari et al.
[8]

parameters
n.a: not available
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Table 2. Review of the studies concerning the extended surfaces techniques at high temperature in terms of thermal conductivity enhancement. Case 2: Addition of heat
pipes.
Technique

1

System

Study

TES

Pipes/Fins

HTF

geometry

case

material

material

material

Embedded

Shell-and-

heat pipes

tubes

Numerical

KNO3

Stainless
steel

Therminol

Comparison

Improvement

Distribution

Depending on the

TES

influence of the

material/HTF

number of heat pipes

and orientation

and HTF flow

of heat pipes

direction

Year

Reference
Shabgard

2010

and
Bergman
[14]

Depending on HTF
mass flow rate, module
2

Embedded

Shell-and-

heat pipes

tubes

Numerical

KNO3

Stainless
steel

Therminol

Orientation of
heat pipes

Nithyanand

length, tube length of
the condenser section,

2011

length of the

am and
Pitchumani
[16]

evaporator section and
the vapor core radius
NaNO3

3

Embedded
heat pipes

n.a.

Numerical

NaOH/NaCl/Na2CO3

Therminol

KNO3

Diphenyl

LiCl/KCl

Carbon steel

KOH

Naphthalene

15% reduction in
Sensible/Latent

capital in latent over

2011

sensible

potassium

Robak et al.
[19]

MgCl2/KCl/NaCl
4

Embedded

Shell-and-

heat pipes

tubes

Numerical

KNO3

Stainless
steel

11

Therminol

Different

Higher effectiveness

arrangements

for 4 thermosyphons

2013

Nithyanand
am and

of

Pitchumani

thermosyphons

[17]
With 4 fins:

5

Finned heat

Shell-and-

pipes

tubes

Numerical

n.a

n.a

n.a

Finned – plain
tube

energy extracted:86%
at the same time

2014

heat pipes

Khalifa et
al. [18]

effectiveness: 24%
Percentage of
6

Finned heat

Shell-and-

pipes

tubes

Numerical

KNO3

Stainless

Superheated

Finned – plain

steel

vapour

tube

improvement
depending on number
of fins and geometrical

2014

Jung and
Boo [7]

parameters
n.a: not available
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3. C
Combinatiion of highly condu
uctive ma
aterials wiith TES m
material
ment techniq
que, which hhas gained more
A veery promisinng thermal conductivityy enhancem
relevaance during the last yearrs in the scienntific commu
unity, is the combination
c
n of highly th
hermal
conduuctive materrials with thee already knoown TES maaterials in orrder to obtain
in new comp
posites
with improved thhermal propeerties. Withinn this group,, three enhan
ncement techhniques havee been
studieed: graphite composites, metal foamss composites and the nanomaterials.

3.1 Graphitee composittes
Amonng the highlly conductiv
ve materials used in com
mbination with
w the TESS material ass heat
transffer enhancerrs, graphite has
h been usedd not only beecause of its high thermaal conductiviity but
also ffor its low density,
d
its ch
hemical resisstance to corrrosive environments andd its suitabiliity for
high temperaturee processes [20].
[
Severall natures of graphite can
n be combinned with thee TES
materrial (Fig. 8) and four diifferent routees can be peerform to ob
btain a TES material-graphite
compposite [21]: by
b (1) imprregnating or infiltrating (with/withou
ut vacuum) the TES maaterial
within the graphitte matrix, by
y (2) mechannically disperrsing or kneaading graphiite powders within
w
molten TES material, by
y (3) compreessing at roo
om temperatu
ure a previoous mixture of the
the m
TES material andd graphite po
owders and bby (4) perforrming the electrospinninng method in
n nano
and m
micro scale.

Fig. 8. Processing off graphite from
m the natural graphite
g
to diffferent produccts [20].

13

Impregnation, infiltration and compression are found to have higher enhancement performance
than dispersion due to the fact that in these three processes graphite particles are always
connected between them forming a highly thermal conductive and interconnected network while
in the dispersion process graphite microstructures are formed but are not fully connected.
Moreover, graphite particles parameters such as shape, concentration, distribution and
orientation within the compound are extremely important to accurately calculate the average
thermal conductivity of the graphite composite. However, average thermal conductivity is not
the only criteria to determine the optimum composite preparation route. It has also to bear in
mind economics and porosity, which are closely linked to the storage density. This last property
is often not keep primordial during the obtaining process of the composite and can lead to a
significantly reduction in the latent heat value if it is too low and to a reduction on the capillarity
force and therefore leakage of liquid TES material if it is too high [20][22]. Several
experimental and numerical investigations have been carried out studying the graphite as
thermal conductivity enhancer and the ones available up to mid-2015 are explained below.
From the experimental point of view, the first attempt to study graphite composites at high
temperature was carried out by Do Couto et al. [23], who tested the behavior of KNO3/NaNO3expanded graphite (EG) and KNO3/LiNO3-EG composites obtained by two different elaboration
routes: compression and infiltration. Results showed that compressed composites had an
enhancement in a factor up to 10 and infiltrated composites presented a thermal conductivity
enhancement lower than the previous route but accentuated in the direction parallel to its
layered structure.
Bauer et al. [24] focused on the enhancement of KNO3/NaNO3 by studying the effect of adding
natural graphite (NG) and compressed expanded graphite (CEG) with the infiltration route and
adding commercial EG (CFG 500) with the compression route varying the graphite
concentration and orientation. Results showed an enhancement of the thermal conductivity in
the range from 3 to 30 times if compared to the single TES material. Moreover, it was observed
that the thermal conductivity of the composites prepared by compression strongly depended on
their graphite concentration (the higher the graphite concentration, the higher the conductivity),
on the temperature (the higher the temperature, the lower the conductivity) and on the
orientation and the thermal conductivity of the composites prepared by infiltration reached high
conductivities with small graphite concentration.
Several studies, under the framework of the European project DISTOR, numerically and
experimentally tested at both laboratory and industrial scales the behavior of graphite14

NaNO
O3/KNO3 coomposites for solar therm
mal power plants
p
using direct solar steam geneeration
[9][100][25][26]. Different ty
ypes of grapphite (NG, EG
E and gro
ound EG) annd three diffferent
elabooration routess (dispersion
n, infiltrationn and cold co
ompression) were studiedd. Results sh
howed
an ennhancement on
o the therm
mal conductivvity in a facttor between 10 and 31. T
The percentaage of
enhanncement wass found to bee dependent on the graph
hite particle size, the woorking tempeerature
and eelaboration route,
r
(Fig. 9). Regardin
ing to this last parameteer, importannt constrains were
obserrved: infiltraation was fo
ound to be iinefficient, dispersion
d
co
omposites prresented iso
otropic
propeerties and thhermal condu
uctivity intennsification an
nd cold com
mpressed com
mposites pressented
highlly anisotropiic propertiess and strongg intensificaation in therrmal conducctivity as well
w
as
important salt leaakages.
(a)

(b)

(c)

Fig. 99. Variation of
o the NaNO3/KNO3-graphhite compositees thermal con
nductivity: (aa) Depending on the
tempeerature and thee graphite typ
pe: ( ) Graphi
hite flakes I, ( ) Graphite flakes
f
II, (○) N
Natural graphiite, (●)
Expannded graphitee powder [26]]; (b) Dependding on the graphite
g
percen
ntage [9]; (b)) Depending on the
graphhite percentagee and elaborattion route at 2000 ºC [10].
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Acem
m et al. [27] and Lopez et
e al. [28] exxperimentallly tested the behavior off expanded natural
n
graphhite (ENG)-K
KNO3/NaNO
O3 compositte elaborated
d through th
he cold-com
mpression prrocess,
with two differennt compressio
on routes: unni-axial and isostatic (Fig. 10). Resuults showed on
o the
y in a factorr of 20 timess for 15-20%
%wt of
one hhand an enhaancement off the thermal conductivity
graphhite and on the
t other han
nd an orthottropic thermaal behavior of
o the compoosites obtain
ned by
uni-aaxial compresssion and an
n isotropic thhermal behav
vior as well as
a over presssurization an
nd salt
leakaages of the coomposites ob
btained by isoostatic comp
pression.
(a)

(b)

Fig. 110. (a) Graphitte/salt compositte obtained by uni-axial cold-compression rooute. Left: macrroscopic scale. Center
and riight: microscoppic scale. (b) Graphite/salt composite obttained by isostatic cold-com
mpression routee. Left:
macroscopic scale. Center and right:: microscopic sccale [27].

Wu aand Zhao [299] and Zhao and
a Wu [30] studied the feasibility off using EG-N
NaNO3 comp
posites
elaboorated througgh the disperrsion route ffor high tem
mperature app
plications. R
Results show
wed an
enhanncement of the
t heat transfer rate in bboth chargin
ng and dischaarging proceesses in a facctor of
2.5, iif compared to pure TES
S material bbecause of th
he increasing
g in the therrmal conducctivity.
Howeever, this enhancement is reduced byy half in the liquid region since the nnatural convection
is hinndered by thee porous stru
uctures.
Yuann et al. [31] evaluated
e
thee behavior oof cement-baased TES maaterials-grounnd EG comp
posites
for sensible TES
S. Enhancem
ments in a ffactor up to 2.96, depen
nding on thhe cement heating
ment, were obtained.
o
treatm
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Li and Zhang [32] studied the behavior of the NaNO3/LiNO3-EG composite elaborated through
the dispersion route. Results showed a dependence of the thermal conductivity to the graphite
concentration. Thermal conductivity enhancement values up to a factor of 10 could be achieved
despite the fact that the effective latent heat was found to be reduced and the thermal stability
was also found to have worse behavior.
Xiao et al. [33] studied the thermal performance of pure NaNO3, KNO3 and KNO3/NaNO3 as
well as the composites made of such materials with various dispersed EG mass concentrations.
Results showed an enhancement on the thermal conductivity in a 40 % depending on the EG
mass concentration. Moreover, a variance on the melting/freezing temperatures of the
composites was observed if compared with those of pure nitrates.
Huang et al. [34] studied the thermal behavior of EG- LiNO3/KCl composites elaborated
through the dispersion route. Results showed a thermal conductivity enhancement of the
composites if compared with the eutectic LiNO3/KCl in a factor range of 1.85–7.56, depending
on the EG mass concentration and the apparent density of the composite, as well as a reduction
on the heat storage period caused by the reduction of the phase change latent heat of the
composite material.
Xiao et al. [35] reported a method to prepare NaNO3/KNO3-EG composites through the
dispersion route with the addition of ultrasonic waves. Ultrasounds played the role of breaking
EG into nanoscale slices and dispersing them into the nitrates. Results showed on one hand a
good dispersion and a homogeneous distribution of the stripped graphite flakes within the
composite and on the other hand no chemical reaction after the ultrasounds. Moreover, thermal
conductivity enhancements in a factor of up to 2 and a latent heat reduction of 11% were
observed.
Zhao et al. [36] studied the behavior of expanded natural graphite treated with sulfuric acid
(ENG-TSA)-KNO3/NaNO3 composites in terms of anisotropic thermal conductivity, phase
transition properties, thermal stability and micro structures. Results showed an enormous
thermal conductivity enhancement, with values up to a factor of 110, a slight decrease in latent
heat and no remarkable variation in the melting point. On the other hand, when the density of
composite TES material and the salt mass fraction were high, problems with leakage of salt
were found.
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Zhong et al. [37] evaluated three different types of binary molten salts (LiNO3/KCl,
LiNO3/NaNO3 and LiNO3/NaCl)-EG composites synthesized through the impregnation route.
On one hand, results showed a thermal conductivity enhancement if compared to the pure
eutectic mixture and on the other hand it was observed that these composites showed higher
homogeneity and greater thermal stability (without loss of their morphologies and crystalline
structures) in comparison to other salt-EG composites synthesized through

infiltration or

compression routes.
From the modelling and simulation point of view, Lafdi et al. [22] numerically studied and
predicted the thermal performance of graphite foams infiltrated with TES materials for space
TES applications. Results showed an improvement in a factor of 8 in the average value of the
output power delivered to the working fluid as a result of the enhancement of the composite
thermal conductivity.
Lopez et al. [28] studied the melting and solidification process in a KNO3/NaNO3-EG
composite elaborated through the compression process. Results showed that during the melting
process, the TES material volume expansion is constrained by the graphite creating an over
pressurization that increases the melting point of TES material and decreases its latent heat. To
avoid this problem, the authors identified the need to perform the following actions without
reducing the effective thermal conductivity: reduce the pore-wall rigidity, increase the pore
walls and/or increase the pores connectivity.
Kim et al. [38] and Zhao et al. [39] numerically studied the use of graphite foam-MgCl2
composite in a LHTES system, consisting of a tank filled with a TES material and pipes
carrying a heat transfer fluid simulating a CSP plant. Results showed that the thermal
conductivity enhancement of the composite not only could improve the exergy efficiency in the
system but also it could reduce the number of pipes of the system in a factor of 13.5 and
therefore a huge reduction on the investment costs.

3.2 Metal foams composites
The concept of metal foam, also referred as cellular metals, porous metals, foamed metal and
metallic foam [40], consists of a highly metallic porous material (solid metal containing a large
volume fraction of gas pores) which is combined with TES materials. Two different types of
foams can be differentiated depending on the pores characteristics: close-cell metallic foam if
the pores are sealed or open-cell metallic foams if the pores form an interconnected network
[41].
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Zhang et al. [43] experimentally and numerically investigated the thermal enhancement of the
eutectic mixture KNO3/NaNO3 by combining it with two different metal foams (copper and
nickel foams). It was observed that during the charging process the presence of the metal foams
weakened the influence of the natural convection and therefore limited the process. However, in
the discharging process, where the conduction is the dominant mechanism, the presence of
copper and nickel foams enhanced the process in 28.8% and 19.3% respectively.
Li and Wu [44] numerically investigated the thermal behavior of NaNO3 inside porous copper
matrix depending on porosity and pore density of the metal foam. Results showed a heat transfer
coefficient enhancement in the solid state with values up to 28.1 times by heat conduction and
an enhancement in the liquid state with values up to 3.1 times by the combination of natural
convection and heat conduction. As a result, not only both the melting and the solidification
processes are shortened but also the time differences between them were greatly shortened to
harmonize the heating and cooling rates.
Yang et al. [45] [46] numerically studied the influence of varying the porosity and pore density
in the enhancement of a copper metal foam composite. In the first study [45], a sandwich
structure with fins and copper metal foam imbedded in NaNO3 was used to evaluate the flow
and heat transfer behavior. Results showed a significant improvement in the heat transfer
performance. Moreover it was observed that when the porosity of the metal foam is decreased,
the phase change period can be substantially shortened, while the effect of the pore density is
not notable. In the second study [46], a KNO3- copper metal foam composite was used. Results
showed an improvement in the charging process performance up to 24.2 % by increasing
linearly the porosity from the bottom to the top.

3.3 Nanomaterials
In the literature, the material composed by nanometer-sized particles (nanoparticles) and a base
material (BM) is usually presented as nanofluid [47], when the BM is in the liquid state, or
nanocomposite, when the BM is in the solid state [48]. However, in this review both concepts
will be presented as nanomaterial to facilitate the understanding of the article.
The advance of technology has allowed the researchers to obtain smaller structures and take
advantage of them in order to enhance the thermal properties of the actual TES materials.
Previous studies have presented the advantages and disadvantages of nanomaterials if compared
to pure materials [49][50][51][52][53][54][55]. Among the advantages, it can be found (1)
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higher thermal capacity, which allows higher thermal storage in reduced spaces and therefore a
reduction of cost, (2) higher effective thermal conductivity and higher specific surface, which
enhance the heat transfer and decreases the charging and discharging processes, (3) a good
stability on the dispersion of the nanoparticles within the TES material and reduced particle
clogging, which allows the material not to have a variation on its properties, (4) liquid-like
properties of the nanoparticles when the nanomaterial is melted, (5) reduction of the subcooling
effect, since the nanoparticles can act as nucleating agents, and the most important, (6) the
researcher can adjust the properties depending on the material of the nanoparticles, their
concentration and distribution within the BM, their size and geometry and the interfacial effects
between both the BM and the nanoparticles. On the other hand, some disadvantages have been
observed in previous experiments, which are (1) the difficulty on their synthesis, (2) the
difficulty on controlling the size and dimensions of the nanoparticles and (3) the toxicity of
some of the nanomaterials for the humanity and/or environment.
Studies focused on the thermal conductivity enhancement with the dispersion of highly
conductive particles are mainly based on water based fluids [50], which cover mid-low
temperatures ranges. Very few studies covering thermal conductivity enhancements in the high
temperature range have been performed since the research in this temperature range is mainly
focused on the enhancement of specific heat.
Nanomaterials at high temperature are mainly obtained from two different synthesis methods
[56]. The first method, known as two-step solution method or liquid solution method, was
proposed by Shin and Banerjee [57] and is described as follows: first, both the nanoparticles and
the BM are mixed, with their respectively fraction mass depending on the study case, in the dry
state. Then, the dry mixture is dissolved in distilled water and the resulting mixture is
homogeneously dispersed with ultrasounds. Finally, the homogenized mixture is dried on a hot
plate. The second method, known as the stirring dispersion method, was proposed by Ho and
Pan [58] and is described as follows: first, a crucible made of stainless steel is filled with the
BM and the nanoparticles with their respectively fraction mass depending on the study case, in
the dry state. Then, a stirrer made of stainless steel is placed inside the crucible and it is placed
on a stirring hotplate were the dry mixture is melted and mixed. Finally, the mixture is cooled
through forced convection by a cooling fan.
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diagraam of preparation of the stirrring dispersioon method [58
8].

One of the first attempts to
o explain thee capabilitiees of the addition of hiighly conducctivity
particcles in ordeer to enhan
nce the effe
fective therm
mal conducttivity was SSiegel [59], who
numeerically demoonstrated an enhancemennt of 10-20 % on the heatt transfer witth 20 % volu
ume of
particcles. More reecently, som
me researcherrs [60][61][6
62][63] tried to explain thhe behavior of the
nanopparticles withhin the TES material andd the responssible phenom
menon for theermal conducctivity
enhanncement sincce the resultss obtained diid not follow
wed the classsical theoriess. They stateed that
the ppossible phhenomena reesponsible ffor the thermal condu
uctivity enhaancement of
o the
nanom
materials weere the clusteering or aggrregation of the
t nanoparticles, the Brrownian motion of
the naanoparticles,, the nature of
o the heat trransport in nanoparticles
n
and/or the m
molecular lay
yering
of thee BM at the interface
i
witth the nanopaarticles [64].
Shi eet al. [65] annd Yuan et al.
a [66][67][668] studied the thermal properties
p
off high tempeerature
cemeentitious TES
S materials with
w the addittion of ZrO2, SiO2, MgO
O and Cu nannoparticles. On
O the
one hhand, ZrO2 nanoparticles
n
s [66] showeed practically
y no enhanceement if com
mpared to thee pure
alumiinate cementt but on the other
o
hand, S
SiO2 [66], MgO [67] and Cu [68] nannoparticles sh
howed
noticeeable enhanccements with
h values up too 60 %.
e
lly studied tthe characterization and
d the thermaal performan
nce of
Liu eet al. [69] experimental
nanom
materials coonsisting on phase-changge Bi nanop
particles em
mbedded in aan Ag matriix, by
modifying the naanoparticle siize, shape, aand volume fraction
f
in th
he compositee. Results sh
howed
c
enhancemeents if com
mpared to th
he BM, whhen using sm
maller
higheer thermal conductivity
nanopparticle voluume fractionss and/or largeer nanoparticcles diameterrs.

22

Shin and Banerje [70] obtaineed a thermal conductivity
y enhancement of up to 445 % by dispersing
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Table 3. Review of the studies concerning the combination of highly conductive material with TES material at high temperature. Case 3: Graphite composites.
Study case

Graphite type1

Concentration

(nominal size)

(wt%)

TES material

Method of
synthesis

Improvement and
Comparison

measurement
instrument

Year

Reference

2

Up to a factor of 10 (15
wt%, compression,
KNO3 + NaNO3
1

Experimental

EG (n.a)

15

Different graphite

KNO3-NaNO3)

(54 + 46 wt%)

Compression

composites

KNO3 + LiNO3

Infiltration

(different routes) vs.

than 10 (15 wt%,

pure TES materials

compression, LiNO3-

(68 + 32 wt%)

Up to a factor higher

2005

Do Couto
et al. [23]

NaNO3)
By: TCCT
Different graphite
composites

NG (n.a)
2

Experimental

CEG (n.a)

5/10/20/30

CFG 500 (n.a)

Up to a factor of 30 (30

KNO3 + NaNO3

Compression

(different routes,

(n.a. wt%)

Infiltration

graphite types and

By: LFA457 (Netzsch

concentrations) vs.

Gertebau)

wt%, compression)

2006

Bauer et al.
[24]

pure TES materials
3

Numerical

Graphite foam
(n.a.)

n.a.

NG (400 µm)
4

Experimental

EG (n.a.)
GEG (50-500 µm)

7/10/20/30

LiF–CaF2

n.a.

(n.a. %)

Graphite composites

Output power delivered:

vs pure TES material

Up to 800 %

Dispersion

Different graphite

KNO3-NaNO3

Infiltration

composites

(n.a. %)

Cold

(different routes,

compression

graphite types and

24

2008

Lafdi et al.
[22]

Up to a factor of 31 (20
wt%, compression)
Up to a factor of 10 (7
wt%, dispersion)

2008

Pincemin et
al. [25]

concentrations) vs.

By: n.a.

pure TES materials
KNO3 + NaNO3
(50 + 50 mol%)
NG
5

Experimental
Numerical

(6/15/44/75/150/
400 µm)

10/20/30

EG (n.a.)
GEG (50-500 µm)

ZnCl2 + KCl

Different graphite

(31.9 + 68.1

composites

Up to a factor of 10 (20

mol%)

Impregnation

(different routes,

NaNO3

Dispersion

graphite types and

dispersion)

KNO3

concentrations) vs.

By: n.a.

NaOH

pure TES materials

wt%, CEG, 6 µm,

2008

Pincemin et
al. [26]

KOH
ZnCl2
Different graphite
composites

6
-

Theoretical

7

NG (n.a.)
EG (0.5-1.0 mm)

10/20/30

KNO3 + NaNO3

Compression

(different routes,

(n.a. %)

Infiltration

graphite types and
concentrations) vs.

Steinmann
and Tamme

Up to a factor of 20 (30
wt%, compression)

2008

[9]

Tamme et

By: n.a.

al. [10]

pure TES materials
Different graphite
4.75/5/5.93/7.11
8

Experimental

ENG (500 µm)

/8.29/9.46/10/15
/20/25/30

Compression

composites

KNO3 + NaNO3

uni-axial

(different routes and

(50 + 50 mol%)

Compression

graphite

isostatic

concentrations) vs.
pure TES materials

25

Up to a factor of 20 (20
wt%, compression)
By: THP method

2010

Acem et al.
[27]

Different graphite

9

Numerical

ENG (500 µm)

5/10/15

Compression

composites

KNO3 + NaNO3

uni-axial

(different routes and

(50 + 50 mol%)

Compression

graphite

isostatic

concentrations) vs.

Investment costs:
Up to 45 % (10 wt%,

2010

compression)

Lopez et al.
[28]

pure TES materials
Wu and

10
-

Experimental

EG

3/6

NaNO3

Dispersion

11

Graphite composite
vs pure TES material

Heat transfer rate:
190 %

2011

Zhao [29]
Zhao and
Wu [30]

Up to a factor of 1.89
12

Experimental

GEG (n.a.)

1/5/10/15

Aluminate
cement

Dispersion

Graphite composites
vs pure TES material

(15wt%, dispersion)
By: TCCT (TPS2500,

2012

Hot Disk Ltd.) with

Yuan et al.
[31]

Probe 5465
Up to a factor of 10
13

Experimental

EG (n.a.)

10/20/30

NaNO3 + LiNO3
(45 + 55 mol%)

Dispersion

Graphite composites
vs pure TES material

(30wt%, dispersion)
By: TCCT (TPS2500,

2013

Hot Disk Ltd.) with

Li and
Zhang [32]

Probe 5465
14
15

Experimental
Numerical

EG (n.a.)
Graphite foam

5/10
n.a.

KNO3 + NaNO3
(different wt%)

Dispersion

MgCl2

n.a.

26

Graphite composites
vs pure TES material
Graphite composite

Up to 40 % (10 wt%,
dispersion)

2013

By: THM
Number of pipes:

2014

Xiao et al.
[33]
Kim et al.

vs pure TES material

Reduction in a factor of

[38]

13.6
Up to a factor of 7.56
16

Experimental

EG
(n.a)

10/15/20/25/30

LiNO3 + KCl
(n.a. %)

Dispersion

Graphite composites
vs pure TES material

(30wt%, dispersion)
By: TCCT (TPS2500,

2014

Hot Disk Ltd.) with

Huang et
al. [34]

Probe 5465
Up to a factor of 2.15
17

Experimental

EG (150 µm)

0.5/1/1.5/2

KNO3 + NaNO3
(60 + 40 mol%)

Dispersion

Graphite composites

(2wt%, dispersion)

vs pure TES material

By: LFA457 (Netzsch

2014

Xiao et al.
[35]

Gertebau)
Up to a factor of 100

ENG treated with
18

Experimental

sulfuric acid

10/15

(n.a)

KNO3 + NaNO3

Cold

Graphite composites

(15wt%, compression)

(n.a. %)

compression

vs pure TES material

By: LFA457 (Netzsch

2014

Zhao et al.
[36]

Gertebau)
Number of pipes:
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Numerical

Graphite foam
(n.a.)

n.a.

MgCl2

n.a.

Graphite composite
vs pure TES material

Reduction in a factor of
13.6

2014

Exergy efficiency:

Zhao et al.
[39]

Up to 71 %
LiNO3 + KCl
20

Experimental

EG (200-500 µm)

10/12.5

(58.1 + 41.9
mol%)

Different graphite
Impregnation

LiNO3 + NaNO3

27

Up to a factor of 7.87

composites

(12.5wt%, impregnation)

(different graphite

B By: TCCT (TPS2500,

concentrations) vs.

Hot Disk Ltd.) with

2014

Zhong et
al. [37]

(49 + 51 mol%)

pure TES materials

Probe 5465

LiNO3 + NaCl
(87 + 13 mol%)
1

EG: Expanded graphite / NG: Natural graphite / CEG: Compressed expanded graphite / CFG: Commercial expanded graphite / GEG: Ground expanded graphite / ENG: Expanded natural graphite / MWCNT:
Multi-walled carbon nanotubes
2

SSCM: Steady state comparative method / THP: Transient hot plate / LFA: Laser Flash Analysis / TCCT: thermal conductivity constant tester / THW: Transient hot wire
n.a.: not available
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Table 4. Review of the studies concerning the combination of highly conductive material with TES material at high temperature. Case 4: Metal foams composites.
Study case

material

Pore density
1

(PPI )

Porosity

TES material

(ε)

(mol%)

Comparison
Different metal foam

1
–

Porous

Experimental

2

Copper
Copper - Steel alloy

10/20/30

90/95 %

NaNO3

composites (PPI and
porosity) vs pure TES
material

Improvement

Year

Wu and

Heat transfer rate:
Heating process up to

Reference

2011

210 %

Zhao [29]
Zhao and
Wu [30]

Melting process time:
Metal foam composite
3

Numerical

Copper

5/10/20/30

90/95 %

NaNO3

(porosity and pore
density) vs pure TES
material

Up to a factor of 4.86
(ε=0.90, 10 PPI)
Solidification process

2013

time:

Li and
Zhang [32]

Up to a factor of 28.38
(ε=0.90, 30 PPI)

4

Numerical

Copper

20/30/40

90 %

NaNO3

Effect of pore density
and porosity

No numerical
comparison was made

2013

with pure TES material

Yang et al.
[45]

Melting process time:
Metal foam composite
5

Numerical

Copper

20/30/40

88/90/92 %

NaNO3

(porosity and pore
density) vs pure TES
material

Up to 17.94 % (ε=0.92,
40 PPI)
Solidification process
time:
Up to 4.28 % (ε=0.90, 30
PPI)

29

2015

Yang et al.
[46]

Solidification process
time (Copper):

6

Experimental

Copper

Numerical

Nickel

10

96.5/97.5 %

KNO3 + NaNO3
(50 + 50 %)

Different metal foam
composites (material)
vs pure TES material

Up to 28.8 % (ε=0.96, 10
PPI)

2015

Solidification process

Zhang et al.
[43]

time (Nickel):
Up to 19.3 % (ε=0.97, 10
PPI)
1
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PPI: Pore number per inch

Table 5. Review of the studies concerning the combination of highly conductive material with TES material at high temperature. Case 5: Nanomaterials.
Study case

1

Numerical

Nanoparticles

Concentration

TES material

Method of

(nominal size)

(wt%)

(mol%)

synthesis

n.a.

20/60

Molten salts

n.a.

Comparison
Concentration of
nanoparticles

Improvement and
measurement instrument1

Year

Heat transfer rate:
Solidification process up to

1977

20 %
Up to 17.1 % (7.0 wt%, at

2

Experimental

SiO2
(15 nm)

1.2/3.6/5.0/7.0

Therminol 66

Two-step

Concentration of

solution method

nanoparticles

25 ºC)
By: THW (Model KD2pro,

3

4

5

6

7

Experimental

Experimental

Experimental

Experimental

Experimental

1.0/2.0/3.0/4.0/5

(20 nm)

.0

Sn/SiO2

1.0/2.0/3.0/4.0/5

(50-100 nm)

.0

SiO2

1.0/2.0/3.0/4.0/5

(50 nm)

.0

MWCNT
(11 nm x 10 µm)
MgO
(50 nm)

Aluminate cement

Normal mixture

Therminol 66

Aluminate cement

(40 + 60 %, 50 + 50 %,

Concentration of

solution method

nanoparticles

Similar to

Concentration of

stirring method

nanoparticles

Normal mixture

60 + 40 %, 80 + 20 %)
2.0/3.0/4.0/10.0

Aluminate cement

Normal mixture

31

nanoparticles

Two-step

Na2CO3 + MgO
0.1/0.2/0.3/0.5

Concentration of

2011

Concentration of
nanoparticles

2013

Disk Ltd.) with Probe 5465
Up to 17.1 % (5.0 wt%)
By: THW (Model KD2pro,

2014

Decagon Devices, Inc.)
Up to 61 % (3.0 wt%)
By: TCCT (TPS2500, Hot

2014

Disk Ltd.) with Probe 5465
Up to 69 % (0.5 wt%)
By: UNITHERMTM model

2014

2022 (Anter Corporation)

Concentration of

Up to 35.4 % (1 wt%, 350

nanoparticles and

ºC)

[59]

a et al.
[74]

Practically no enhancement
By: TCCT (TPS2500, Hot

Siegel

Timofeev

Decagon Devices, Inc.)
ZrO2

Reference

2014

Yuan et
al. [66]
Cingarapu
et al. [73]
Shi et al.
[65]
Ye et al.
[71]
Yuan et
al. [67]

temperature
effect

Up to 23.6 % (1 wt%, 350
ºC)
By: TCCT (TPS2500, Hot
Disk Ltd.) with Probe 5465

Bi
8

Experimental

(8.1/9.8/13.2/14.9

2.0/5.0/10.0

Ag

Normal mixture

nm)

Concentration of

Decrease if concentration

nanoparticles and

increases

nanoparticle size

By: n.a.

2015

Liu et al.
[69]

Up to 47 % (1 wt%, 150 ºC)
9

Experimental

SiO2
(10-30 nm)

1.0

Li2CO3 + K2CO3

Two-step

Nanomaterial vs

(62 + 38 %)

solution method

pure material

SWCNT (5-20 nm
Type of

MWCNT (10-50
Experimental

nm x 0.5-1 µm)

0.1/0.5/1.0/1.5/2

Li2CO3 + K2CO3

Two-step

nanoparticles and

Graphene (10-20

.5

(62 + 38 mol%)

solution method

concentration of

nm x 1-5 µm)

nanoparticles

Fullerene C60 (0.5-2

Experimental

Cu powder

2015

By: LFA 447 Nanoflash
(Netzsch Instruments N.A.
LLC.).
SWCNT: Up to 56.98 % (1.5

Banerjee
[70]

MWCNT: Up to 50.05 %
(1.5 wt%).
Graphene: Up to 27.77 %

2015

(2.5 wt%)

Tao et al.
[72]

C60: Up to -31.85 % (2.5
wt%)

µm)

11

Up to 37 % (1 wt%, 350 ºC)

Shin and

wt%)

x 1-5 µm)

10

Up to 36 % (1 wt%, 250 ºC)

By: LFA
1.0/5.0/10.0/15.
0

Aluminate cement

Normal mixture

Concentration of

Up to 24 % (15 wt%, 105

nanoparticles and

ºC)

temperature

32

Up to 50 % (15 wt%, 350

2015

Yuan et
al. [68]

effect

ºC)
Up to 51 % (15 wt%, 900
ºC)
By: TCCT (TPS2500, Hot
Disk Ltd.) with Probe 5465

1

EG: Expanded graphite / NG: Natural graphite / CEG: Compressed expanded graphite / CFG: Commercial expanded graphite / GEG: Ground expanded graphite / ENG: Expanded natural graphite / MWCNT:
Multi-walled carbon nanotubes / SWCNT: Single -walled carbon nanotubes
2

THW: Transient hot wire / TCCT: thermal conductivity constant tester / LFA: Laser Flash Analysis
n.a.: not available
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4. Overview of the enhancement techniques research evolution
The Technology Readiness Level (TRL) of the five enhancement techniques reviewed in the
present study are presented as well as the temporal evolution of the publications related to them.
The main objective of this classification is to give an overview about how the maturity of the
enhancement techniques is in order to describe recent trends in this field and to identify a niche
of research.
TRL is a measurement system used on the one hand to assess the maturity of evolving
technologies during their development and early operations and on the other hand to compare
technologies [75]. This scale classifies the maturity of a technology in nine levels, from the
basic research until its commercial application (Table 6).
Table 6. Technology readiness levels summary. Based on: [76][77].
Level

Definition

TRL 1

Basic principles observed

TRL 2

Technology concept formulated

TRL 3

Experimental proof of concept at lab scale

TRL 4

Technology validated in small-scale

TRL 5

Development at real-scale

TRL 6

System prototype demonstration in simulated operational environment

TRL 7

System prototype demonstration in real operational environment

TRL 8

System complete and qualified, first commercial prototype

TRL 9

Commercial application

As it can be observed in Table 7, the 40.4 % and the 53.8 % of the studies reviewed are in a
TRL 2 and TRL 3, respectively, which means that more than the 94 % of the work carried out
so far is still in the very early stages. The promising aspects of each thermal enhancement
techniques have been detected and observed. Moreover, active research and development has
gained relevance and the governments have been started to fund projects related with numerical
and laboratory scale experimentation in order to validate the analytical predictions. Only the 6
% of the experimentation has been carried out at a scale higher than the laboratory. Therefore,
since the benefits of implementing the thermal conductivity enhancement techniques have been
already proved, the next step is to test them at higher scale in order to validate the results
obtained numerically and at laboratory scale.
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Table 7. Technology readiness levels (TRLs) of the different research work carried out in terms of thermal conductivity and specific heat enhancement techniques at high
temperature at 2015.
TRL 1
Addition of
extended
surfaces

Addition
of fins
Addition of
heat pipes

-

TRL 2
[3] [4] [5]
[6] [8] [12]
[7] [14] [16]
[17] [18] [19]

TRL 3

TRL 4

TRL 5

TRL 6-9

-

[10][13]

[11]

-

-

-

-

-

-

-

-

-

-

-

-

-

-

[23] [24] [25]
Graphite
Enhancement
technique

Combination

composites

-

[9] [10] [22]
[38] [36]

[26] [27] [28]
[29] [30] [31]
[32] [33] [34]
[35] [39] [37]

of highly
conductive

Metal foams

materials with

composites

-

[32] [45] [46]

TES material

[29] [30] [43]
[65] [66] [67]

Nanomaterials

-

[59]

[68] [69] [70]
[71] [72] [73]
[74]
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5. Conclusions
One of the main obstacles that hinder the fully development and implementation of TES
systems is the low thermal conductivity values that most of the currently commercial TES
materials have. The present paper presents an exhaustive review of the numerical and
experimental studies, involving the different thermal conductivity enhancement techniques,
developed at the high temperature field (> 150 ºC). Notice that Part 1 of this article identifies
and reviews more than 25 different requirements that TES materials and systems should
consider for being used at those temperatures and the approaches to achieve them. The research
is focused on the literature available on scientific journals until mid-2015 and the authors would
like to apology if any paper has been neglected since the present paper does not claim about its
exhaustiveness in the high temperature field.
The main conclusion regarding the different enhancement techniques are:


Extended surfaces
The addition of extended surfaces is the most and widely studied thermal conductivity
enhancement techniques in the low temperature range (<150 ºC). Therefore, since its
enhancement has been demonstrated, only little research has been carried out at high
temperature.
-

Addition of fins
It has been numerically and experimentally demonstrated the thermal performance
improvement of this technique. Among all materials tested at high temperature,
aluminum is preferred as fin material and the geometry of the fin is a key factor on
the percentage of improvement. However, two main drawbacks have been
observed, which are the increase of costs and the decrease of the packing factor.

-

Addition of heat pipes
This technique has been only numerically studied at high temperature. Different
parameters have been simulated and evaluated and in all the research work carried
out, promising results were obtained.



Combination of highly conductive materials with TES material
The combination of highly thermal conductive materials with the already known TES
materials in order to obtain new materials with improved thermal properties is gaining
relevance every year.
-

Graphite composites
Graphite is considered a good thermal conductivity enhancer not only because of its
high thermal conductivity but also for its low density, its chemical resistance to
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corrosive environments and its suitability for high temperature processes. Among
the different graphite composites elaboration routes, impregnation and compression
are found to have a high enhancement performance. Experimental results showed
that the effective thermal conductivity of the composite strongly depends on the
graphite fraction of the composite, the temperature and on the graphite particles size
and orientation. However, a reduction on the natural convection has been observed
in the liquid state.
-

Metal foams composites
Metal foams are promising thermal conductivity enhancers not only because of its
good intrinsic thermomechanical properties, but also because of variables such as
lightness, pore distribution, permeability, specific surface area to volume ratio and
capillarity that can be controlled by the researchers. Very little experimentation has
been carried at high temperature but results showed an increase of the thermal
conductivity on the solid state and solidification process but no increase of the
thermal conductivity on the liquid state and melting process due to the fact that the
presence of metal foam reduce drastically the natural convection

-

Nanomaterials
The dispersion of nanoparticles within a TES material is the most promising
enhancement technique for its implementation at industrial scale due to their
advantages such as high thermal capacity, high effective thermal conductivity and
specific surface, good stability on the dispersion of the nanoparticles within the TES
material and reduced particle clogging, reduction of the subcooling effect and the
most important, the researcher can adjust the properties depending on the material
of the nanoparticles. Therefore, all the work done is focused on improving the most
common TES materials used in solar plants. Results showed good and promising
enhancement in thermal conductivity values.

Finally, the authors would like the readers to be critical with the results collected in the present
review, since the lack of international standards or agreements in the expert community for
evaluating the thermal properties of TES materials makes difficult to properly discuss and
compare the results.
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