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ARTICLE INFO ABSTRACT

Keywords: Solar thermal energy has the potential to cover the heat demands of industrial processes. However, there may be
Phase change materials a time mismatch between energy supplied by the solar field and the process demand. In this case, a thermal
Thermal industrial processes energy storage (TES) allows the use of heat at hours without solar irradiation available. Thermal energy storage

Solar process heat

' ¢ for solar hot water or heating systems using low temperatures have been optimized since many decades and are
Medium-high temperatures

in a mature stage. Developments at high temperatures (above 200 °C) for CSP applications have also been deeply
studied. However, until this present paper, limited attention has been paid to TES for solar thermal industrial
applications at medium-high temperatures (120-400 °C), where there is a potentially huge demand. When
talking about TES several aspects have to be discussed: the heat demand that TES is going to be designed to
supply, the material where the energy will be stored and the performance of the TES system which includes not
only the material but also tanks, piping and connections.

In this review, food, brewery and chemical industries were identified as the industries with higher potential in
which TES and solar energy could be integrated. Heat integration methodologies have been reviewed to optimize
the use of the solar energy in the industrial processes.

Regarding the material, latent heat storage or phase change materials (PCM) were selected for this study
because they are a very promising type of storage to be integrated in thermal industrial processes, although the
state of the art of latent heat thermal energy storage (LHTES) systems is still far from broad commercialization.
Until now, no reviews of latent heat storage for industrial applications at medium-high temperatures
(120-400 °C) have been published. Therefore, literature related to PCM and latent heat storage (LHS) systems to
be used in industrial thermal processes is here reviewed in order to have a general overview of the available
technologies for their integration together with solar thermal energy in industrial processes at both experimental
and numerical level. More than 100 potential PCMs for heat storage applications in the range of temperatures
120-400 °C have been found. Inorganic eutectic compositions are the group with more potentially available PCM
for these applications, with values of heat of fusion between 74 and 535 kJ/kg.

Finally, the works related to the performance of the system from the experimental and modelling point of
view were presented. The review of experimental TES systems which include PCM in the studied range of
temperatures 120-400 °C showed that most of the experimental set-ups were developed for direct steam gen-
eration for CSP applications. Regarding numerical modelling, the type of configuration more simulated is the
shell and tube configuration.

1. Introduction both industrial and domestic processes. When solar energy is used, the
discontinuity of the sun irradiation could cause a heat supply disrup-

Renewable energies, such as solar energy, can substitute or co-work tion. Thermal energy storage (TES) reduces this time mismatch between

in the energy production to decrease the use of fossils fuels. Solar energy supply and demand, increasing the reliability of solar thermal
thermal energy stands as a feasible candidate for obtaining heat for systems. The heat that is not required by the process during sun hours
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Fig. 1. TES methods and the scheme of TES heat storage capacity of each one.

can be stored to be later used when there is no solar irradiation.

Thermal energy storage (TES) has been commercially used in solar
thermal applications since more than 20 years, mainly for low-tem-
perature solar domestic hot-water and heating systems, but in the last
years also for large concentrated solar power (CSP) plants operating at
temperatures up to 560 °C, in order to provide them independence from
the sun. Thermal energy storage systems (TESS) can be classified by the
method used to store the heat: Sensible heat thermal energy storage
(SHTES), latent heat thermal energy storage (LHTES) and thermo-
chemical thermal energy storage (TCTES). SHTES is the simplest
method to implement TESS but the heat amount of energy able to store
by this method is the lowest as is represented in Fig. 1. LHTES is able to
store 3-4 time more than SHTES and although this method is com-
mercially implemented, LHTES systems present highest technical risk.
Moreover, TCTES is the most promising TES method but the technical
barriers make this technology not completely full-implemented in the
market. In Fig. 1 the heat storage capacity of these three technologies is
shown. The use of one type or the other will depend on the application
in particular.

This paper focuses on applications for industrial heat demand at
medium-high temperatures (120-400 °C), which covers around 19% of
the EU-27 industrial heat demand (Krummenacher and Muster, 2015).
Until now little attention has been paid for TES integration at those
applications. The integration of solar thermal technologies with TES in
industrial processes could reduce the amount of used fossil fuel, redu-
cing CO2 emissions. The use of heat integration methodologies may
help to optimize the size and integration points for the best energy
efficiency of the system. However, industries usually have a problem
with the integration of solar thermal energy together with thermal
storage because of the large amount of required space. PCM could solve
the space problem at the same time than can provide heat at a nearly
constant temperature, which is necessary for some thermal industrial
applications at medium-high temperatures. Therefore, LHTES are the
selected TES for this study.

A considerable amount of reviews which include latent heat storage
materials and systems for different temperatures and applications have
been published. Several of them deal with LHTES for CSP applications.
Gil et al. (2010) and Medrano et al. (2010) presented reviews of the
different storage concepts and storage materials (SHTES, LHTES and
TCTES) for high temperature CSP applications. Cardenas and Ledn
(2013) and Liu et al. (2012) reviewed LHTES for solar applications
above 300 °C. Kenisarin (2010) presented a review of PCM for solar
applications with a range of temperatures of 120-1000 °C, where the
thermophysical properties of potential materials like salt compositions
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and metal alloys were also presented. Zalba et al. (2003) published a
review of solid-liquid phase change materials focused on materials, heat
transfer and applications. Furthermore, several reviews about solar
cooling applications have been presented, most of them reviewed latent
heat storage below 150 °C (Brancato et al., 2017; Khan et al., 2017),
except Pintaldi et al. (2015), whose review of LHTES media and systems
reached PCM with melting temperatures up to 250 °C. Moreover, re-
views of PCM for solar heating applications (Mahfuz et., 2014), solar
water tanks with PCM layers (Jabbar et al., 2013) or solar water heating
systems with PCM floor (Huang et al., 2014) at temperatures below
100 °C have been published. Reviews of PCM used in buildings (Cabeza
et al.,, 2011) or for automotive applications (Jaguemont et al., 2018)
have been also performed.

Although, a lot of information is available, LHTES storage concepts
and materials for CSP, cooling or heating applications are in many cases
not suitable with industrial applications because of the range of tem-
peratures and of the requirements of the process itself. Until now no
reviews of LHTES for medium-high temperatures (120-400 °C), focused
on industrial applications, have been published.

Therefore, the objective of this paper is to gather information re-
lated to TES systems applied to medium-high temperatures
(120-400 °C) industrial applications. Several aspects are discussed in
the following sections: the heat demand that TES is going to be designed
to supply, the material where the energy will be stored and the per-
formance of the TES system. In Section 2, potential industries in which
TES and solar energy could be integrated were identified as well as heat
integration methodologies for a maximum utilization of solar and TES
systems. Regarding the material, latent heat storage materials or phase
change materials (PCM) were selected since they have higher heat
storage densities compared to sensible ones. Furthermore, they can
provide heat at a nearly constant temperature. Therefore, Section 3
focuses on PCM materials available up to the publication of this work.
In Section 4, experimental and numerical systems which include PCM in
a range of temperatures at 120-400 °C were identified, in order to get a
general overview of available technologies for their integration to-
gether with solar thermal energy in industrial processes at both ex-
perimental and numerical level. Enhancement techniques have been
also included in this section. Finally, the conclusions are presented in
Section 5.

2. Integration of solar process heat at medium-high temperatures
for industrial processes

Identifying and characterizing the heat demand that TES will have
to cover is an important step when analyzing the suitability of a TES
system. Hence, in this section the potential industries whose demand
could be covered by a solar thermal and TES system are identified, the
different kind of TES integration schemes are described and the heat
integration methodologies for the correct design are evaluated.

2.1. Identification of potential industries to integrate solar process heat

Thermal energy storage systems are required for solar thermal ap-
plications because of the discontinuous nature of the irradiance of the
sun. If solar heat were to cover the thermal demands of an industry that
needs heat when there is no solar irradiation, thermal energy storage
systems are required. Therefore, the objective of this section is to
identify the industries whose demands are more suitable for the in-
tegration of solar thermal energy and thermal energy storage (TES).

The potential to meet the thermal energy demands with solar energy
has been studied on several occasions. Schweiger et al. (2000) made a
study of the potential of solar heat in industrial processes in Spain and
Portugal. They also summarized different analysis of industrial heat
demand for several countries around the world (U.S.A, Switzerland,
Germany, U.K, Japan, Portugal and Spain). They concluded that 15% of
the total energy demand in Europe was industrial heat demand. All of
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their analysis agree that more than 50% of the total industrial demand
was in the range of temperatures below 250 °C. According to these
authors, the following industries have a high fraction of heat demand
being good options to introduce solar energy at medium temperatures:
food industry (66%), chemical industry (58%) and textile industry
(30%). In particular, the following processes were identified as good
candidates: refrigeration for brewing purposes, sterilization for milk
industry (130-150°C), drying processes for textile industry
(140-220 °C) and paper industry (~180 °C). Kalogirou (2003) made a
study of the potential of solar industrial process heat applications in
Cyprus. The authors identified several industries with suitable condi-
tions for the coupling of solar energy into their processes. Again, food
industries, especially milk and meat industries and breweries, were
identified as the ones with the greater potential for solar heat integra-
tion.

Vannoni et al. (2008) showed the results of ECOHEATCOOL project
in which an analysis on the heat demand in industrial sectors of 32
countries (EU25 + Bulgaria, Romania, Turkey, Croatia, Iceland, Norway
and Switzerland) was performed. The report showed that 30% of the
industrial heat demand is below 100 °C, 27% is at medium temperatures
(100-400 °C) and 43% at high temperatures (over 400 °C). Fig. 2 (Solar
Heat for Industry — Solar Payback, 2017) shows similar percentages of
heat demand in the world. The report of the Task 49 of IEA Solar Heat
and Cooling (Krummenacher and Muster, 2015) fixed industrial heat
demand at medium temperature (100-400 °C) in 19% of the total heat
demand. According to this same report, the highest demands at medium
temperature were in the chemical, food, drink, tobacco and paper in-
dustry.

Kurup and Turchi (2015) made also an assessment about the po-
tential integration of concentrated (Parabolic Trough Collectors and
Linear Fresnel) solar heat in industrial processes, in this case for the
state of California. The authors defined the heat transfer fluid (HTF),
the temperature range and the collector technology more suitable for
each application (Table 1). They concluded that the most common
range of temperatures of the steam industrial demand was between 120
and 220 °C, and usually below 260 °C. The five industries identified by
the authors based on previous research, which used more steam at less
than 260 °C were food, paper, petroleum, chemicals and primary me-
tals. That selection of industries agrees with the results from other re-
ports or publications.

All the mentioned studies had in common that a high heat demand
in industry is in the range of temperatures between 120 and 260 °C and
that the industries with more potential to introduce solar thermal en-
ergy are food and chemical industries. Parabolic trough and Fresnel
collector technologies combined with thermal oil as HTF can reach until
400 °C. Furthermore, the Task 49 of IEA Solar Heat and Cooling (IEA/
SHC) (Krummenacher and Muster, 2015), which covers solar heat in-
tegration for industrial processes, includes the thermal processes in a

Il Industry
W Transport
Il Residential
Il Other

45 o/o Coal

15 O/O Oil

9 o/o Renewables
1 o/o Other

30 % Natural gas
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Table 1
Temperature regions relevant for solar process heat integration (Kurup and
Turchi, 2015).

Temperature Solar collector HTF Applications

range type

<80°C Flat plate Water Hot water
Non-tracking Space heating
compound
parabolic
Solar pond

80-200 °C Parabolic trough Water/steam Hot water or steam for
Linear Fresnel IPH (Industrial Process

Heat)

200-300°C Parabolic trough Mineral oil Steam for IPH
Linear Fresnel

300-400 °C Parabolic trough Synthetic oil Steam for IPH
Linear Fresnel

400-550 °C Parabolic trough Steam or Electric power
Linear Fresnel molten salts

> 550°C Heliostat/central Steam or Electric power

receiver molten salts

Parabolic dish

temperature range up to 400 °C. Since a high heat demand exists for
medium-high temperatures (120-400 °C) in industry and until now few
attention have been paid to those temperatures, especially regarding
the integration of latent heat thermal storage, this study focus in the
just mentioned range of temperatures (120-400 °C).

The costs of the solar thermal field have direct influence on the
integration of thermal energy storage in industry. If the prices of the
solar thermal field are too high, it will be discarded as a heat source,
since it is easier to use a gas boiler when heat is required. Kurup and
Turchi (2015) paid attention to the costs and concluded that the cost of
an installed SIPH (solar industrial process heat) plant based on devel-
oper information is about 200 US$/m? considering PTC and linear
Fresnel systems. Depending on the irradiation resource of the location
and the price of natural gas, the use of solar thermal energy to cover the
industry demand could be or not economically feasible.

A Technical Study Report of Solar Heat for Industrial Processes
(Cottret and Menichetti) presented the costs of a solar thermal process
heat installation in Europe, which were in a range between 180 and
500 €/m>. This range of cost was wide since several factors influenced
on it, such as the solar fraction, climatic conditions, system design and
type of technology. In the same report, the cost distribution for a large
scale solar thermal plant was presented. This corresponded mainly to
the collector field (48.4%), piping (18.8%), planning (14%) and buffer
storage and heat exchanger (11.4%).

Low-temp heat
(below 150 °C)

Boiling, pasteurising,
sterilising, cleaning, drying,
washing, bleaching, steaming,
pickling, cooking.

Medium-temp heat
(150 to 400 °C)

Distilling, nitrate melting, dyeing,
compression.

High-temp heat
(above 400 °C)
Material transformation
processes.

Fig. 2. Total final energy consumption 2014: 360 Exajoule (Solar Heat for Industry — Solar Payback, 2017).
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2.2. Types of thermal energy storage systems (TESS)

As Heller (2013) and Gil et al. (2010) summarized, there are three
types of TESS. The TESS are classified in active and passive. An active
storage system is mainly characterized by forced convection heat
transfer into the storage material (Gil et al., 2010). An active system is
subdivided into active direct and active indirect systems. In a passive
storage system, the storage material doesnit flow through the system,
but is the HTF which flows through the storage material for charging
and also for discharging. The TESS classification is shown below.

Active direct storage systems: in this type of system, the heat
transfer fluid from the solar collectors and heat storage material are the
same. This arrangement can be used in CSP plants with sensible heat
materials (usually synthetic oils or molten salts). These sensible heat
materials are suitable for CSP plants because they stay liquid at the
temperatures required to produce electricity in Rankine cycles. Water at
low temperatures is also usually stored using an active direct storage
systems in both industrial and residential applications. Materials used
in active direct storage systems must fulfil the requirements of both a
heat transfer fluid (HTF) and the storage material.

From an economic point of view, with active direct storage systems
large heat-exchangers are not required, which decreases the equipment
costs. On the other hand, if molten salts are considered, they have a
high price and they may need an auxiliary heater to avoid them to
freeze below 120-220 °C depending on the material. This kind of sto-
rage is non-viable when Direct Steam Generation (DSG) plants are
considered or when the HTF is gas. The reason is that either very large
storage tanks would be required or storage tanks with high pressure,
which would increase the tanks cost and would make the maintenance
more complex.

One active direct storage system example is an arrangement with 2
tanks (Fig. 3). One tank contains the hot HTF/storage material and the
other the cold HTF/storage material. Hot HTF is stored in the hot tank
until it is required, flowing to the heat exchanger of the Rankine cycle
and being afterwards stored once it was cool down in the cold tank.
Cold HTF/storage material will be again recirculated through the solar
field absorbing heat, the cycle starts again.

Active indirect storage system: in this kind of arrangement, the
heat transfer fluid and the storage material are different. A heat ex-
changer is required to perform the heat exchange between the

RECEIVER SALT
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materials. There are two types of these systems, one is with two tanks,
which works like the active direct system, but in this case the heat is
stored in a different material (generally molten salt) to the HTF (gen-
erally oil). An oil-molten salt heat exchanger is required for the char-
ging and discharging cycles of the storage system. In Fig. 4, an active
indirect storage system with two tanks is shown. The other type is with
only one tank, called thermocline. In the thermocline tank, the hot and
cold storage materials are separated via stratification. Depending on the
cost of the storage fluid, the thermocline can result in a substantially
low cost storage system (Gil et al., 2010). Although having an active
storage system of a latent heat storage material is not common, a
publication about an experimental demonstration of a novel active la-
tent heat storage system has been recently published (Pointner and
Steinmann, 2016).

Passive storage system: it consists of a solid material through
which the HTF passes for charging and again for discharging. Fig. 5
shows a CSP plant with a passive storage system. The disadvantage of
this kind of systems is that during the discharging process, the tem-
perature of the HTF decreases because the storage material is cold
down. Furthermore, the heat transfer is low (Gil et al., 2010). Phase
Change Materials tend to be used as storage material for passive storage
system. The melting temperature of the PCM must be the same as the
charging/discharging temperature of the HTF in order for the heat-
exchange to occur. Other materials, such as concrete or rocks which use
sensible heat are used also in passive storage systems.

2.3. Solar heat and TES integration methodologies in industry

In the last years, the number of publications regarding heat in-
tegration methodologies using solar heat as hot utility in industrial
processes has increased, most of them for low-medium temperature
processes. Heat integration methodologies are crucial for the success of
solar heat and thermal storage integration in thermal industrial pro-
cesses. These methodologies allow the increase of the energy efficiency
of thermal industrial processes due to the use of waste heat, optimi-
zation of the water/steam network design and thermal energy storage.

Pinch Analysis (PA) is a widely used methodology for the assess-
ment of heat recovery potential of an industrial process and for the
design of the thermal network. To apply PA approach, heating and
cooling demand for the processes is required. PA allows to obtain the

& 73 moc
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Fig. 3. Scheme of Gemasolar CSP Plant with an active direct storage configuration with two tanks (Plataforma Solar de Almerfa. Informe Anual, 2007).
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Fig. 4. Active indirect storage with two tanks (Herrmann et al., 2002).
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Fig. 5. CSP Plant with PCM passive storage system (Herrmann et al., 2002).

maximum heat recovery of a process through the drawing of the so-
called Composite Curves (CC) and also allows to identify the most ef-
ficient energy supply through the drawing of the so-called Grand
Composite Curves (GCC). In the CC, the temperature enthalpy profiles
of hot and cold streams are drawn. The GCC derives from CC and re-
presents the temperature profile of the remaining heating or cooling
requirements (Muster et al., 2015). Another important parameter of PA
is ATmin, which is an economic parameter representing the optimal
trade-off between energy savings and capital costs (Muster et al., 2015).
In the following paragraphs, it is noted that various authors based their
solar heat and thermal storage integration methodologies on Pinch
Analysis.

Heat integration methodologies, such as PA, can be applied for
continuous or batch processes. Because of the discontinuity of the

demand over the time and of the heat sources, (in case of the sun)
specific heat integration methodologies for non-continuous processes
must be developed. The discontinuity of demand and source over the
time causes a higher level of difficulty to develop these methodologies.
One option to assess batch processes is to apply the Time Average
Model (TAM). The TAM is a method where Pinch Analysis is applied to
batch processes. It considers an average value of the heat load over
time. In these processes, hot and cold utilities are normally not coin-
cident in time, and therefore it is not possible to exchange heat between
utilities. Another method to assess batch processes is the Time Slice
Model (TSM) (Kemp, 2007). In this method the batch cycles are divided
into several time intervals and one minimum temperature difference
(ATin) is calculated for each time interval, instead of calculating one
ATy for all the streams. Under these conditions opportunities for
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Fig. 6. CC including solar heat as a hot utility stream; GCC including heat recovery options, ATmin = 5 °C; (CCC: cold CC; HCC: hot CC) (Muster et al., 2015).

maximum energy recovery can be obtained for batch processes.

Some authors studied the integration of solar heat in thermal in-
dustrial processes without the incorporation of TES. Some of them have
done it through Pinch Analysis, which is a suitable tool to identify the
energy saving potential of solar heat in thermal industrial processes. In
Fig. 6, the Composite Curves with the integration of solar heat as a hot
utility are shown. Atkins et al. (2010) presented the integration of solar
thermal in low-temperature-pinch batch dairy plant. They concluded
that the thermo-solar system had to be placed as a hot utility source
above the pinch point. Quijera et al. (2011) used Pinch Analysis to
assess the viability of the integration of solar thermal energy in a dairy
plant at low-medium temperatures that were required by different
batch processes. They concluded that solar heat could be considered as
a potential hot utility. Some years later, Quijera et al. (2013) developed
a methodology based not only on Pinch Analysis, but also on exergy
analysis to evaluate different approaches of solar heat integration for a
particular batch industrial process. The authors described the combined
methodology as very powerful for the energy optimization and optimal
integration purpose. Recently, FEiholzer et al. (2017) presented a
methodology based on pinch analysis to optimize a low-temperature
batch industrial process (brewery) and to integrate a solar thermal
system. The time average model (TAM) and time slice model (TSM)
were used to obtain the heat recovery objectives. Comparing the heat
recovery potentials of the TAM and TSM, the authors concluded that
indirect heat recovery by thermal energy storage is essential to reduce
the energy demand of the brewing process.

Some authors have developed methodologies to integrate both solar
heat and thermal storage in thermal industrial processes. Walmsley
et al. (2014) integrated solar heat through the Heat Recovery Loops
(HRL) method based on constant (CTS) and variable temperature sto-
rage (VTS) in an industrial activity. This industrial activity consisted of
an inter-plant formed by semi-continuous processes. The Heat Recovery
Loops method is a pinch based method to transfer indirectly heat from
one process to another using a heat transfer fluid and thermal storage.
According to the authors, the storage system influences in the con-
struction of the Composite Curves (CC). Moreover, the shape of the CC
together with the pinch temperature influence on how solar heating is
integrated. For their case study, the VTS approach achieved 37% of heat
recovery more than the CTS case. Furthermore, they concluded that
solar heat could be integrated directly as a hot utility in the HRL if the
system had a pinch around the cold storage tank temperature.

Muster et al. (2015) presented, in the frame of IEA/SHC Task 49, a
methodology for obtaining the most adequate integration points of
solar heat using also thermal energy storage in the heat exchange
network of industrial processes. The authors proposed a methodology
for solar heat integration that included three main parts: 1. Pre-feasi-
bility, 2. Feasibility study, 3. Decision making and detailed plan. Fig. 7

shows possible integration points for process heat storage (Muster et al.,
2015). The integration options identified in the report were: i. Solar
energy storage (store in primary circuit), ii. Process heat storage (unit
B3 -store in secondary circuit) and iii. Supply heat storage (unit A2 —
store in secondary circuit). In another report of IEA/SHC Task 49
(Krummenacher and Muster, 2015), a forth integration option is
showed (Fig. 8). The figure shows the integration of a single-combined
storage tank in a solar powered-thermal process. In this case, the whole
thermal network shared only one storage tank with different tempera-
ture levels.

Besides the studies of Task 49 IEA/SHC (Krummenacher and
Muster, 2015; Muster et al., 2015); Krummenacher and Favrat (2001)
presented a methodology for the heat integration in industrial batch
processes that dealt also with thermal storage integration. The metho-
dology defined the minimum number of heat storage units based on
Pinch Analysis (PA).

Other authors have considered methodologies for thermal energy
storage integration in industrial processes. In these approaches, solar
heat was not taken into account as a hot utility, but the methodologies
could be applicable for it too. Atkins et al. (2010) studied the potential
for low-temperature indirect heat transfer between plants using the
heat recovery loop (HRL) approach and a stratified tank in a dairy
factory. They came to the conclusion that the maximum amount of heat
recovery could be increased if the temperature of the hot fluid in the
recirculation loop was varied depending on which condition the site
was operating under. Atkins et al. (2012) continued with this study in a
new publication, where they concluded that both the HRL temperature
range and a small heat storage volume could considerably enhance the
amount of heat recovery. They highlighted the importance of the con-
trol system for a good performance of the system.

Walmsley et al. (2012) studied different approaches of heat ex-
changer area targeting and storage temperature selection for Heat Re-
covery Loops for a maximum heat recovery. They performed a com-
parison between a methodology based on ATmin approach (PA) with
three global optimization approaches with different constrains (same
Number of Heat Transfer Units, Log-Mean Temperature Difference and
no constraints). They concluded that the ATmin approach was efficient
for HRL design compared to other methods which needed high amounts
of computational calculations. Moreover, optimizing the selection of
the storage temperatures was worthwhile and allowed the minimization
of the heat exchanger area.

Other energy targeting approach with thermal storage is the
Cascade Analysis, which allows heat to be cascaded with respect to time
and temperature (Klemes, 2013). This methodology also allows the
identification of the heat storage opportunities for batch processes. It
was Kemp and Deakin (Kemp and Deakin, 1989) who presented a
methodology based on Cascade Analysis, which showed what storage
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times and temperatures were needed to reach the Time Average Model
approach (TAM) (Linnhoff et al., 1988). However, the algorithm is
complicated and has not been commercially used. Furthermore, the
cascade analysis was found not to be rigorous with the heat storage
capacity (Klemes, 2013).

In contrast with most of the heat integration methodologies, which
are based on PA, Chen and Ciou (2009) presented a method for heat
recovery systems for batch processes which is not based on Pinch
Analysis, but in mixed-integer nonlinear program (MINLP) and an
iterative method. They presented an iterative method for designing
indirect heat recovery system in batch plants using a recirculated HTF
and the integration of a variable-temperature/variable mass storage
(VTVM). To reduce the number of external utilities, they used of a

l_h

mixed-integer nonlinear program (MINLP). In order to assess the non-
linearity of the temperature profile in the VIVM system an iterative
method was presented. This method, already demonstrated, linked a
network optimization tool (a General Algebraic Modeling System or
GAMS program) for network design and a MATLAB program for storage
temperature simulation. According to Chen and Ciou (2009) the size of
VTVM storage would be smaller than that of the fix temperature/vari-
able mass.

In conclusion, the integration concepts for solar process heat into
industrial processes using thermal energy storage working at medium-
high temperatures is a field where a lot of research still needs to be
carried out in order to use as much solar energy as possible and to
reduce the total amount of consumed energy. Few reduced amount of
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Fig. 8. Heat integration with solar heat + combined storage (Krummenacher and Muster, 2015).
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publications dealt with the integration points of TES for Solar Heat
Industrial Plants (SHIP), but state-of the art publications on meth-
odologies for solar heat and thermal energy storage integration have
been presented. This topic is a key research area for the proper in-
tegration of solar thermal energy in industrial applications. New storage
management tools and optimized algorithms should be developed in
order to integrate TESS and obtain more energy efficient processes.

Further investigation of the influence of different temporal load
profiles is necessary because the match between heat demand loads and
possibilities for heat recovery has a large impact on the integration of
solar systems (Lauterbach et al., 2014). If demand and generation
profiles do not match, storage solutions could provide a possibility to
improve the coverage of the demand and hence of the overall effi-
ciency. Especially in batch processes, the possibility to store energy for
a certain time presents a large potential for improvement. In this case,
LHTES provides a thermodynamically ideal possibility to store iso-
thermally heat at the melting temperature of the PCM. Furthermore,
PCM have a higher storage density compared to sensible TES which
reduces the size of the storage tank.

3. Latent heat materials at medium-high temperatures

Latent heat thermal storage materials are selected for the present
review because of their isothermal phase change and their high storage
density. Although some experimental studies of PCM in the range of
temperatures of the present review have been recently performed
(Pollerberg et al., 2012; Bhale et al., 2015; Garcia et al., 2015; Joemann
et al., 2016; Bayodn et al., 2010; Willwerth et al., 2017; Johnson et al.,
2014), latent thermal energy storage systems at medium-high tem-
peratures have barely been used in industry.

3.1. Latent heat

Latent heat of a material is the heat that carries a phase change of
the material, with no change in the chemical composition. Latent heat
transfer happens at constant temperature, property which makes latent
heat materials good allies for certain applications. This constant tem-
perature is the melting temperature of the material. Furthermore,
usually latent heat materials have a higher heat storage density com-
pared to sensible heat ones. Therefore latent heat materials need less
space to store the same amount of energy. The latent heat transfer of a
material is equal to its variation of enthalpy (AH) between the two
different phases (Eq. (3.1)).

AQ = AH (3.1)

For industrial purposes, space plays an important role, especially in
industries that are in urban areas. Hence, PCM are a potential solution
to store energy in relatively small volume. There are three different
types of latent heat depending on the type of phase change of the
material: solid-liquid, solid-solid and liquid-vapor. The materials in
solid-liquid phase change which can be used for heat storage are called
phase change materials (PCM). Solid-solid latent heat materials which
can be used for heat storage, are also considered Phase Change
Materials.

3.2. PCM classification

3.2.1. According phase change

Latent heat of solid-liquid phase change

This type of latent heat materials is based on melting and solidifi-
cation processes and it allows storing large amounts of heat in a smaller
volume compared to sensible heat materials. During melting, the tem-
perature stays constant (see Fig. 9) in the so-called melting temperature
or phase change temperature. Once the melting process is finished,
further transfer of heat will happen through sensible heat storage
(Cabeza and Mehling, 2008). The heat transfer during the melting or
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phase change, which cannot be measured via temperature change
(temperature is constant) is called latent heat and can be measured via
the enthalpy difference between the two phases as was mentioned be-
fore. The difference of enthalpy in the case of solid-liquid phase change
is called phase change enthalpy, melting enthalpy or heat of fusion.
However, one issue to consider with phase change materials is the
volume change after the phase change. Usually the liquid phase needs a
larger space to be contained. If the container is big enough to fit the
phase with larger volume that means that the pressure will stay almost
constant during the phase change. Therefore, the heat transfer process
(melting and solidification) will occur at constant temperature.

Latent heat of solid-solid phase change

Solid-solid phase change materials (SSPCM) have the advantage
over solid-liquid PCM that they do not have to be encapsulated because
there are no leakage issues, which may make systems cheaper.
Moreover, solid-solid PCM are simple and easy to handle. However, the
heat of phase change of SSPCM is lower than for the solid-liquid PCM.
This disadvantage has to be overcome in order to use them for com-
mercial applications.

Latent heat of liquid-vapor phase change

In this type of latent heat the liquid-vapor phase change happens
through the evaporation and condensation processes allowing the sto-
rage of latent heat. The much larger volume of the vapor phase com-
pared with the liquid one causes some disadvantages which make from
this kind of material unsuitable for thermal storage. In a liquid-vapor
phase change, the phase change temperature strongly depends on the
boundary conditions, and therefore the phase change is not just used for
storage of heat alone (Cabeza and Mehling, 2008). Because of the vo-
lume increased in the vapor phase, the tank would have either to
support very high pressure or have a very large volume. Therefore, they
are not used as latent heat storage materials. If the material would be
without container that means that the material will be wasted and
would cause environmental impact (except for water).

3.2.2. According composition

There are three types of solid-liquid phase change materials relevant
for heat storage applications: organic, inorganic and eutectic materials.
Advantages and disadvantages of phase change material are presented
here. A schematic summary of the properties of PCM is presented in
Fig. 10.

Organic liquid-solid PCM are classified between paraffin and non-
paraffin. Paraffin have several advantages like being cheaper than other
PCM, having low vapor pressure, high heats of fusion and chemical
stability (Khan et al., 2017; Sharma and Sagara, 2013). Moreover, they
are compatible with all metal containers, although attention must be
taken when a plastic container is used (Sharma and Sagara, 2013). They
also have some disadvantages such as low thermal conductivity and
high-volume change with phase change.

Non-paraffin is the largest category for potential use as latent heat
storage materials (Sharma and Sagara, 2013). They have general ad-
vantages, such as having little subcooling and thermal and chemical
stability and the disadvantage of having low thermal conductivity.
Paraffins tend to have all similar properties, however non-paraffin have
different properties based on each material (Sharma and Sagara, 2013).
Further properties of paraffin and non-paraffin are listed in the Table 2.
Non-paraffin are divided into fatty acids, alcohols, esters and glycols.
Fatty acids have similar features as paraffin (Sharma and Sagara, 2013).
However, they are much expensive.

Inorganic PCMs are the second type of PCM. They have advantages
like high enthalpy and higher thermal conductivity than organic PCMs
(Khan et al., 2017). Salts, salt hydrates, hydroxides, metals and metal
alloys are different types of inorganic PCMs. Low melting point metals
and their alloys have the ability of high thermal conductivity and small
volume change, therefore they could potentially be a good material.
However, they have low heat of fusion per unit weight (Ge et al., 2013),
which means that a higher volume is required for a certain amount of
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Fig. 9. Stored sensible heat (left) and stored latent heat (right) with respect of temperature (Cabeza and Mehling, 2008).

heat. Salt hydrates could also be used for solar applications. On one
hand, they are relatively cheap, have sharp temperature and high
thermal conductivity compared with other PCMs (Sharma and Sagara,
2013). On the other hand, they have limitations of chemical instability
when they are heated, causing degradation at high temperatures
(Kenisarin, 2010). Furthermore, salts in general have low heat con-
ductivity and a relatively high degree of supercooling. A comparison of
properties of organic and inorganic materials are presented in Table 3.

Lastly, compositions or mixtures of materials are presented. A eu-
tectic composition is formed at the eutectic point (there are binary and
ternary eutectic points for mixtures of two or three components) cor-
responding to the lowest melting point in a phase-diagram describing
different mixtures. The eutectic composition thus has a single melting
temperature of the containment salt whereas in non-eutectic mixtures
one material is melting first, followed by the other. We have to search
therefore for eutectic compositions of materials with a melting tem-
perature suitable for our application. Their advantage is that they do
not exhibit segregation (Sharma and Sagara, 2013).

In Fig. 11, a graphic of PCM with respect to heat of fusion and
melting temperature is presented. For the range of temperatures studied
in this review, salt hydrates and their mixtures, sugar-alcohols, paraf-
fins and salts and their eutectic mixtures must be considered. In Fig. 12,
a detailed classification of PCMs is presented.

Thermal Physical

Properties

Properties

Table 2
Properties of paraffins and non-paraffins (Khan et al., 2017).
Advantages Disadvantages
Paraffins Safe Low thermal conductivity
Reliable High volume change with phase
Predictable change

Non-paraffins

Less expensive
Non-corrosive
Low vapor pressure

Thermal stability
Chemical durability
Non-corrosiveness
Non-toxicity

Easy availability
Little/no subcooling
Narrow temperature
range

Non-compatibility with plastic
container
Moderately inflammable

Highly inflammable

Low heat of fusion

Low thermal conductivity

Low flash point

Toxicity

Instability at high temperatures

Kinetic

Properties

3.3. Requirements for a good Phase Change Material for thermal storage

Any latent heat TESS must contain at least these three components:
a heat storage material, a container compatible with the storage ma-
terial and a heat exchange surface (Abhat, 1983). If we focus on the
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Table 3
Comparison of organic and inorganic materials for heat storage (Zalba et al.,
2003).

Organics Inorganics

Advantages
No corrosives
Low or none undercooling
Chemical and thermal stability

Advantages
Greater phase change enthalpy

Disadvantages Disadvantages
Lower phase change enthalpy Undercooling
Low thermal conductivity Corrosion

Inflammability Phase separation
Phase segregation, lack of thermal
stability
Salts and their
eutectic mixtures
500 +
Sugar-
Gas Hydrates alcohols
400 +
Salt Hydrates
yeter R an'c-!h;dheir

00T mixtures

200 +

Melting enthalpy [kJ/I]

100 +

-100 0 +100 +200

Melting temperature [°C]

Fig. 11. PCM with respect to heat of fusion (Dieckmann, n.d).

material, the requirements of a good Phase Change Material for thermal
storage are presented below, summarizing the information previously
presented by Cabeza et al. (2015), Cabeza and Mehling (2008), Gil et al.
(2010) and Schroeder (1975).

3.3.1. Physical requirements

e Melting point that matches the range of temperatures of the appli-
cation.

e High value of heat of fusion or phase change enthalpy to obtain

higher storage density than sensible storage materials.

Low heat losses.

Reproducible phase change or cycling stability in order to use the

storage material as much as longer as possible.

® No phase separation. If this effect is solved with another chemical
composition the capacity of the material decreases.

e Large energy density to store the greatest amount of thermal energy

per cubic meter.

High latent heat, especially a volumetric basis to minimize the sto-

rage size.

e No subcooling or little subcooling: to avoid that during the melting

and solidification process the ranges of temperature achieve wide

values. The subcooling effect can be seen in Fig. 13.

Non-toxic, non-flammable, eco-friendly.

Good thermal conductivity so that the heat transfer during charging

and discharging does not take too long time.
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3.3.2. Technical requirements regarding the storage container

e Minimum volume variation and low vapor pressure to minimize the
mechanical resistance requirements of the container and simplify
the maintenance.

e Chemical and thermal stability for large number of cycles.

e Compatibility between the container and the PCM.

3.3.3. Economic requirements

e Low cost of the storage material in order to be able to compete with
other storage technologies or even without storage (using an aux-
iliary gas boiler).

Kenisarin (Kenisarin and Mahkamov, 2007) pointed out that until
2007 there wasnt a good database on thermo-physical properties of
PCMs and nowadays it still doesnit exist. The reasons could be the
complexity of the experimental processes, the high costs and the long
duration of the experiments when for example the material behavior for
a high number of thermal cycles. Furthermore, there are very few
publications with experimental results that allow the validation of si-
mulation models. Some doubts exist regarding the use of PCMs in solar
applications: there is not any publication that indicates which PCM is
better for every solar application or a range of temperatures. Analysis
for each particular case must be done.

Although a lot of PCM have been studied, none of them satisfied all
the requirements of a good storage material. Hence, the storage design
plays an important role to overcome the disadvantages of the material.

3.4. Review of potential phase change materials for medium-high
temperatures

The goal of this section is to collect available latent heat storage
materials for solar thermal industrial processes in a temperature range
of 120-400 °C. Several publications about high temperature PCM for
large solar scale applications (Gil et al., 2010; Cardenas and Le6n, 2013;
Liu et al., 2012; Kenisarin, 2010) have been published, as well as about
low-temperatures PCM for hot water, heating (Mahfuz et al., 2014;
Jabbar et al., 2013; Huang et al., 2014) and cooling applications (Gil
et al., 2013); (Brancato et al., 2017; Khan et al., 2017; Agyenim et al.,
2015). For the present review a collection of different PCM in the stu-
died range of temperatures has been selected from different publica-
tions.

Starting with publications of PCMs for solar cooling systems, Gil
et al. (2013) presented a pilot plant to test a latent heat thermal storage
system for solar cooling applications with a storage temperature range
between 140 and 200 °C (Fig. 14). Although the pilot plant was not
designed for process heat applications, it was included in this review
because it is one of the few pilot plants tested in the studied range of
temperatures considered in this study. For their experiment, they se-
lected firstly five materials, whose characteristics can be seen in
Table 4. From that list, two materials were selected to be tested in a
pilot plant. They were D-mannitol and hydroquinone with melting
temperatures of 162-170°C and 168-173 °C respectively. From the
experiments, the authors concluded that although D-mannitol could
store more energy than hydroquinone, it showed also big subcooling
during the discharging process (the subcooling effect causes that the
PCM stays liquid when it should be solid because it reached the soli-
dification temperature). Moreover, they proved that the heat transfer
limitation was in the PCM and not in the heat transfer fluid (Gil et al.,
2013).

In addition to the previous publication, there are several reviews
about latent heat thermal storage for solar cooling applications.
Mumtaz et al. (2017) presented a review of PCM, storage designs and
PCM enhancement techniques for solar absorption refrigeration sys-
tems. They concluded that Erythrol, Hydroquinone and D-mannitol are
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Fig. 13. Charging (heating) and discharging (cooling) with sub-cooling effect
(Cabeza and Mehling, 2008).

materials often studied for the temperature range 140-200 °C. Ac-
cording to the authors, latent heat thermal storage (LHTS) increases the
initial cost of a thermal system, but saves energy in the long-range and
allows to run the system continually in spite of the discontinuity of the
heat source. Pintaldi et al. (2015) presented a review of both sensible
and latent heat storage materials and system designs for solar cooling
applications with focused on temperatures over 100 °C where literature
previously had not paid attention. The materials were separated by
temperature range and by type of absorption chillers.

Besides reviews of PCM for solar cooling applications, more reviews
of PCM for different range of temperatures have been published, in
most of the cases for low temperature and high temperature (for CSP)
applications. Sharma and Sagara (2013) presented a review of more
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Fig. 14. Pilot plant built for solar cooling applications (Gil et al., 2013).

than 250 PCM based on previously published reviews and all com-
mercial PCM existing until the moment. Kenisarin and Mahkamov
(2007) presented three lists of some available commercial PCM of the
companies EPS Ltd, TEAP Energy and Rubitherm paraffin. From the
review of Kenisarin and Mahkamov (2007), just one material, the A164
(material on the basis of alkane/aliphatic solution and distributed by
EPS Ltd) was suitable for the studied range of temperatures
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Table 4
Materials tested by Gil et al. (2013) with potential use as PCM for solar cooling.

Solar Energy xxx (Xxxx) Xxx—-XXX

Material Literature phase change Experimental phase change Literature phase change enthalpy = Experimental phase change enthalpy
temperature (°C) temperature (°C) (kJ/kg) (kJ/kg)

Salicylic acid 159 159.1(m)/111.3(s) 199 161.5(m)/109.4(s)

Benzanilide 161 163.1(m)/136.1(s) 162 138.9(m)/129.4(s)

D-mannitol 167 166.8(m)/117(s) 316 260.8(m)/214.4(s)

Hydroquinone 172.4 172.5(m)/159.5(s) 258 235.2(m)/178.7(s)

Potassium thiocyanate 173 176.6(m)/156.9(s) 280 114.4(m)/112.5(s)

m = melting; s = solidification.

Table 5

Available suitable commercial PCM of the company EPL ltd.
Material ~Melting Heat of Density Specific Thermal

temperature fusion (kg/m®) heat (kJ/ conductivity
Q) (kJ/kg) kgK) (W/mK)

A133 133 126 880 2.2 0.23
Al44 144 115 880 2.2 0.23
A155 155 100 900 2.2 0.23
Ale4 164 290 1500 2.2 n.a
X120 120 180 1245 1.5 0.36
X130 130 260 1280 1.47 0.36
X165 165 230 1304 1.43 0.36
X180 180 280 1330 1.4 0.36
H120 120 120 2220 1.51 0.506
H160 162 105 1910 1.505 0.509
H190 191 170 2300 1.510 0.512
H220 220 100 2000 1.515 0.515
H230 227 105 1553 1.520 0.518
H250 250 280 2380 1.525 0.521
H255 254 270 238 1.530 0.524
H280 282 160 225 1.535 0.527
H285 285 85 2200 1.540 0.53
H290 292 150 1900 1.545 0.537
H300 302 130 1570 1.550 0.541
H305 305 150 2100 1.555 0.545
H320 320 70 2110 1.500 0.549
H325 327 80 2110 1.505 0.553
H335 334 80 2110 1.510 0.556
H355 353 230 2060 1.520 0.559
H380 382 225 2050 1.525 0.562
H395 395 215 2330 1.530 0.565

Comments: A: organic PCM (solid-liquid); X: solid-solid PCM; H: high tem-
perature PCM (solid-liquid).

(120-400 °C). However, the company EPS Ltd has commercially avail-
able more PCM in addition to the A164, in the range 120-400 °C, which
are shown in Table 5. Kenisarin presented another PCM review
(Kenisarin, 2010), focused in this case, for high-temperature solar ap-
plications (120-1000 °C).

Zalba et al. (2003) published a review of solid-liquid phase change
materials. They described potential PCM and their thermo-physical
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properties already studied by researchers, as well as commercial PCM.
Cérdenas and Ledn (2013) presented a review of inorganic salt com-
positions and metallic alloys which are potential candidates for their
use as latent storage materials at high temperatures (above 300 °C).
Inorganic salts are of great interest above 300 °C, since some of these
salts have a relatively high heat of fusion. But they also have some
disadvantages that limit their applications, such as low thermal con-
ductivity, high corrosion and large volume changes during melting (Liu
et al., 2012). For these reasons, metallic materials appeared as another
potential candidate as PCM. Metal materials and metal alloys have
some disadvantages, mainly their high weight and their low stored
energy rate by mass unit. On the other hand, they have several ad-
vantages, like a high latent heat of fusion per volume, high thermal
conductivity, low corrosion and low subcooling. Metal and metal alloys
should be considered as good candidates for latent heat storage. Metal
alloys can be implemented but some considerations must be taken into
account as Fernandez et al. (2017) stated.

Liu et al. (2012) presented a review of potential PCM with melting
temperatures above 300 °C for CSP applications. In this work, as well as
for Cardenas and Ledn (2013) the classification is divided into in-
organic salts and salt composites on one hand and into metal and metal
alloys on the other hand. Most of the inorganic salts and salt eutectics
considered by Liu et al. (2012) were on the bases of chlorides, nitrates
and carbonates, which have low cost (Liu et al., 2012). The authors
made very useful conclusions: NaNOj is the most investigated PCM,
because the melting temperature is in the range of direct steam gen-
eration purpose. Regarding metal and metal alloys are feasible candi-
dates to be used as PCM, except for their higher cost compared to the
salts.

Hoshi et al. (2005) identified suitable latent heat materials to be
used in CSP plants. For this purpose they presented two graphs
(Fig. 15). From the graph on the left, Polyethylene, Erythritol, Man-
nitol, NaOH, NaNO,, NaNOs;, KNO3 and Sn could be considered as
potential PCM. From the graph on the right, the cheapest materials are
Polyethylene and Erythritol for the corresponding organic materials
and alcohols.

Other authors have performed assessments of PCM to study their
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Fig. 15. Heat capacity (left) and cost per kWh (right) vs Melting point temperature (Hoshi et al., 2005).
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thermo-physical characteristics. Sharma et al. (2015) presented an as-
sessment of existing organic solid-liquid PCM and their applications for
thermal storage. From their selection, almost all materials have a
melting temperature below 100 °C, except for Lactitol, Maltitol, D-
Mannitol, Galactitol and Myo-inositol, which have been considered in
the present review. Sharma et al. (2015) concluded that organic PCM at
medium temperatures (90-150 °C) are non-corrosive and exhibit re-
producible melting and freezing characteristics, even after a large
number of thermal cycles. Organic PCM have been tested a lot in the
range 80-150 °C, but not so much for higher temperatures. Moreover,
most of the studies of PCM on solar thermal application were performed
in Europe, where the climate changes during the day are not so drastic
compared for example with the desert, where the temperature differ-
ence between day and night can be very high.

Kakiuchi et al. (1998) made a study using erythritol, which is a
sugar alcohol (organic material), as phase change material. They found
out that the properties of erythritol were suitable for its use as heat
storage material. For the measurements of the latent heat and specific
heat of the sugar alcohols they used a DSC (Differential Scanning Ca-
lorimetry) and an adiabatic calorimeter. The results presented by Ka-
kiuchi are shown in Table 6. Erythritol increased a 10% of its volume
during solid-to-liquid phase change, therefore this must be taken into
account when the container is designed. Agyenim et al. (2011) also
used erythritol as PCM for a solar cooling applications.

Pincemin et al. (2008) presented a study of new composites made of
salts or eutectics and graphite to analyze their enhancement properties
of stability, storage capacity and thermal conductivity in a melting
temperature range of 200-300 °C. Seven salts were selected for the
experiments: two types of nitrates (NaNO3, KNO3), two types of hy-
droxides (NaOH, KOH) and three types of chlorides (ZnCl,, NaCl, KCI).
Eutectic materials of these salts were also considered. Taking into ac-
count important factors, such as corrosion, hygroscopic behavior, in-
dustrial availability and cost, the NaNO3/KNO3 binary system was se-
lected. The authors concluded that the use of new composite materials
made of inorganic PCM and graphite for solar applications in the range
200-300 °C could significantly enhance the performance of the storage
material (Pincemin et al., 2008). However, the thermal conductivity of
the composite decreased at increasing temperatures. Therefore, this
material was not good enough for CSP applications. Further studies to
improve thermal conductivity should be performed.

Haillot et al. (2011) presented a selection of suitable organic PCM in
the temperature range of 120-150 °C based on previous publications
(Khan et al., 2017; Agyenim et al., 2015; Mahfuz et al., 2014; Jabbar
et al.,, 2013; Huang et al., 2014). The authors considered that the
measurements provided in those papers were limited, therefore mea-
surements for 11 materials were made. For the measurements, a ther-
mogravimetric (TG) and a differential scanning calorimetry (DSC) were
used to define the thermos-physical properties of the materials. The
requirements for choosing the materials to be characterized were: low
toxicology and ecological impact, low costs and weakly hygroscopic.
The first selection of 11 materials is shown in Table 7. Once the mea-
surements of enthalpy, stability and reliability of the phase change

Table 6
Melting point, heat of fusion and cost of typical sugar alcohol (Kakiuchi et al.,
1998).

Material Melting point Heat of fusion  Density (kg/1) Cost (US
9] (kJ/kg) (at 20°0) $/kg)
Erythritol 120 339.8 1.45 5.0
D-mannitol  166-168 316.4 1.52 6.7-7.5
Galactitol 188-189 351.8 1.47 -
Xyliyol 93-94.5 263.3 1.52 6.7-8.3
D-sorbitol 96.7-97.7 185 1.50 1.1
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Table 7
Selection of organic PCM by Haillot et al. (2011).
Material Phase change Heat of fusion Density  Supplier
temperature (°C)  (kJ/kg) (kg/m®)
Trometanol (TAM) 132 285 1350 Lancaster
synthesis
Dimethylpropionic 185 289 - Lancaster
acid (DMPA) synthesis
Sebacic acid 130-134 228 1270 Merck
Maleic acid 131-140 235 1590 Merck
Adipic acid 151-155 260 1360 Roth
Glucose-D 149-152 174-192 - Merck
Polyethylene (HDPE) 130 211-233 960 Aldrich
Benzoic acid 121-123 114-147 1080 Merck
Phthalic anhydride 131 159 1530 Merck
Dimethyl 142 170 1290 Merck
terephthalate
Urea 133-135 170-258 1340 Roth
Table 8

List of considered latent heat storage materials for Pollerberg et al. (2012).

Storage material Temperature (°C)  Specific heat of fusion

(kJ/kg)
Water (reference) 120-150 128.5 (sensible heat)
Polyethylene PE-HD 122-133 150-200
Polyethylene PE-UHM 124-134 150-200
Polyethylene Licocene PE 4201 125-130 246
Polyethylene Licocene PP 6102 142-148 70
Polyethylene Licocene PP 7502 155-165 106
KNO3-NaNO»-NaNO3(53/40/7) 142 80
Mannitol 164-167 294-325
Palatinitol (Isomalt) 145 170

process (for 4 cycles) of the 11 materials were performed, four of them
were discarded. DMPA, maleic acid and urea did not show a suitable
cycling stability. D-glucose showed low decomposition temperature.
The results showed that only seven organic materials (TAM, sebatic
acid, HDPE, adipic acid, benzoic acid, Phthalic anhydride and Dimethyl
terephthalate) could be considered as potential latent storage materials
for the range 120-150 °C.

Bauer et al. (2009) studied several thermo-physical and chemical
stability properties of sodium nitrate (NaNOs). Its melting temperature
according the authofs experiments was 306 °C and its heat of fusion was
178 kJ/kg. Although there was an impact of nitrite formation during
the melting phase, the authors concluded that the thermal stability of
NaNO; was enough for its use as PCM.

Nomura et al. (2010) studied the thermo-chemical properties of a
new PCM called NaOH/Na,CO3 to be used in a heat transportation
system with heat recovery purposes (Fig. 16). Its latent heat of fusion
(252kJ/kg) and its melting point temperature (285 °C) was measured
and it was proved that it could be used until 350 °C. Moreover, it had
little subcooling and was chemically stable for 500 h. The authors
considered the PCM suitable for the application. A schematic diagram
of the PCM-container is shown in Fig. 17. Shin and Kim (1990) analyzed
a ternary carbonate eutectic (32.1% Li»CO3, 34.5 K,COs3, 33.4%
Na,COs3) as a latent heat storage material. In the experiments, it showed
a phase change transition temperature of 395-397 °C, heat transfer
from 34 to 51 W/mK and no subcooling over 50 thermal cycles.

Most of the publications focus on the measure of heat of fusion and
melting temperature and they leave aside other important PCM char-
acteristics, such as charging/discharging properties, subcooling, phase
segregation, thermal conductivity or behavior for a large amount of
cycles. However, Rodriguez-Garcia et al. (2016) recently performed an
study about the melting/freezing cycles and long-term melting stability
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Fig. 16. Concept of the heat transportation system using PCM (Nomura et al., 2010).

tests of the D-mannitol under an inert atmosphere of Ar and N,. After
testing the material between 100 and 190 °C for 50 cycles, they ob-
served a change in the melting interval. Regarding long-term melting
stability test at 180 °C a change in consistency from hard solid to soft
paste and a decrease of mass was experienced. They concluded that
sample degradation and production of volatile species appeared during
heating. Therefore, they concluded that D-mannitol was not a feasible
PCM even under inert atmosphere.

More recently, Gimenez-Gavarrell and Fereres (2017) presented a
new glass encapsulated PCM for high temperature (300-400 °C) LH to
be used in direct steam generation solar thermal plants. For the de-
velopment of the experimental design, they used NaNO3 and Pb as PCM
and borosilicate as encapsulation material. The latent heat, specific heat

(a) Schematic diagram of HT container

Oil phase

and melting temperatures of the two PCM considered were experi-
mentally measured using a DSC.

Several reviews of potential PCM have been already performed
(Cardenas and Ledn, 2013; Kenisarin, 2010; Zalba et al., 2003; Liu
et al., 2012; Haillot et al., 2011). Nevertheless, no international or even
national methodologies to measure the melting temperature, heat of
fusion, degradation with cycles, thermal conductivity, etc. exist.
Moreover, most of the times the available features of the PCM are just
the melting temperature and the heat of fusion. It is obvious that a lack
of proper data and standards exists. Therefore, it is difficult to provide a
good and scientific recommendations about which material is more
suitable for a particular application. However, in this review a collec-
tion of the most promising materials presented by different authors is

1
i

(b) Cross section of HT container

Flow of oil used
for heat transfer

Flow of oil used for
heat transfer

Direct heat exchange

Heat transfer using oil directly

in contact with PCM.

Important properties of PCM

1) Large LH

2) Suitable MP

3) Does not exhibit supercooling
4) Chemically stable with
reference to heat transfer medium

Fig. 17. Schematic diagram of the container (a) and its cross section (b) (Nomura et al., 2010).
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Table 11
Inorganic binary and ternary mixtures compositions with potential used as PCM.

Compound Composition Melting temperature (°C) Heat of fusion (kJ/kg) Density (kg/m>) Specific heat (kJ/kg)
LiNO3-67KNO3 33/67 133 (Kenisarin, 1993) 170 (Kenisarin, 1993) - -
LiNO3-68.3KNO3 31.7/68.3 135 (Kenisarin, 2010) 136 (Kenisarin, 2010) - -
KNO3;-NaNO,-NaNO3; 53/40/7 142 (Kenisarin, 1993) 80 (Kenisarin, 1993) - -
LiNO3-NaNO3—KCla 55.4/4.5/40.1 160 (Kenisarin, 2010) 266 (Kenisarin, 2010) - -
LiNO3s-KCla 58.1/41.9 166 (Kenisarin, 2010) 272 (Kenisarin, 2010) - -
NaOH-KOH 50/50 169-171 (Kenisarin, 2010)  202-213 (Kenisarin, 2010) - -
LiNO3-LiCl-NaNO3 47.9/1.4/50.7 180 (Kenisarin, 2010) 265 (Kenisarin, 2010) - -
LiNO3-NaNO3 57/43 193 (Kenisarin, 2010) 248 (Kenisarin, 2010) - -
LiNO3-NaNO3; 49/51 194 (Kenisarin, 1993) 265 (Kenisarin, 1993) - -
LiNO3-NaNO3-Sr(NO3), 45/47/8 200 (Kenisarin, 2010) 199 (Kenisarin, 2010) - -
LiNOs-NaCla 87/13 208 (Kenisarin, 2010) 369 (Kenisarin, 2010) - -
LiOH-NaOH 30/70 210-216 (Kenisarin, 2010)  278-329 (Kenisarin, 2010) - -
KNO3;-NaNO3; 54/46 222 (Kenisarin, 1993) 100 (Kenisarin, 1993) - -
222 (Venkatesetty and 117 (Venkatesetty and - -
LeFrois, 1976) LeFrois, 1976)
NaOH-NaNO, 20/80 230-232 (Abe et al., 1984)  206-252 (Abe et al.,, 1984) - -
NaOH-NaNO, 73/27 237-238 (Abe et al., 1984)  249-295 (Abe et al.,, 1984) - -
NaOH-NaCl-NaNO3 78.1/3.6/18.3 242 (Abe et al., 1984) 242 (Abe et al., 1984) - -
NaOH-NaNO3; 28/72 246-247 (Abe et al., 1984)  182-257 (Kenisarin, 2010) - -
NaOH-NaCl-NaNO3 55.6/4.2/40.2 247 (Abe et al., 1984) 213 (Abe et al., 1984) - -
NaNO3;-NaOH 70/30 247 (Venkatesetty and 158 (Venkatesetty and - -
LeFrois, 1976) LeFrois, 1976)
LiNO3;-Ba(NO3), 97.4/2.6 253 (Venkatesetty and 368 (Venkatesetty and - -
LeFrois, 1976) LeFrois, 1976)
LiNO3s-NaCla 93.6/6.4 255 (Kenisarin, 2010) 354 (Kenisarin, 2010) - -
LiCl-CsCl-KCI-RbCl 28.5/43.5/13.7/13.3 256 (Kenisarin, 2010) 375-380 (Kenisarin, 2010) - -
NaOH-NaNO3 81.5/18.5 256-258 (Abe et al.,, 1984)  251-292 (Abe et al.,, 1984) - -
LiOH-LiCl 63/37 264 (Philips and Stearns, 437 (Philips and Stearns, - -
1985) 1985)
NaOH-NaNO3; 59/41 266 (Kenisarin, 2010) 278 (Kenisarin, 2010) - -
266 (Abe et al., 1984) 221 (Abe et al., 1984) - -
LiCl-Ca(NO3), 59.15/40.85 270 (Venkatesetty and 167 (Venkatesetty and - -
LeFrois, 1976) LeFrois, 1976)
LiOH-LiCl 65.5/34.5 274 (Kenisarin, 2010) 339 (Kenisarin, 2010) - -
LiOH-LiCI-KCl 62/36.5/1.5 282 (Kenisarin, 2010) 300 (Kenisarin, 2010) - -
Na,CO3-NaOH-NaCl 6.6/87.3/6.1 282 (Abe et al., 1984) 279 (Abe et al., 1984) - -
NaCl-NaOH-NaCO3 7.8/85.8/6.4 282 (Philips and Stearns, 316 (Philips and Stearns, - -
1985) 1985)
NaOH/Na,CO3 - 285 (Nomura et al., 2010) 252 (Nomura et al., 2010) - -
NaNOs-NaCl-Na,SO4 86.3/8.4/5.3 287 (Venkatesetty and 177 (Venkatesetty and - -
LeFrois, 1976) LeFrois, 1976)
NaF-NaNO3-NaCl 5/87/8 288 (Babaev, 2002) 224 (Babaev, 2002) - -
KOH/LiOH 60/40 a 314 (Liu et al., 2012) 341 (Liu et al., 2012) - -
KOH/LiOH 54/46 315 (Ruiz-Cabanas et al., 535 (Ruiz-Cabanas et al., - -
2017) 2017)
NaOH/NaCl/Na,CO3 77.2/16.2/6.6 318 (Abe et al., 1984) 290 (Abe et al., 1984) - -
LiCl/KCl/BaCl, 54.2/39.4/6.4 320 (Kenisarin, 2010) 170 (Kenisarin, 2010) - -
KNO3/KCl 96/4 a 320 (Liu et al., 2012) 150 (Liu et al., 2012) - -
KNO3/KCl 95.5/4.5 320 (Michels and Pitz-paal, 74 (Michels and Pitz-paal, 2100 (Michels and 1.21 (Michels and Pitz-
2007) 2007) Pitz-paal, 2007) paal, 2007) (solid)
LiCl/KCl/LiCOs/LiF 47.4-47.7/46.8-47/3.2-3.4/ 340-343 (Kenisarin, 2010)  375-380 (Kenisarin, 2010) - -
2.1-2.4
KNO3/KBr/KCl 80/10/10 a 342 (Liu et al., 2012) 140 (Liu et al., 2012) - -
LiCl/NaCl/KCl 43/33/24 a 346 (Liu et al., 2012) 281 (Liu et al., 2012) - -
LiCl/KCl 58/42 348 (Kenisarin, 2010) 170 (Kenisarin, 2010) - -
MnCl,/KCl/NaCl 45/28.7/26.3, 350 (Kenisarin, 2010) 215 (Kenisarin, 2010) - -

Li2M00,4/LiVO3/LiCl/Li;SO04/LiF

LiCl/LiVO3/LiF/LizS04/Li;MO,

27.1-27.6/24.8-25.3/
23.4-24.2/17.3-17.8/6.1-6.2
a

42.0/17.4/17.4/11.6/11.6

360-363 (Abe et al., 1984)

363 (Kenisarin, 2010)

278-284 (Abe et al., 1984)

284 (Kenisarin, 2010)

NaOH/NaCl 80/20 a 370 (Liu et al., 2012) 370 (Liu et al., 2012) - -
MgCl,/KCl/NaCl 60/20.4/19.6 a 380 (Liu et al., 2012) 400 (Liu et al., 2012) 1800 (Liu et al., 0.96 (Liu et al., 2012)
2012) (solid)

MgCl,/NaCl/KCl 57.0-53/22.5-26.5/ 385-393 (Kenisarin, 2010) ~ 405-410 (Kenisarin, 2010) - -
18.5-22.5/a

MgCl,/NaCl/KCl 45.4/33/21.6 385 (Kenisarin, 2010) 284 (Kenisarin, 2010) - -

KCl/MnCl,/NaCl 45.5/34.5/20 390 (Kenisarin, 2010) 230 (Kenisarin, 2010) - -

MgCl,/NaCl/KCl 50/30/20 396 (Kenisarin, 2010) 291 (Kenisarin, 2010) - -

MgCl,/NaCl/KCl 51/27/22 396 (Kenisarin, 2010) 290 (Kenisarin, 2010) - -

Li,CO3/K,CO3/NayCO3 32.1/34.5/33.4 (Shin and Kim, 397 (Kenisarin, 2010) 276 (Kenisarin, 2010) - -
1990)

KCl/MnCl,/NaCl 37.7/37.3/25 400 (Kenisarin, 2010) 235 (Kenisarin, 2010) - -
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Table 12
Solid-solid PCM.

Solar Energy xxx (Xxxx) Xxx—-XXX

Compound Phase change Temperature (°C)

Heat of fusion (kJ/kg) Density (kg/m®)

Tris (Hydroxymethyl) acetic acid
2-Amino-2-hydroxymethyl-1, 3—propanediol
Trometanol (TAM)

Cross-linked HDPE

2,2-Bis(Hydroxymethyl) Propionic acid
38.2%NPG/61.8%PE

Pentarythritol (PE)

Dimethylpropionic acid (DMPA)

124 (Sharma and Sagara, 2013)
131 (Sharma and Sagara, 2013)
132 (Haillot et al., 2011)

152 (Sharma and Sagara, 2013)
170 (Sharma and Sagara, 2013)
185 (Sharma and Sagara, 2013)
185 (Haillot et al., 2011)

125-146 (Sharma and Sagara, 2013)

205 (Sharma and Sagara, 2013) -
285 (Sharma and Sagara, 2013) -
285 (Sharma and Sagara, 2013) 1350 (Haillot et al., 2011)
167-201 (Sharma and Sagara, 2013) -
289 (Sharma and Sagara, 2013) -
147 (Sharma and Sagara, 2013) -
303 (Sharma and Sagara, 2013) -
289 (Haillot et al., 2011) -

shown in Tables 9-12.

Tables 9-12 present different potential PCMs in the range of tem-
peratures 120-400 °C. Tables 9 and 10 present a list of inorganic and
organic substances with potential use as PCMs. Table 11 presents a list
of inorganic eutectics compositions with potential use as PCMs. To end,
Table 12 shows a list of solid-solid PCMs with potential use as PCMs.
The PCMs from Tables 9-11 are materials with a solid- liquid phase
change.

3.5. PCM candidates for industrial solar heat applications

In previous sections, a review of all potential PCM available in lit-
erature was presented. In this section, we want to highlight promising
materials for industrial solar heat applications, especially considering
the considered temperature range.

Erythritol, Hydroquinone and D-mannitol, all of them organic sub-
stances, tested to be the most promising PCMs for temperatures below
180 °C due to their high heat storage capacity. Some authors high-
lighted D- mannitol as a good PCM for heat storage applications.
However, further experiments on D-mannitol should be performed
since, in a recent publication Rodriguez-Garcia (Rodriguez-Garcia et al.,
2016) discarded it due to degradation and production of volatile species
during heating and due to this material presents polymorphism trans-
formation which is difficult to control (Gil et al., 2013). In general,
organic substances are very suitable PCMs for temperatures below
180 °C.

For temperatures above 300 °C, inorganic substances are the type of
substances mainly investigated and described in the publications.
NaNOs, is a promising inorganic substance for applications of industrial
processes with demanding temperatures around 305 °C, especially in
direct steam generation applications in CSP plants because its phase
change temperature is suitable for the conditions of Rankine cycles.
NaNOs; has been tested for CSP applications as sensible heat storage and
it doesiit have technological impediments from a system point of view
for its implementation. Furthermore, by using its heat of fusion, its
storage capacity is increased in comparison with its use as sensible heat.
In addition, NaNOj3 has been used by different authors considering it as
a good candidate for latent heat thermal storage systems.

Inorganic binary or ternary compositions are the largest group for
potential materials, with a wide range of temperatures, from 133 to
400 °C and with the highest heat of fusion. Therefore, inorganic com-
positions such as the widely used commercial Solar Salt (60%
NaNQ03:40% KNO3) would be interesting. However, we have to look for
the eutectic mixtures in order to have the same freezing and melting
temperature. Further experiments are necessary to prove their proper-
ties in practice, to investigate material compatibility with steel or other
construction materials, and to investigate subcooling or other unwanted
properties. Also a selection for specific temperature requirements has to
be made, and cost considerations have to play a role in the selection.

Not enough experiments have been performed on solid-solid PCMs,
and therefore it is not possible to make a reliable selection based on the
available information.
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4. Latent heat storage systems at medium-high temperatures
4.1. PCM integration in experimental systems

Some latent thermal heat storage design concepts have been tested
in pilot plants to assess their performance for their integration in hot
water or steam generation processes. Pollerberg et al. (2012) presented
a plant concept of a steam jet ejector chiller (SJEC) with latent heat and
cold storage integration for a solar cooling plant. The solar field con-
sisted on evacuated tube collectors. The authors considered several
PCM for the hot storage (Table 8). After performing preliminary tests,
polyethylene was finally selected because of its high specific heat of
fusion and its good thermal stability. The heat storage design consisted
of five latent heat storage modules with 120 MJ of latent heat and a
vessel with 30 MJ sensible heat (Fig. 18), with a maximum design
temperature of 145 °C. This design was able to produce 62.5 kg of steam
or run the SJEC for at least 15 min at full load. Joemann et al. (2016)
presented a pilot plant which consisted on a system (based on the al-
ready proposed system of Pollerberg et al. (2012)) for solar thermal
process steam and chilled water generation with integrated latent heat
and cold storage. The water steam was directly generated in the solar
field (DSG) formed by evacuated tube collectors at around 150 °C. The
selected latent heat storage material was polyethylene PE-8110 with a
melting point of 130 °C. The latent heat storage worked in parallel to
the steam drum. The PCM was integrated in an aluminum lamella heat
exchanger. A technical drawing of the steam generation unit and the
pilot plant are shown in Fig. 19.

Bhale et al. (2015) presented an experimental analysis of a con-
centrating solar system with sensible storage and with combined sen-
sible and latent heat storage systems. A heat exchanger was designed
for the specific purpose of containing the PCM. The latent heat storage
material used was stearic acid. After the tests, the authors concluded
that the system with a combined storage system has higher overall than
the system with just sensible storage. Images of the experimental set-up
are shown in Fig. 20.

A pilot scale latent heat thermal energy storage plant was experi-
mentally and numerical studied by Garcia et al. (2015). The experi-
mental storage pilot plant was integrated to the LHASSA test facility in
France for testing its behavior under similar conditions of commercial
DSG CSP plants. The PCM storage unit consisted on a heat exchanger
composed of tubes for the water-steam and an envelope housing the
PCM. The PCM selected was pure NaNOs. The authors concluded that
the storage system had high energy quality during discharge and very
good repeatability. Fig. 21 shows a scheme of the test facilities and the
real PCM storage unit.

Another latent heat thermal storage prototype was developed and
tested by Bayon et al. (2010) at the Plataforma Solar de Almeria (PSA)
for direct steam generation purpose for CSP plants. Water steam gen-
erated by parabolic-through collectors exchanges heat with the selected
PCM, KNO3/NaNOs. The storage unit consists of a tube embedded in
the PCM block which contains fins in a sandwich configuration
(Fig. 22). After the testing, it was observed that the stored/delivered
energy provided by the storage unit was lower than expected.



A. Crespo et al.

Solar Energy xxx (Xxxx) Xxx—-XXX

Motive steam
to SJEC

T

Latent heat Latent heat Latent heat Latent heat
storage storage storage storage
module 5 module 4 module 3 module 2

Latent heat
storage
module 1

Vessel

Steam from solar
collector field

i 4 d

i 4

Fig. 18. Scheme of the heat storage unit with PCM (Pollerberg et al., 2012).

According to the authors, the reasons could be an insufficient amount of
insulation and an excess of the amount of PCM, which didiit allow the
identification of the end of the charging process. Also in the PSA, an-
other latent heat thermal storage pilot plant was built and tested to
assess its posible integration in a mini CSP Plant in Tunisia (Willwerth
et al., 2017). For the testing of the latent heat storage unit saturated
steam at different temperatures up to 170 °C was delivered by a steam
boiler for charging and hot water up to 130 °C was provided for dis-
charging. The tested PCM material was Hitec salt, commercially sold
and usually used as molten salt utilizing its sensible heat. In this case
the intention was to assess its latent heat storage performance. This salt
has a melting point of 142°C. During the charging and discharging
processes (Fig. 23) solid to solid transitions (90 °C-charging; 60 °C-dis-
charging) caused by subcooling were observed. In addition the stored
latent heat was lower than expected. Because of these reasons together
with the low heat of fusion of Hitec salt Willwerth et al. (2017) con-
cluded that it is was not a suitable material to be used as latent heat
storage. A picture of the PCM test facility is shown in Fig. 23.

A test facility of a medium temperature concentrating solar collector
integrated with thermal energy storage for industrial heating was pre-
sented by Li et al. (2017). The integrated systems were formed by solar
receivers with built-in shell and tube latent PCM. In Fig. 24 a sketch of
the cylindrical tank is shown. Selected PCM was the eutectic mixture of

Solar field - Solar field - return line

flow line

Steam drum

—_—

Solar field pump
(for summer mode

Fig. 19. Technical drawing of the steam generation unit (left) and pilot plant (right) (Joemann et al., 2016).

—e -

Solar field pump.
(for winter mode)
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KNO3-NaNO,-NaNO3 with a melting temperature of 142 °C. Although
the collectofs performance was evaluated experimentally, its perfor-
mance with the LHTES was studied numerically. The results showed
that the integration of the storage for industrial heating system would
increase the costs by ~10%, however it could raise the annual thermal
energy gained by up to ~20%.

In addition to the pilot plants, new innovative heat exchangers de-
signs with the integration of PCM have been presented and tested. Zipf
et al. (2013) developed a prototype of a new design concept of a screw
heat exchanger (SHE) with PCM integrated. The SHE allows the
transportation of the latent heat storage material during the phase
change. The PCM selected was a eutectic mixture of NaNO3 and KNO3
with a melting point of 221 °C. The SHE (Fig. 25) was designed for its
application on large scale solar thermal power plants. The charging
process of the SHE is shown in Fig. 25. Johnson et al. (2014) presented
another concept design of a flat plate heat exchanger with the in-
tegration of latent heat storage material. This design substitutes the
second heat exchanger fluid with isolated chambers of PCM. The heat
was transferred across the steel encasements to the storage medium
thanks to the primary heat transfer fluid, which flows through one side
of the flat plate thermal storage. The selected material is NaNO3-KNO3
(46-54%).
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Fig. 20. Experimental set-up of the system presented by Bhale et al. (2015).

4.2. Modelling of medium-high temperature storage systems

In literature several models to simulate PCM phase change process,
LHS systems performance, charging/discharging processes and dif-
ferent system configurations been performed recently. The most
common type of configuration modelled is the shell and tube config-
uration, follow by the packed bed configurations.

4.2.1. Cylinder-tubes geometry

Several authors have developed simulations of PCM in shell and
tube configurations. Fan et al. (2014) presented a numerical modelling
of a latent heat thermal storage combined with a double-effect H,O
absorption cooling system powered by solar thermal energy. The nu-
merical model considered a simplification of the shell and tube LHTS

? Condenser
Air cooler
To / from
) PCM
module

(a)

20

system, in which was considered just two concentric tubes of PCM and
HTF (Fig. 26). PCM considered for this study was hydroquinone. The
model of the PCM was based on the enthalpy method and some as-
sumptions were considered: PCM was homogeneous and isotropic; ra-
dial heat transfer as well as natural convection of the PCM in the liquid
phase were neglected. The mathematical model was validated with data
from other publication (Trp, 2005). The authors highlighted that for
this configuration natural convention cannot be neglected in the soli-
dification process. Niyas et al. (2017) developed a 3D mathematical
model for the performance investigation of a latent heat storage pro-
totype with shell and tube exchanger configuration. For the simulation
of the latent heat, the effective heat capacity method was used and for
the consideration of the buoyancy effect of the molten layer in the PCM
the Boussinesq approximation was considered. In addition, was

(b)

Fig. 21. Scheme of LHASSA test facility (a), PCM storage unit (b) (Garcia et al., 2015).
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Fig. 22. Scheme of PCM/fins sandwich configuration (Bayén et al., 2010).

assumed that the phase change occurs in a temperature interval and
that the PCM is homogeneous and isotropic. The equations of the model
were calculated using CFD with the software COMSOL Multiphysics
4.3a. The selected PCM had a melting point of 142 °C. The temperature
profile of the model during charging and discharging in comparison
with experimental results presented good coincidence.

Fornarelli et al. (2017) presented a numerical simulation of the
stabilization-charging and discharging processes of a vertical shell and
tube latent thermal energy storage system. The selected PCM was a
molten salt with melting temperature of 225°C. 2D-axisymmetric
model of the LHTS system (Fig. 26) was performed using traditional
Navier-Stoke equations for the simulation of the HTF and a corrected
Navier-Stoke equations for the simulation of the phase change of PCM.
For the modelling of the buoyancy effect on the liquid phase the
Boussinesq approximation was used. In addition, external dissipation
through the walls are considered. The numerical model results were
compared with experimental tests performed by the authors resulting in
a good agreement between them. Besides Fornarelli, other authors fo-
cused on studying the charging/discharging cycles of PCM. Hoshi et al.
(2005) developed a model for the numerical analysis of the charging
and discharging performance of PCM, two of them in particular KNO3
and Pb. For this analysis the authors followed some assumptions: con-
stant physical properties of the PCM, constant volume during phase
change and natural convection in the liquid region was neglected. For
the resolution of the equations the Successive Over-Relaxation (SOR)
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method was used. A drawing of the considered model is shown in
Fig. 27. The model was thought for Concentrated Linear Fresnel Re-
flectors (CLFR) applications. A solar DSG plant and a CLFR Power Plant
with latent heat thermal storage can be seen in Fig. 29.

In addition to simulations of latent heat thermal shell and tube heat
exchangers, other simulations which consider cylindrical geometry
have been published. Garcia et al. (2015) presented a pilot latent heat
thermal energy storage plant located on the LHASSA facility in France,
which was already mentioned. In addition to the pilot plant, a dynamic
model of the latent heat thermal storage for system performances
evaluation within the Dymola platform was performed. The model was
based on a strictly conductive object-oriented approach in which
equivalent thermal resistance was integrated. The equivalent thermal
resistance was calculated by CFD. The model was validated with the
tests performed in the storage test unit.

Morisson et al. (2008) presented a numerical simulation of a latent
heat storage unit which took into account the solid/liquid and water/
vapour phase change processes occurring simultaneously in the PCM
and in the heat transfer medium. Mathematical models were developed
following some assumptions: uniform and independent radial fluid flow
velocity in the heat exchanger as well as axial heat conduction in the
fluid was neglected; heat transfer within PCM is controlled by con-
duction. They developed a second and simplified model which assumed
that axial thermal conduction could be neglected in both the fluid and
the PCM. The storage design was considered as a fluid-tube PCM, as can
be seen in Fig. 28. This model was developed for DSG applications. An
example of the charging and discharging process of TESS in a DSG
system can be also seen in Fig. 28.

Guo and Zhang (2008) presented a numerical simulation to assess
the heat transfer enhancement of a PCM with aluminum foils during the
discharging process. Fluent 6.2. was used for the simulation. A para-
metric analysis of the influence of the geometry, thermal and boundary
conditions was also carried out. The selected material for the analysis
was KNO3-NaNO3;, commonly selected for DSG applications. The sto-
rage design consisted in a foil-tube arrangement as can be seen in
Fig. 30. The enthalpy-porosity method was used to perform the model.
Constant thermophysical characteristics of the PCM were considered in
the simulation, as well as pure conduction for the solid phase.

Bayon et al. (2010) studied the applicability of a latent heat storage
model compounded of PCM-graphite sandwich arrangement using the
quasi-static approximation. For this approach they assumed that during
charging/discharging the storage material remains at its melting tem-
perature. Comparing the simulated and the measured results the au-
thors concluded that generated vapor was unequal along the pipe and
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Fig. 23. Hitec freezing-melting (charging-discharging) curve (a) and PCM test facility (b) (Willwerth et al., 2017).
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Fig. 24. View of the cylindrical tank (a); cross-section view of the cylindrical tank with 1 tube and with 7 tubes in the shell (b) (Li et al., 2017).

also its behavior depended on its position. Moreover, they reported that
the quasi-static approach cannot be applied at the beginning of char-
ging and end of the discharging because the sensible heat is not neg-
ligible on that stage.

The software Modelica have been used recently to model PCM in
different configurations. Buschle et al. (2006) used Modelica to model a
steam accumulator with the addition of PCM as an external element to
study the performance of the system (Fig. 31). Several PCM materials in
the adequate range of temperatures of the present study are suitable for
the modeling such as, KNO3, NaNO;3 or Pentaerythritol. The thermal
behavior of a cylinder of PCM was simulated via discretization of the
PCM into radial layers. Three ways to calculate the enthalpy of the PCM
storage system were compared. The first method was a linear inter-
polation using If-, Elseif- and Else-clauses, the second method is based
on an arc tangent function and for the third method the error function
was used. These methods were performed in the Modelica.Media
package.

Michels and Pitz-paal (2007) tested experimentally a cascaded la-
tent heat storage (CLHS) system (Fig. 32) with three alkali nitrate salts
within a range of melting temperatures between 306 and 335 °C. In
addition, they developed a model of a CLHS system, which was vali-
dated with the experimental results. For the simulation of the CLHS
some assumptions were considered: the PCM was considered as a

lumped mass with a uniform temperature throughout and the overall
heat transfer coefficient was considered independent of time and axial
position along the CLHS. To obtain a numerically stable model only
radial discretization was used. In the liquid phase natural convection
for heat transfer was considered and in solid phase transient heat
conduction was considered. The software Dymola/Modelica was used
to perform the simulation.

Stiickle (2009) presented the modelling of a modular sensible-latent
heat storage system (Fig. 33) for Direct Steam Generation (DSG) using
also the software Modelica. Since the saturated temperature range of
saturated steam is between 200 and 320 °C, nitrate salts were used as
PCM. The modular heat storage system consisted of a sensible heat
preheater and superheater and a latent heat evaporator. To model the
PCM storage a cylindrical storage element was discretized in axial and
radial directions. The discrete elements are shown in Fig. 33. In the
model was assumed that PCM was treated as a solid for both liquid and
solid phases.

4.2.2. Packed bed

In the last years, some authors have focused on the modelling of
packed bed latent heat thermal storage systems and on its integration
with solar thermal applications. Yagi and Akiyama (1995) developed a
simulation model of a single PCM spherical capsule and of the heat
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Fig. 25. Storage system during charging (a) and inside of the SHE (b) (Zipf et al., 2013).
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Fig. 26. Shell-and-tube LHTS configuration (left) and simplified model (right) (a) (Fan et al., 2014); Sketch of the vertical shell and tube heat exchanger (b)

(Fornarelli et al., 2017).
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transfer in a packed bed filled with spherical PCM capsules for tem-
peratures above 500 °K. The enthalpy method was used for the heat
transfer simulation assuming that both convective and radioactive heat
transfer occurs and that the PCM volume during phase change stays
constant. For the discretization of the gas flow across the packed bed
the control volume method was used and for its calculation the SIMPLE
method. Shamsi et al. (2017) presented a performance evaluation and
optimization of a encapsulated cascade latent thermal storage system.
To solve the dimensionless equations the method of characteristics was
used; for the optimization of the CLHS system genetic algorithm was
applied. The authors assumed for the development of the model con-
stant properties of PCM and disregarded the conduction heat transfer in
vertical direction. For the optimization of the CLHS different PCM were
considered: KNO3, NaNOs, NaOH, KOH and ZnCl,, as well as different
lengths of cascade stages. The model was validated with experimental
work (Nallusamy et al., 2007). An sketch of the CLHS system is shown
in Fig. 34.

The used of packed bed configuration combined with PCM and solar
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Fig. 28. Configuration of a single storage block (left); Control schemes during charging and discharging mode of a DSG Plant with TES (right) (Morisson et al., 2008).
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Fig. 29. Application possibilities of PCM storage systems: DSG plant (a) (Guo and Zhang, 2008) and CSP Power Plant (Hoshi et al., 2005) (b).

thermal applications have been considered by some authors. Manfrida
et al. (2016) developed a mathematical model of a latent heat storage
(LHS) system within EES environment and simulated its integration
under dynamic conditions into an solar-powered Organic Rankine
Cycle. The LHS system consisted of a cylindrical vessel filled with en-
capsulated PCM spheres of Paraffin. To perform the mathematical
model the following assumptions were considered: the storage vessel
was divided in Nx control volumes from the bottom to the top; radial
conduction was neglected, as well as the axial conduction in the HTF.
The model of the LHS was validated with experimental data from
publications. Sections of the storage vessel are shown in Fig. 35 (Tp:
temperature of PCM, Tg:Temperature of HTF and Tsr:temperature of
the wall). The simulation of the whole system was performed in
TRNSYS. The results of the system performance simulation showed that
it could provide power in 78,5% of the time.

Bhagat and Saha (2016) presented a numerical analysis of a packed
bed of spherical encapsulated latent heat thermal energy storage system
to study its behavior facing fluctuations during charging and dischar-
ging cycles coupled with a solar-powered ORC. The model considered
the enthalpy method to simulate the phase change of the PCM and two-
temperature non-equilibrium energy equation for the heat transfer. The
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Fig. 31. Steam accumulator with PCM (Buschle et al., 2006).

authors assumed for the model: constant thermophysical properties of
PCM and HTF; isothermal phase change and constant volume of the
PCM. The 2D axisymmetric domain is shown in Fig. 36. The selected
material was the commercial material A164, sold by EPL Ltd.
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Fig. 30. Design of the PCM system, axial view (a) and transversal view (b) (Guo and Zhang, 2008).
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Parametric studies of different parameters were also performed. The
numerical model was validated with experimental work (Nallusamy
and Velraj, 2009). Another numerical analysis for the optimization of a
packed bed thermal energy storage system coupled with solar thermal
heat source was developed by Bellan et al. (2014) for CSP applications.
The packed bed was filled by spherical capsules of sodium nitrate. The
enthalpy method was applied for the simulation of the phase change
process and the Brinkmann equation was used to model the axial
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Fig. 32. Flow diagram of the thermal oil test facility (a). Test module B (b) (Michels and Pitz-paal, 2007).

velocity along the radial direction of the HTF through the tank. Con-
ductivity on both solid and liquid phase was considered. To solve the
equations the authors assumed: an axisymmetric system, the PCM
capsules behave as a continuous medium and radiation heat transfer
between the spheres was neglected. The model was validated using
previous models of the authors.

Galione et al. (2014) presented a numerical simulation of a new
multi-layered solid-PCM (MLSPCM) thermocline thermal storage

Storage Material

Fin

Tube

Fig. 33. Modular storage system (sensible storage-PCM) (a); Model and two-dimensional grid of storage tube (b) (Stiickle, 2009).
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Fig. 34. Sketch of the CLHS system (Shamsi et al., 2017).

concept for CSP plants which goals to avoid the performance de-
gradation through time of traditional thermocline storage. The new
concept consists of different solid filler materials and encapsulated PCM
inside a multi-layer storage tank where molten salts act as HTF. To
simulate the thermocline-tank the following assumptions were con-
sidered: 1D fluid flow and temperature distribution and 1D heat
transfer in filler spherical capsules; constant density of solid and PCM;
heat in flow direction and between capsules was neglected as well as
radiation transfer. To determine the temperatures of the materials the
equations were discretized using the Finite Volume Method (FVM). In
Fig. 37 the storage tank with discretization details is shown and in
Fig. 38 the MLSPCM configuration with the different layers is depicted.
A comparison of the performance of the new storage configuration with
different thermoclines, single PCM and cascaded PCM was performed
via simulations. Some operating conditions were fixed for the com-
parison. The study showed that the multi-layer solid-PCM storage
configuration is a promising solution for TES in CSP Plants.

Galione et al. (2015) continued with the study of the MLSPCM
storage configuration. In addition to the study performed in the
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previous publications about the individual performance of different
storage configurations, also the integration of the PLSPCM configura-
tion a CSP Plant (Andasol 1, Spain) through a numerical model was
studied. The performance of the PLSPCM storage tank working with
operational conditions of the CSP plant considering sun irradiation
variations and thermal influence of tank walls and foundation was si-
mulated. After this study, the authors concluded that the variability of
operations conditions affects the performance of TES, being feasible
that TES configurations that behave properly when they are studied
isolated, donit work so good when they are integrated with the fluc-
tuations of a CSP Plant.

4.2.3. Flat plate configuration

Vogel et al. (2016) presented a numerical model to study the natural
convection in high temperature latent heat storage systems with flat
plate configuration. The natural convection was studied for different
widths and heights of enclosure dimensions studying their correlation.
The authors introduced a new factor called convective enhancement
factor to study the influence of natural convection in heat transfer en-
hancement. MATLAB and ANSYS Fluent CFD were used to perform the
model. Again the material KNO3-NaNO3 was selected for this study. The
model was validated with an experimental LHS test facility.

4.2.4. Fin and tube configuration

Neumann et al. (2017) presented a mathematical model of latent
heat storage system integrated on a fin-and-tubes heat exchanger per-
formed with the software COMSOL. The models consisted of 1D model
for the simulation of the tubes and a simplified 3D model for the PCM
material and fins. Again convection and volume change in the PCM was
neglected. The model was validated with two different systems with
different heat exchangers and materials. The model showed good ac-
curacy to calculate the power and the characteristics of the heat ex-
changers. In Fig. 39 the fin and tube exchanger and the 3D model are
shown.

4.2.5. Miscellaneous

Pincemin et al. (2008) studied based on a simulation (and also on
experiments) the enhancement of thermal conductivity through the
integration of graphite foils in PCM and other composites and compared
it with the pure materials. The two main variables of the model were
the geometric variation with impact on the storage capacity and the
time required for the phase change. The simulated configuration is
shown in Fig. 40. According to the simulations, the pure PCM required
much larger phase change period as the other configurations. The au-
thors concluded that every particular case would need a different
amount of graphite in the composite and different distance between
foils.
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Fig. 35. Longitudinal section (a), heat transfer (b) and vessel cross section (c) (Manfrida et al., 2016).
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Fig. 36. Scheme of the numerical domain (Bhagat and Saha, 2016).

Pan et al. (2017) presented a novel numerical method called
Layered Thermal Resistance (LTR) to optimize the modelling of the
solidification process in 1D, 2D and 2D of latent heat thermal storage
systems with and without fins. The novel model considers that the so-
lidification temperature (T,,) was cooled by constant temperature (Ty,).
The LTR approached was compared with CFD simulations results from
simulations based on the solidification and melting model (https://
www.sharcnet.ca/Software/Fluent6/html/ug/node973.htm). LTR
model showed good accuracy regarding solidification time. The finned
LTR models consisted in the modelling of the transient nonlinear
freezing process of finned PCM. A sketch of the 3D PCM covered by
plate fins is shown in Fig. 40.

Zipf (2015) investigated a model for the melting and crystallization
of Solar Salt using the Screw-Heat-Exchanger SHE. This model was
validated with experimental lab data, also taking into account the dy-
namically changing layer thickness of crystallized salt on the surface of
the SHE, which is limited in growth by the scratching mechanism of the
screws. Similarly the lower heat transfer into the solid phase has been
taken into account. The heat transfer fluid WT can be a liquid thermal
oil or also water/steam. In Fig. 41 mass and enthalpy flows for a node
and timestep 6t in the SHE model for PCM material and heat transfer
fluid WT inside the heat exchanger is shown.

In Zipf et al. (2015) different configurations of solar thermal power
plants with direct steam generating collectors using a LHS system with
SHE have been modelled using the simulation tool COLSIM (Wittwer,
1999). It could be shown that using the cost estimations for the LHS
system the levelized cost of electricity could be lowered using such an
approach.
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4.3. Enhancement techniques

For the design of a good PCM storage system some important as-
pects must be considered. In a system with a container filled perma-
nently with PCM the container must have enough volume to assume the
volume change during the phase change, as well as be non-corrosive
with the storage material. The design must favor thermal conductivity,
have enough heat transfer area and be cost-effective. In Fig. 42, the
performance enhancement methods for PCM are presented.

The main disadvantage of PCM is their low thermal conductivity. To
increase the amount of heat transfer by time, it is possible to increase
the thermal conductivity or the heat transfer area among other en-
hancement techniques. In order to increase the heat transfer area of
PCM both fins and capsules can be used. When macro-encapsulation
(Fig. 43) is used, PCM is stored inside spherical capsules or tubes which
are at the same time are stored inside a container. For the design of the
capsules or tubes, the volume increased in the PCM must be considered.
Moreover, encapsulation also prevents for segregation and sedimenta-
tion (Alva et al., 2017). The other option to increase the transfer surface
is metallic fins or extended surfaces. Graphite foil is very suitable for
the purpose since it has high thermal conductivity, low density and
needs less volume for the same performance compared to steel fins
(Alva et al., 2017). For the enhancement of thermal conductivity, one
design consists in the integration of layers of highly conductive mate-
rials, such as graphite into the PCM (Fig. 43). The layers must be placed
in the direction of the heat transfer (Tamme et al., 2008).

Another method to increase the thermal conductivity is the use of
heat pipes. Heat pipes have high effective thermal conductivity. Their
incorporation into latent heat storage systems enhances the heat
transfer between the HTF and the PCM. In Fig. 44 a TESS with the use of
heat pipes is shown. The use of an intermediate heat transfer medium
which is high conductive is an alternative for increasing the thermal
conductivity of PMC (Fig. 44). The concept is based in the reflux eva-
poration-condensation occurring in the intermediate HTF (Liu et al.,
2012). The last method for the enhancement of heat transfer rate is the
composite materials. Materials with high thermal conductivity are
embedded into the PCM forming the so-called composite materials.
Usually graphite, which has not only high thermal conductivity, but
also high chemical stability is selected for this technique.

A completely different approach to the low thermal conductivity
and the limited heat transfer into solid PCM is the concept of active heat
exchangers. Here the PCM material in liquid or solid form (granules,
flakes) is transported by a mechanism to the heat exchange area. The
screw heat changer concept of Zipf et al. (2013) is a possible technical
concept to realize this idea (see also Fig. 25). The heat transfer is en-
hanced as always the layer of solid material crystallizing on the heat

w0 e NE
\

Fig. 37. Cylindrical container with PCM capsules (a); discretization details of the tank (b) (Galione et al., 2014).
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Fig. 38. MLSPCM configuration, KOH380 and KOH300 have high and low melting points respectively (a) (Galione et al., 2014b); Drawing of the PLSPCM tank with

three layers (b) (Galione et al., 2015).

exchanger surface is scraped away automatically when reaching a
certain thickness.

When just one PCM is used in a TESS, as the HTF transfers the heat
to the PCM, the temperature difference between the HTF and the PCM
decreases, hence less heat will be transferred over time. For solving this
problem storage or multiple PCM method is considered. Different PCMs
with different decreasing melting temperatures form the storage
system. During the charging process as the HTF flows through the
system if will be getting colder, but also the melting temperature of the
different PCMs will decrease. Therefore, a nearly constant heat flow to
the PCM system will occur. One of the most mentioned publications
about cascade latent heat storage (CLHS) was performed by Michels
and Pitz-paal (2007). They performed an experimental study based on
cascaded LHS with three alkali nitrate salts (NaNOs, KNO3, KNO3/KCI)
using a shell and tube heat exchanger in a medium range of tempera-
tures between 300 and 400 °C. They also performed in the same test
module, experiments with single PCM independently. They concluded
that CLHS is more advantageous than non-CLHS regarding a higher
utilization of the possible phase change and a more uniform outlet
temperature over time (Michels and Pitz-paal, 2007). On the other
hand, the low conductivity stays as a disadvantage of PCM.

5. Conclusions

The heat demand of industrial processes can be supplied by solar
energy systems, especially if TES is integrated. Potential industrial

Heat losses l

FIN

PCM

sectors to integrate solar heat are: food industry, brewery industry and
chemical industry. The most common range of temperature in thermal
industrial processes is below 260 °C. Methods for solar heat integration
considering thermal energy storage to optimize the heat use in in-
dustrial processes have been presented. Heat integration methodolo-
gies, especially for batch processes, are a key factor in the successful
and cost-effective use of solar heat together with TES in thermal in-
dustrial processes. Nevertheless, the methodologies for optimized in-
tegration of thermal energy storage need to be developed further.
Latent heat storage systems show very good characteristics for in-
dustrial application because they have higher heat storage capacity
than sensible TESS, requiring less volume for storing the same amount
of energy. Furthermore, they can provide heat at a nearly constant
temperature, which is necessary for some thermal industrial applica-
tions at medium-high temperatures, such as DSG.

Organic PCMs have higher heat of fusion (134.8-339.8kJ/kg) in
comparison to inorganic materials (20.9-266.1kJ/kg) within
100-400 °C temperature range but organic PCMs have low thermal
conductivity and high-volume change.

On the other hand, inorganic eutectic compositions are the group
with more available PCMs for the range of temperatures 120-400 °C.
The values of heat of fusion have a range of 74-535 kJ/kg, being higher
than for organic and other inorganic substances. The material KOH/
LiOH (54/46) reaches the highest value of heat of fusion of the present
study with a value of 535 kJ/kg.

Other than heat of fusion and melting point, more information is
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Fig. 39. Fin and tube heat exchanger before adding the PCM; 3D model of the fin including PCM and tubes (Neumann et al., 2017).
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Fig. 42. Different techniques of performance enhancement for PCM (Liu et al., 2012).

necessary in order to perform a comparison between materials con-
sidering also charging/discharging properties, subcooling, phase seg-
regation, thermal conductivity and corrosion. Publications about those
properties are less common, probably because of the longer time
needed for the experiments or because of the higher complexity. Few
publications present also information about heat capacity and viscosity
of PCMs. However, all these properties are important for the selection
of an appropriate PCM and must be further study.

Although several publications regarding experimental set-ups
available to test PCMs have been published, still no international or
national methodologies have been defined to measure the properties of
TES. Most of the experimental set-ups in the range of temperatures
120-400 °C have been designed for direct steam generation, but with
the goal of power generation in CSP plants and not for process heat. The
most common PCM used in set-ups at the study range of temperatures is
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the inorganic salt NaNO3 and its eutectic mixtures KNO3-NaNO3 and
KNO3-NaNO,-NaNOs3. More pilot plants for testing PCM integrated with
solar-powered thermal industrial processes should be performed.
Operation conditions of thermal processes fluctuate in time, therefore
specific studies for charging and discharging cycles must be built.

Regarding numerical modelling of TES systems which include PCM,
the type of configuration more simulated is the shell and tube config-
uration, followed by the packed bed configuration. Thereby, the en-
thalpy method is the methodology more used for the authors to simu-
late the phase change process of the PCM.

Until now, few LHTES systems have been tested specifically in solar
process heat applications. Further experimental set-ups to study the
integration of LHTES in thermal industrial processes should be per-
formed in order to test their behavior in the face of different charging/
discharging cycles and operational conditions.
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