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Abstract
Renewable energy generation is inherently variable. Solar energy shows seasonally (summerwinter), daily (day-night) and hourly (clouds) variations. TES systems correct the mismatch
between the solar supply and the demand of thermal energy. Hence, TES is a key technology
for solar thermal energy utilization with growing present and future importance.
This chapter gives a broad overview of different TES materials and technologies. The text
follows the classification commonly adopted in the academic literature. The three major TES
types are sensible (Section 2), latent (Section 3) and thermochemical (Section 4). The chapter
focuses on high temperature applications in the area of concentrated solar power (CSP)
generation.
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1. Introduction
1.1.
Classification and definition of the subject
Heat or cold — in the physical sense — is a form of energy and can be stored in various ways
and for many different applications. There are various ways to classify thermal energy storage
(TES) materials and systems. Most commonly three types of TES systems are distinguished:
 Sensible heat storage - results in an increase or decrease of the storage material
temperature, stored energy is proportional to the temperature difference of the used
materials.
 Latent heat storage - is connected with a phase transformation of the storage materials
(phase change materials - PCM), typically changing their physical phase from solid to
liquid and vice versa. The phase change is always coupled with the absorption or
release of heat and occurs at a constant temperature. Thus, the heat added or released
cannot be sensed and appears to be latent. Stored energy is equivalent to the heat
(enthalpy) for melting and freezing.
 Thermochemical heat storage - is based on reversible thermochemical reactions. The
energy is stored in the form of chemical compounds created by an endothermic
reaction and it is recovered again by recombining the compounds in an exothermic
reaction. The heat stored and released is equivalent to the heat (enthalpy) of reaction.
TES is a key element for effective and increased utilization of solar energy in the sectors
heating and cooling, process heat and power generation. Solar thermal energy shows
seasonally (summer-winter), daily (day-night) and hourly (clouds) flux variations that do not
enable solar systems to provide heat or thermal power according to the demand profile of
specific users. Strategies to overcome this problem are to operate in hybrid (solar plus fossil)
mode and/or to use TES. Integration of TES in solar thermal systems has significant benefits:
 The solar contribution is increased and TES allows operation during times of no solar
radiation
 Rapid flux variations can be compensated (avoid strong gradients for connected
components, e.g. piping, heat exchanger, boiler, turbines etc., ) which increases life
time of components
 Surplus energy can be used and does not needed to be dumped
 The size of subsequent components e.g. evaporator, condenser, boiler, turbines can be
reduced
 TES allows improved thermal management of the solar system (e.g. increased start-up
time, accurate preheating of solar steam cycle)
 TES can be used to cover peak demand.
Each storage concept has its best-suited materials and these may occur in different physical
phases, namely as solids, liquids, or via phase change. Such sensible and latent TES systems
operate usually without mass transfer and chemical reactions in the storage medium. In
contrast, chemical TES systems utilize reversible thermo-chemical reactions for heat storage.
Thermo-chemical energy storage systems are inherently more complex compared to sensible
and latent heat systems, because chemical TES does not only include heat transfer phenomena
but also mass transfer aspects and the kinetics of the chemical reactions. Figure 1 defines the
three major TES concepts with their physical phase or chemical reaction type.
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Figure 1: Classification of the three TES concepts by physical phase and chemical reaction type.

A characteristic of TES systems is that they are diversified with respect to temperature, power
level and heat transfer fluids and that each application is characterized by its specific
operation parameters. This requires the understanding of a broad portfolio of storage designs,
media and methods.
The temperatures range from below 0°C (e.g. ice slurries, latent heat ice storage) to around
1000 °C (e.g. regenerator in the high-temperature industry). In the intermediate temperature
range (0 to 120 °C) water is the dominating liquid storage medium (e.g. space heating). This
low-temperature heat is stored for heating, ventilation and air conditioning (HVAC) and
domestic hot water supply. The major focus of the presented chapter is the temperature range
above 120 °C for applications in the area of concentrated solar power (CSP) generation. For
industrial waste heat recovery, similar high temperature TES systems can be utilized. For the
different storage mechanisms, Figure 2 shows the working temperature and the relation
between energy density and maturity.
0 °C
-50
°C 100 °C
Storage mechanism
Sensible heat:
Solids
Liquids

500°C

1000 °C Energy
density
low

Maturity
high

Latent heat
Heat of sorption
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Figure 2: Thermal energy storage mechanism, their working temperature and correlation to energy density and
status of technical maturity.

TES systems differ not only widely in terms of the temperature level, but also in terms of the
heat carrier, or also known as heat transfer fluid (HTF). HTFs may be of single phase type
(e.g. water, air, thermal oil) or two phase type with a condensation and evaporation process in
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the system (e.g. water/steam). The storage material and heat carrier may be one single
medium. In the simpler direct storage concept an additional volume of hot working fluid to
store heat is used. This concept is cost-effective, as long as the medium has a low partial
pressure to avoid expensive pressure vessels and the medium itself is inexpensive (e.g. water).
In a modification of this concept, the working fluid undergoes a phase change during the
charging/discharging process (see Subsection "High-temperature water systems - Steam
accumulator").
Many working fluids cannot be directly stored, the energy must be transferred to a separate
storage medium. Here, two different media as heat carrier and storage medium are utilized.
This concept is usually known as indirect storage concept. For the indirect storage concept,
the storage medium and the HTF may be in direct contact (e.g. dry pebble bed as storage
medium with air as heat carrier). In some cases the direct contact of heat carrier and storage
material is not economic or feasible, for example if the heat carrier is pressurized (e.g. steam)
or incompatible with the storage medium. In this case, a design with indirect contact of
carrier and storage medium can be utilized. The indirect contact may be realized by a heat
exchanger or a tube register within the storage medium.
The number of tanks, or storage blocks, is another classification criterion. The single tank
concept is characterized by different zones with charged and discharged storage material. An
example is a sensible heat storage system with hot and cold zones (e.g. water tank, concrete
block). Another example is a latent heat storage system based on a single tank filled with
phase change material (PCM). During the charging and discharging process, the PCM of such
storage is partial liquid and solid in characteristic zones. Finally, a single tank thermochemical
storage system with a bed contains zones with the reactant and the product during charging
and discharging. The temperature distribution within a single tank may not be uniform. In this
case, transient heat conduction between zones with a different temperature level needs to be
addressed. For sensible heat storage with a single tank, thermal stratification is desired,
because the value of high temperature heat is maintained in one zone of the vessel with
limited heat flow to the cold zone. In other words, due to transient internal heat conduction,
the stratification is destroyed in the course of time, even in very well insulated vessels. In
some cases, parasitic transient heat conduction may require an oversized storage volume in
order to reduce internal losses for a suitable efficiency of the storage system.
Alternatively, storage systems can utilize two tanks. For example, a sensible heat storage
system with a liquid medium consists of two individual tanks at different temperature and
fluid level. For a thermochemical storage system one tank can contain the reactant and the
other tank stores the product. Compared to the single volume regenerative type storage, the
two tank concept is advantageous, because the power requirements are met externally and not
within the storage volume. An additional heat exchanger (sensible heat) or thermal reactor
(thermochemical heat) can be designed according to the thermal power requirements. Hence,
the two tank concept allows for a decoupling of the thermal capacity (stored in two tanks) and
the thermal power (additional external component).
It is important to distinguish between the thermal power (e.g. kW) and the thermal capacity
of a (e.g. kWh) storage system. The thermal capacity divided by the thermal power gives the
characteristic discharge/charge time of the storage system (e.g. hours). The time scales range
from less than seconds (e.g. cooling of power electronics with a thermal mass) to one year
(e.g. seasonal hot water storage). For CSP, the focus is currently on systems compensating
transients caused by clouds and on systems for daily charging and discharging system
(typically up to 15 hours). It needs to be considered that the different storage concepts result
in characteristic discharge powers, temperature and pressure levels. For example, the thermal
power of the regenerator type storage is time depended. In other words, regenerator type
storage systems provide discontinuously thermal power. Another example is the steam
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accumulator, which provides saturated steam at variable rather than constant pressure. On the
other hand, other storage concepts may allow for a continuous discharge process with little
variation in the power, temperature and pressure levels (e.g. two tank molten salt concepts).
In most cases TES systems correct the temporal mismatch between the supply and demand of
energy. In some cases TES systems aim to correct the local mismatch between the supply and
demand of energy. A simple example is a thermal pack for beverage cooling. In the transport
sector, TES systems in vehicles could potentially lead to improvements in the propulsion and
human comfort during cold months. The transportation of thermal energy using vehicles with
a TES is also examined (e.g. industrial waste heat recovery).
Another way to classify TES is the type of energy conversion process. The major types are
the following.
 Heat-to-heat - For TES usually only reversible heat-to-heat processes are considered
 Chemical energy-to-heat - A special kind of heat storage media are fossil or nuclear
fuels, such as wood, coal, oil, or uranium. These are characterized by a very high
energy density compared to TES and an irreversible application. Since storage is
understood in this article as a reversible process which can be repeated more or less
indefinitely, the irreversible storage processes and their materials will not be treated
here.
 Electricity-to-heat - This process is utilized by night storage heaters and this storage
type may also be defined as a TES system.
1.2.
Thermophysical properties and general material requirements
The following requirements should be met by heat storage materials:
 Large gravimetric storage capacity (high heat capacity, latent heat or heat of reaction)
 Large volumetric storage capacity (high density and gravimetric values listed above)
 Long service life, nontoxic, nonflammable, no explosive phases, simple in handling
(e.g. hygroscopy)
 Non-corrosive with respect to the containment, the heat exchanger and heat transfer
enhancement structures (e.g. fins); utilization of inexpensive structural materials
 Ability to undergo charging – discharging cycles without losses in performance and
storage capacity over many cycles (high cycling and thermal stability)
 Suitable material costs, high availability
 High thermal diffusivity and thermal effusivity values (high heat transfer rates)
 Small density change versus temperature to minimize thermo-mechanical stress
A decisive criterion of a heat storage medium is its price and the costs that arise upon its
utilization. Long life and a high cycling stability are prerequisites for economic application,
i.e., at a price competitive with existing storage facilities. The volumetric and gravimetric
energy densities of the materials have a decisive impact on the capacity of the storage system.
A high volumetric heat capacity ρcp reduces the storage volume of a sensible heat storage
system. Equation 1 defines the thermal diffusivity a, where λ is the thermal conductivity and ρ
the density. Equation 2 defines the thermal effusivity b.

a


  cp

(1)
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b      cp

(2)

A high thermal diffusivity of the heat storage material provides a quick response to
temperature differences, i.e., quick charging and discharging. A high thermal effusivity yields
a large amount of heat being stored. A high thermal diffusivity improves transient heat
transfer and hence, shortens the time for charging and discharging processes. The thermal
effusivity is important for the transient heat conduction phenomena in a semi-infinite slab
assuming constant temperature boundary conditions. Metals and graphite are best suited for
quick charging and discharging (high thermal diffusivity a) and for a large amount of heat
stored in a given time (high thermal effusivity b). Other solid materials such as stones are
much less advantageous. Their respective values are smaller by an order of magnitude.
Thermochemical storage system may use powder fills with even lower diffusivity and
effusivity values. Small density changes versus temperature can minimize thermo-mechanical
stress phenomena.
It needs to be considered, that thermophysical properties are not always available and their
values may differ among different literature sources. Some thermophysical property values,
such as graphite values, are strongly temperature dependent. Also, impurities in the
substances can change the properties considerably. For example, impurities in metals cause a
drop in the thermal conductivity values.
1.3.
Thermal energy storage for concentrated solar power
Although other applications are also mentioned, the focus of this chapter is on TES for
concentrated solar power (CSP). Hence, the following text gives some background of CSP.
Regarding electric grid and quality of bulk power supply, it is the ability to provide dispatch
on demand that makes solar thermal power stand out from other renewable energy
technologies like PV or wind. TES systems store excess thermal heat collected by the solar
field (Figure 3). Storage systems, alone or in combination with some fossil fuel backup, keep
the plant running under full-load conditions. Improvements on operational flexibility and
energy dispatchability by thermal storage and hybridization are identified as key technology
objectives for R&D development. The capability of storing high-temperature thermal energy
leads to economically competitive design options, since only the solar part of the plant has to
be oversized. This solar thermal power plant feature is tremendously relevant, since
penetration of solar energy into the bulk electricity market is possible only when substitution
of intermediate-load power plants of about 4,000-5,000 hours/year is achieved.
The focus is currently on systems compensating transients caused by clouds and on systems
for daily charging/discharging system. Seasonal storage is not considered to be cost-effective
within the near future.
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Figure 3: Basic layout of a solar thermal power plant with integrated storage.

The option to integrate cost effective storage systems directly into the facilities represents a
significant advantage of solar thermal power plants over other concepts using renewable
energy sources. Storage capacity allows not only demand-oriented electricity generation, by
compensating fluctuation in solar insolation caused by cloud passing. Storage units facilitate
the control of systems using concentrated solar power. Storage systems support the adaptation
of power cycles or industrial processes, permitting usually only slow thermal transients, to the
energy flow provided by the solar collectors, which can show very fast variations since only
the direct irradiation is used.
Only in the first of the early solar thermal power plants built between 1985 to 1991 in the US
storage capacity was integrated. The focus in this initial phase was mainly on the development
of collector components. Many of the commercial solar thermal power plants being developed
or under construction in Spain include storage capacity. In order to minimize financial risk,
the most mature storage technologies (molten salt storage or steam accumulators) were
chosen for these facilities. In parallel, research activities aiming at increased efficiency,
reduced investment costs and extended operation temperature range have been initiated.
Concentrated solar heat is used for electricity generation and process heat applications. While
the maximum temperature of the working fluid strongly depends on the application, the
minimum temperature usually exceeds 100 °C. Consequently, liquid water at atmospheric
pressure cannot be used as storage medium; experiences from low-temperature systems
intended for heating and cooling cannot be applied. For medium and high temperature TES
various basic concepts have been suggested. These concepts can be described by various
technical criteria. These criteria include the following.
 Thermal power provided during the discharging process, power transferred during the
charging process
 Capacity of the storage unit, i.e. total energy provided during the discharge process
 Temperature of heat provided during the discharge, maximum temperature accepted
during charging process
 Frequency of charging/discharging cycles
 Reaction time needed to provide nominal load
 Thermal losses, parasitic power needed during charging/discharging process
 Exergetic efficiency
The multitude of criteria makes a direct comparison of storage systems difficult. Values like
thermal power or temperature might also be time-dependent for certain storage concepts.
Storage units must be adapted both to the energy source (solar collectors) and the consumer
(thermal process). Since different types of solar collectors can be combined with various
thermal processes, the resulting systems show specific requirements regarding the integration
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of a storage unit. Consequently, a general rating identification of the most promising concept
is not possible, but the selection depends on the specific application.
This survey focuses on storage systems operated at temperatures exceeding 100 °C and
intended for applications requiring thermal power between 100 kW (solar industrial process
heat application) and several hundreds of MW (solar thermal electricity generation). The
following text is divided in sensible (Section 2), latent (Section 3) and thermochemical
(Section 4) heat storage materials and systems. For further reading, several books on the
subject of TES are available (Turner 1978, Schmidt 1981, Beckmann 1984, Garg 1985, Dinter
1991, Dincer 2002, Fisch 2005). The following literature focuses on high temperature systems
(Elliott 1977, Geyer 1991, Herrmann 2002, Gil 2010, Medrano 2010, Tamme 2009).
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2. Storage of sensible heat
Sensible heat always results in an increase or decrease of the material temperature. All
materials have a capability of absorbing and storing heat due to the fact that they have a mass
m and a specific heat capacity cp at constant pressure. The heat capacity increases with
temperature. The underlying theory is described by the Debye model. For a temperature
difference ΔT = T2 − T1 this heat (or enthalpy) amounts to Qsensible (Equation 3).
Qsensible  m  c p  T2  T1 

(3)

 m  c p  T

T2 denotes the material temperature at the end of the heat absorbing (charging) process and T1
at the beginning of this process. This heat is released in the respective discharging process.
For high enough temperatures and pure solids (especially heavy elements), the specific heat
per mole of a substance is about 3R (Dulong – Petit rule), with R being the molar gas constant
(R = 8.31441 J mol−1K−1). Thus, the molar thermal energy qmol stored in solids can be
approximated by Equation 4.
q mol  3R  T

(4)

Thus, approximately 25 J/mol can be stored with a temperature difference of ΔT = 1 K. With
the molar mass M (kg/mol), the thermal energy q stored per mass is obtained (Equation 5).
q  c p T


(5)

qmol
M

Figure 4 shows the volumetric heat capacity ρcp of selected solids and liquids at atmospheric
pressure. Typically, non-porous solids have ρcp values in the range 1.5 to 6 MJ/(m³K) (Cverna
2002).
Volumetric heat capacity [MJ/(m³K)]

6
5
4
Water (liquid)
Iron (solid/liquid)
Copper (solid/liquid)
Aluminium (solid/liquid)
Lithium fluoride (liquid)
Sodium Nitrate (solid/liquid)
Sodium chloride (solid/liquid)
Graphite (solid)
Quartz glass (solid)
Dry concrete (solid)
Diphenyl oxide/diphenyl (liquid)

3
2
1
0
0

200

400

600

800 1000 1200 1400 1600 1800 2000
Temperature [°C]

Figure 4: Volumetric heat capacity of selected solid and liquids at atmospheric pressure.
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Table 1 gives an overview of different sensible heat storage systems based on liquids and
solids. The classification is based on several factors, including the number of storage volumes
(column 2 and 3 in Table 1), direct or indirect storage with and without filler material (rows),
phase change in the HTF, as well as direct and indirect contact of HTF and storage medium.
Direct storage systems utilize a single medium for the HTF and the storage medium. The
approach demands limited research and development efforts due to its simple design. An
additional solid filler material may be used. This filler material can ensure stratification within
the storage volume and can be inexpensive compared to the HTF.
Indirect storage systems utilize a different HTF and storage medium. A separate HTF and
storage medium may be used for the following reasons:
 The HTF is expensive (e.g. synthetic thermal oil)
 The HTF has a low volumetric energy density (e.g. gas, steam)
 The HTF is pressurized (e.g. steam, water, thermal oil), whereas the larger storage
volume is at atmospheric pressure for economic reasons
Indirect storage systems require sufficient heat transfer rates from the HTF to the storage
medium. In all indirect storage concepts the maximum temperature of the working fluid is
lower during the discharge process than during the charging process due to the unavoidable
necessary temperature difference between working fluid and storage material. The HTF and
storage media may be either of direct contact or indirect contact type. The indirect contact
can be realized by an external heat exchanger or an embedded tube register in the storage
volume. The minimization of temperature gradients and cost-effective designs of the heat
exchanger are central issues for all indirect storage concepts.
Table 1: Classification of sensible heat storage concepts.

Direct storage of HTF
(identical HTF and storage
media)
Direct storage of HTF with
additional solid filler
(combined storage within
HTF and filler)
Indirect storage with
different HTF and storage
medium

One storage volume
(with stratification)
No phase change in the HTF
(e.g. hot water tank)
Phase change in the HTF
(e.g. steam accumulator)

Two storage volumes
(hot and cold tank)
No phase change in the HTF
(e.g. two tanks with molten
salt; two tanks with thermal oil)

Direct contact of HTF and
storage medium
(e.g. molten salt/rock
thermocline; thermal oil/cast
iron; water/pebble bed)
Direct contact of HTF and
storage medium
(e.g. Cowper regenerator with
gases as HTF)

This concept is usually not
considered, because the filler
material can ensure
stratification (see left)

Indirect contact of HTF and
storage medium
(e.g. concrete storage with
thermal oil, steam or
pressurized water as HTF)

Direct contact of HTF and
storage medium
(e.g. two tanks with transport of
particles and air as HTF,
early research)
Indirect contact of HTF and
storage medium
(e.g. two tanks with molten salt
with thermal oil as HTF)
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2.1.
Sensible heat storage in liquids
Liquids offer the advantage of a possible use as both storage medium and heat transfer fluid.
The most widely applied media, in this respect, are water and thermal oil. The storage
approach using liquids can be realized as a single tank or a two tank concept. The two tank
concept consists of two individual tanks at different temperature and fluid level. In a single
heat storage vessel, thermal stratification is desired, because the value of high temperature
heat is maintained in one part of the vessel, while low-temperature fluid (as backflow from a
heat consumer) can still be stored in another part of the vessel. The solid filler materials can
suppress free convection within the liquid and hence improves thermal stratification. Due to
parasitic transient internal heat conduction, the stratification is destroyed in the course of time,
even in very well insulated vessels. For media other than water, the liquid storage medium
often creates the predominate cost of the entire storage system. In these cases low-cost solid
filler materials can replace expensive liquid storage materials (e.g. cast iron in oil, molten salt
thermocline designs). Due to the direct contact of the liquid and solid filler their compatibility
must be ensured.
Table 2 lists some characteristic liquids together with their thermo-physical properties at
atmospheric pressure. For high-temperature storage systems, molten alkali metals, such as
sodium (Tm = 98 ºC) and sodium-potassium, could be used. Experience with these metals
exists from nuclear reactor designs. Major advantages are the high thermal stability and the
high thermal conductivity of these metals. However, at elevated temperatures the reactivity of
alkali metals with air and water is high and require a carefully designed containment. Hence,
molten alkali metals are not considered further here. The following subsections discuss
systems with water, thermal oil and molten salt as liquid heat storage media.
Table 2: Thermophysical properties of liquids for sensible heat storage

Material
Water
Silicone oil (AK250)
Transformer oil
Molten salt (K-NaNO3)
Paraffin (liquid)
Sodium

T,
ºC
20
25
60
230
20
100

ρ,
[kg/m3]
998
970
842
1950
900
927

cp,
[kJ/(kg·K)]
4.183
1.465
2.09
1.57
2.13
1.385

λ,
[W/(m·K)]
0.598
0.168
0.122
0.50
0,26
85.84

106×a,
[m2/s]
0.142
0.118
0.069
0.16
0.14
66.85

10−3×b,
[J/(m2Ks1/2)]
1.58
0.49
0.46
1.24
0.71
10.50

2.1.1. Low-temperature water systems (< 100 °C)
The most widely used liquid for thermal storage is water (Tamme 2009). Water has the
following advantages:
 It is abundant and inexpensive
 It has a relatively high thermal effusivity (b = 1.58 × 103 Jm−2 K−1s−1/2)
 A relatively low thermal (temperature) diffusivity (a = 0.142 × 10−6 m2/s); an
advantage for thermal stratification within a hot-water storage tank
 It can be easily stored in all kinds of containers
 The control of water flow systems is highly flexible and is often state-of-the-art
 Water can be used without heat exchangers
 It is easy to handle, nontoxic, noncombustible, experience with water is common
 It is easily mixable with additives (antifreeze, anticorrosive)
Water has also some disadvantages, which can be summarized as follows:
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 It only provides a limited operation range between 0 ºC (freezing) and 100 ºC (boiling)
 It is corrosive
 It has high vapor pressures (p > 5 bar) at temperatures > 155 ºC
The vapor pressure can be reduced when mixtures of water with other chemicals are applied;
e.g., a mixture of 50 % H2O and 50 % NaOH can be used up to 140 ºC without a pressure
vessel.
Storage tanks for hot water are used in industry and dwellings. They come in sizes of 0.1 m³
(domestic hot water storage) to 12000 m³ (solar assisted district heating). Another
development is the “solar combination store” of about 0.5 m³ which serve for both domestic
hot water supply and house heating.
Water is commonly used also in large thermal stores, both as storage medium and heat
transfer fluid. In large stores (e.g., seasonal stores for solar energy) the storage capacity can
be turned over only once or — at the most — three times a year. Such a small energy turnover
makes the stored heat expensive unless the storage container is inexpensive. A
technical/economical boundary for steel tanks is a size of around 100 000 m³. For ground
containers, the waterproof liner may create problems (e.g., tightness after welding, perforation
by stones): polymer and stainless steel liners are used. These large containers are built of
concrete and they are fully or partly buried in the ground. Their capacity is around 80
kWh/m³. In summer, hot water is fed to the water layers on top and cold water withdrawn
from the bottom, in winter, hot water is withdrawn from the top layers and cold water re-fed
at the bottom.
In so-called ground stores low temperature heat is stored in soil or pebbles. The storage
medium in such cases is a mixture of water and solid particles. Density and specific heat
capacity of these mixtures can be obtained from the mixing laws. The thermal conductivity
depends strongly on the composition of the mixture. Although some mathematical equations
exist in the literature, reliable data for λ depend on measurements. Heat is usually exchanged
with the ground by tubes containing a circulating carrier fluid, mostly water. These tubes may
be placed close to the surface (0.5 – 1 m below) in a meandering arrangement or spirally
wound in horizontal ditches. For large stores (more than 10000 m3 water equivalent storage
capacity), vertical holes are drilled for the heat exchanger tubes.
In some areas, geology allows for a so-called aquifer store. This requires a permeable layer of
soil (pebbles or sand) enclosed between horizontal layers of impermeable material (clay).
Under such advantageous conditions, two fountains can be drilled some distance apart from
each other and hot water can be inserted in summer and withdrawn in winter. Problems can
arise from minerals dissolving in the water and precipitating on tubes and heat exchangers.
So-called man-made aquifers are built in sizes of 10000 m3; the ground excavations are filled
with pebbles and water and sealed by plastic sheets (Tamme 2009). In all cases where
mixtures of water and solid material are used for heat storage, the storage volume has to be
larger than in the case of pure water.Table 3 gives some approximate data.
Table 3: Storage volume of different storage media compared to pure water for 1 m³ water equivalent and 60
kWh capacity at Δ T = 50 K

Storage media
Hot water storage
Pebble – water storage
Aquifer storage
Borehole storage

Storage volume
1 m3
1.3 – 2 m3
2 – 3 m3
4 – 5 m3

Large scale solar thermal storage in water is also possible in solar ponds. These ponds act
both as solar collector and as storage. In this concept the water itself is used as an insulator.
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The convection in the water can be suppressed by different methods. One common method is
to utilize density gradients which correspond to salt concentration differences.
2.1.2. High-temperature water systems (> 100 °C) - steam accumulator
State of the art for thermal storage used in process heat applications is the steam accumulator
technology (also called the Ruths storage systems). Steam accumulators use sensible heat
storage in pressurized saturated liquid water. They benefit from the high volumetric storage
capacity of liquid water for sensible heat. Steam is produced by lowering the pressure of the
saturated liquid during discharge. Since water is used both as storage medium and working
medium, high discharge rates are possible, while the capacity is limited by the volume of the
pressure vessel. The maximum temperature is limited by the critical point of saturated water
(374°C, 221 bar). The costs are dominated by the pressure vessel.
While today’s application of energy storage in the process industry is still limited, almost the
complete existing capacity is based on steam accumulator technology. Here, the unique
thermal storage ability of liquid water is applied by using pressure vessels as storage tanks
(Figure 5). Steam accumulators are charged by condensation of steam fed into the pressurized
liquid volume (Goldstern 1970, Steinmann 2006). Since the pressure vessel is filled with
saturated liquid water, the pressure increases during the charging process. During the
discharge process the pressure in the storage vessel is decreased and saturated steam is
extracted. The storage capacity corresponds to the variation of sensible energy of the liquid
volume during the discharging process. Since the water in the volume is in the saturation
state, a change in temperature is correlated to a change of pressure of the saturated steam
provided during the discharge process. While a larger decrease of pressure is advantageous
regarding the volumetric storage capacity, the acceptable pressure variation might be limited
by efficiency considerations. Due to the logarithmic correlation between saturation pressure
and saturation temperature, the absolute reduction of the pressure during the discharge process
is increased at higher pressure levels to provide the same energy. The cost-effective capacity
of steam accumulators is limited by the size of pressure vessel. Due to the short reaction time
this concept can be used as buffer storage to compensate cloud passing or to support other
storage concepts, which show a larger storage capacity and require a longer start up
procedure.
The PS10 central receiver power plant, representing the first European commercial solar
thermal power plant starting operation in 2007, uses a steam accumulator for compensation of
cloud transients. Four tanks with a total storage capacity of 20 MWh enable a 50% load
operation of the 11 MWel for about 50 minutes. The storage system is charged with saturated
steam at 45 bar, during the discharge process saturated steam is provided at variable pressure.
Steam Discharging

Steam Charging

Isolated
Pressure Vessel

Steam

Liquid Phase

Liquid water
Charging / Discharging

Figure 5: Scheme of a steam accumulator.
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2.1.3. Thermal oil systems
Oil is a common heat transfer fluid and has also been used as a liquid storage material. For
example, mineral oil can be used at ambient pressures up to about 300 °C. Synthetic oils are
thermally stable up to 400 °C, but at higher temperatures they have to be pressurized which is
often uneconomic. As filler material cast iron has been tested.
Among the nine parabolic trough power plants SEGS I- SEGS IX built in California between
1985 and 1991, only SEGS-I was equipped with a storage unit allowing the operation of the
14 MWel plant for about 3 hours (Figure 6) (Herrmann 2002). In contrast to the later SEGSplants, SEGS-I uses a mineral oil as heat transfer medium in the solar collectors, which is
significantly cheaper than the synthetic VP1 oil applied in the other SEGS-plants. The
relatively low cost mineral oil allowed the direct storage in an additional volume of hot heat
transfer fluid. This approach is not cost-effective with VP1 not only due to the higher costs of
the heat transfer fluid: at 400 °C VP1 requires a pressure of about 11 bar, so a pressure vessel
is needed for storage. In SEGS-I about 3260 m³ mineral oil were stored in the hot tank at a
temperature of 307 °C. The storage system was damaged by a fire in 1999.

Solar field

240°C

Mineral oil loop
305°C

Cold Oil Tank
Hot Oil Tank

Turbine
G

Steam generator

Condensor

Figure 6: Simplified scheme of SEGS-I parabolic trough plant with direct storage of heat transfer fluid.
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2.1.4. Molten salt systems
For temperatures above 100°C, molten salts are attractive candidates for sensible heat storage
in liquids. The major advantages of molten salts are low costs, high thermal stability and low
vapor pressure. The low vapor pressure results in storage designs without pressurized vessels.
In general there is experience with molten salts from a number of industrial applications
related to heat treatment, electrochemical reactions and heat transfer. The application of salts
requires the consideration of the lower temperature limit defined by the melting temperature.
One major difficulty with molten salts is unwanted freezing during operation. Freezing must
be prevented in the piping, the heat exchanger and in the storage tanks. Hence, often auxiliary
heating systems are required. Other limitations of molten salt storage may arise due to aspects
such as high costs of the storage media, the risk of corrosion and difficult handling of
hygroscopic salts. The thermal stability of the salts defines the upper temperature limit. Salt
mixtures, rather than single salts, have the advantage of a lower melting temperature. These
mixtures can have similar thermal stability limits as the single salts of the mixtures. Hence,
salt mixtures, such as eutectics, can have a wider temperature range compared to single salts.
For solar thermal power plants, alkali nitrate salt mixtures, and to some extend alkali nitrite
salts, are the preferred candidate fluids for TES. Typically a non-eutectic salt mixture of 60
wt% sodium nitrate and 40 wt% potassium nitrate is utilized. This mixture is commonly
called solar salt. The eutectic mixture has a melting temperature of 222 °C and the thermal
stability limit is at about 550 °C.
A large scale example of a direct storage concept is the Solar Two central receiver power
plant using molten salt as both, heat transfer fluid and heat storage medium (Figure 7). This
demonstration power plant was erected in 1994 on basis of the Solar One facility and was
operated until 1999. The maximum electrical power was 11 MW. The two tank storage
system with a total volume of about 1700 m³ had an inventory of 1400 tons of a mixture of
molten solar salt. The thermal capacity of the storage system operated between 565 °C and
290 °C was 107 MWh, allowing the operation of the turbine for three hours (Pacheco 2002a).

Heliostat field

290°C

565°C
Molten Salt loop
Cold Salt Tank
Hot Salt Tank

Turbine
G

Steam generator

Condensor

Figure 7: Simplified scheme of Solar Two power plant with central receiver and direct storage of molten salt
used as heat transfer fluid.
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It is important to note that the specific storage costs can be reduced considerably, when the
storage is implemented in systems with larger temperature differences, as the capacity of a
molten salt storage is directly proportional to the temperature difference between the hot and
the cold tank. In this context, the commercial solar tower power plant Gemasolar in
Andalusia, Spain is an example. The plant utilizes a direct storage concept. The construction
of the plant was completed in 2010 and the start of operation is scheduled for 2011 (Torresol
Energy 2011). In this power plant, the first commercial direct two-tank system will be
realized.
The Andasol power plants are large-scale examples of the indirect storage concept. Indirect
storage in liquid media allows the separation of storage medium and heat exchanger, the size
of the heat exchanger is only determined by the necessary power and not by the capacity of
the storage unit. Since the area-specific power density is higher, liquid storage media usually
require smaller heat exchangers than solid storage media with embedded heat exchangers. A
significant advantage of liquid media storage is the simple operation strategy, because the
temperature can easily be kept constant during the discharge process. The advantage of using
molten salt storage systems is the availability of experiences from the Solar Two project.
Since this concept is considered as already proven, it was selected for the Andasol power
plants using parabolic trough technology (Kelly 2006). The schematic layout of the plant is
shown in Figure 8.
Solar field

Turbine

Storage system
290°C
Cold Salt Tank

Steam generator

Hot Salt Tank

Oil / Salt Heat exchanger

G

385°C

Condensor

Synthetic oil loop

Figure 8: Parabolic trough power plant with indirect storage system using molten salt.

At present, the two-tank molten salt storage is the only commercially available concept for
large thermal capacities being suitable for solar thermal power plants. In the Andasol I plant
28500 tons of molten solar salt are stored in two tanks with a total volume of 32600 m³ and
the temperature operation range is between 385 and 290 °C. It presents a 7.5 h storage system
providing energy to generate 50 MW electrical power. Plant operation was started in 2009
(Relloso 2009). Based on the favorable experience with the Andasol storage systems the
molten salt storage approach is applied to Andasol II and III plants as well to further parabolic
trough plants in Spain. Detailed characteristics and experience with the two-tank system are
well documented (Relloso 2009, Kolb 2010). Figure 9 shows the main expense fractions of an
indirect tow tank molten salt storage. This shows that the salt inventory and the tanks have
significant cost reduction potentials.
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Figure 9: Distribution of investment costs for an indirect two-tank storage system (Kelly 2006).

2.2.

Sensible heat storage in solids

2.2.1. Materials
Solid materials can be utilized in a wide temperature range and heated up to very high
temperature (e.g. magnesia bricks in Cowper regenerators to 1000 ºC). Solids are often
chemically inert and have a low vapor pressure. In addition, the containment can often be
simpler compared to systems based on liquids. Solid storage materials can be broadly
classified as metals and non-metals. Table 4 lists selected examples of solid storage media
with their thermal properties (Tamme 2009).
Table 4: Thermophysical properties of solids for sensible heat storage

Material
Aluminum 99.99 %
Copper (commercial)
Iron
Lead
Brick (dry)
Concrete (aggregates)
Granite
Graphite
Limestone
Sandstone
Slag
Sodium chloride
Soil (clay)
Soil (gravelly)

T,
ºC
20
20
20
20
20
20
20
20
20
20
20
20
20
20

ρ,
[kg/m3]
2700
8300
7850
11340
1800
2200
2750
2200
2500
2200
2700
2165
1450
2040

cp,
[kJ/(kg·K)]
0.945
0.419
0.465
0.131
0.84
0.72
0.89
0.61
0.74
0.71
0.84
0.86
0.88
1.84

λ,
[W/(m·K)]
238.4
372
59.3
35.25
0.50
1.45
2.9
155
2.2
1.8
0.57
6.5
1.28
0.59

106×a,
[m2/s]
93.3
107
16.3
23.6
0.33
0.94
1.18
120
1.19
1.15
0.25
3.5
1.0
0.16

10−3×b,
[J/(m2Ks1/2)]
24.66
35.97
14.7
7.24
0.87
1.52
2.67
14.41
2.02
1.68
1.13
3.5
1.28
1.49

Natural materials in the form of rocks and pebbles are abundant and cheap. For low
temperatures, rock and soil can be used as ground storage. For high temperatures, the thermomechanical stability of the solids is important. Here, rocks such as granite, basalt and
quartzite, as well as pebbles can have suitable properties.
Of the manufactured solid materials, various ceramics are widely used as heat storage
materials. In the low temperature range, bricks act as a buffer for the climatisation of
buildings. At higher temperatures, refractory bricks based on oxides (silica, alumina,
magnesia and iron oxide - feolite), carbonates (e.g. magnesite) and their mixtures are
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commercially utilized in applications such as Cowper regenerators, night-storage heaters and
tiled stoves. Abundant solid salts, such as sodium chloride and sodium sulfate could also be
utilized.
Graphite is another potential solid media for sensible heat storage. Graphite has a high
thermal diffusivity and it can be heated up to very high temperatures, but above about 400 °C
it requires an inert atmosphere to prevent oxidation. At the moment, an Australian company,
Graphite Energy Systems, develops a TES with graphite blocks for central receiver units.
Typically, metals exhibit higher thermal conductivities but are less attractive from an
economic point of view compared to non-metals. This high conductivity is advantageous in
terms of a fast charge and discharge process of the storage system. High conductivity metals,
such as aluminum and copper, can be used in electronics as a heat sink and for thermal
management. Cast iron is an alternative material with a high thermal conductivity and high
volumetric heat capacity (energy density). It is used for high-temperature storage together
with oil as heat carrier.
2.2.2. Heat transfer concepts
The heat transfer concept of storage systems using solid materials is usually based on an
additional fluid as a heat carrier (e.g. water, steam, air, oil, molten salt) for the charge and
discharge process. The heat carrier fluid may be operated either in direct contact (e.g. Cowper
regenerators in the high-temperature glass and steel industry) or indirect contact (e.g. via a
tubular heat exchanger) with the solid storage material.
In a direct contact storage system, there is no intervening wall between heat transfer fluid and
storage medium. Direct contact design is realized as a packed bed of solid particles in a
container, such as a pebble bed or a rock pile, or in a more defined arrangement such as a
regular array of checker bricks. Heat has to be carried to or from such stores by a heat carrier
such as air or water. These beds and checkers provide a large surface area for heat transfer.
The effective flow cross-section can be large, thus reducing pressure losses, especially for
gaseous HTFs. The internal heat losses can be small because for example particles have little
surface contact to surrounding particles and thus, little conduction losses. For low
temperatures, reduced insulation around the storage container is sufficient when air — with a
small thermal conductivity — is used as a heat carrier and fills the gaps between the particles.
Such particle beds, however, cause a large pressure drop in the fluid flow. This has to be
compensated by pumps, fans or compressors. Another drawback is the large storage volume
required. As the solid storage materials are in direct contact with the fluid heat carriers,
properties of the solids have to be taken into account which affect fluid flow and heat transfer,
such as particle and container size, mechanical durability against abrasion and thermal cycling
and hygroscopy. The thermal stratification is well maintained in a heat store, because natural
convection in the heat carrier is suppressed and internal heat conduction is low, because of the
aforementioned reasons (see Section 2.1 liquids).
For low temperatures, the combination of hollow bricks and air has been known as hypocaustheating systems since antiquity. Water-flooded pebble beds are known as artificial aquifers.
The following discussion focuses on high-temperature storage systems.
2.2.3. High temperature direct contact ceramic regenerator storage systems
Central receiver power plants using air as a heat transfer medium offer the potential to
particularly cost-effective solutions with high conversion efficiencies (Romero 2002, Price
2003, Pitz-Paal 2005). Also, the suitable heat storage technology – regenerator storage based
on directly heated solid media – has a simple setup, is applicable to highest temperatures and
has best prospects for a deployment in large installations (Haeger 1994, Fricker 2004). These
aspects indicate good opportunities for a near-term commercialization.
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However, for a successful market introduction, efficient and up-scalable solutions for the heat
storage are a prerequisite. Storage regenerators are well suited to the needs, but need further
investigations to clarify open questions concerning design and materials. Though first
concepts have been looked at in the early 1990s, the status of this storage application is still at
an early stage.
Initial designs and tests for atmospheric receivers have been carried out by the German TSA
consortium. For that purpose, a test facility, including a thermal storage, was erected in Spain
in 1991. However, rather than aspects of storage design, the system demonstration was in the
focus of work. The storage was based on a packed bed of aluminum oxide in spherical shape,
providing a thermal capacity of about 1 MWh. Though fully functional, this concept turns out
not to allow a direct scale-up to commercial size: high costs for the high-purity aluminum
oxide and increased thermally-induced mechanical loads during cyclic operation represent the
main barriers.
A packed bed storage system is integrated into the Solar Power Tower Jülich. This
experimental central receiver plant uses air at atmospheric pressure as heat transfer medium.
The storage is cycled between 120 and 680 °C and has a storage capacity of almost 9 MWth
(Zunft 2010). The heat storage of the recently commissioned solar tower plant in Jülich,
Germany uses refractory in a stacked arrangement and therefore avoids such mechanical
issues (Zunft 2010). The Solar Power Tower Jülich is an experimental central receiver plant,
inaugurated in 2009 to serve the needs of a further development of this technology. Erection
and operation of the plant are accompanied by a research program with the objective to cover
remaining uncertainties of design and operation and to further promote the development of the
technology towards a commercial deployment (Zunft 2009, Zunft 2010). As a part of this
work program also heat storage operation and design are addressed.
The plant uses an open volumetric receiver technology. In its primary cycle, air at
atmospheric pressure is heated up to temperatures of about 700 ºC. This solar heat then
powers a steam generator, producing steam at 100 bars and 500 ºC and driving a 1.5 MWel
turbine-generator set. In parallel to the steam generator and receiver, the heat storage is
integrated into the power cycle (Figure 10). It is implemented as an air-cooled regenerator
storage system, an installation that is still unique in this application.

Figure 10: Schematic plant layout of the Solar Power Tower Jülich with integrated regenerator storage.

The design of the storage was derived from industrial applications of thermal exhaust air
purification. These RTO (Regenerative Thermal Oxidizer) systems are applied to purify air
from volatile organic compounds through an exothermic process taking place inside a
regenerator’s heat exchanging ceramic inventory at temperatures up to 1100 ºC. The storage is
located within the plant’s tower. It extends over two stories, close to the locations of receiver
and steam generator. At rated operation conditions, the storage system is cycled between 120
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and 680 ºC and supplies a storage capacity of almost 9 MWh. Further technical specifications
include data for the discharge heat rate, discharge duration and permissible outlet temperature
variations as summarized in Table 5.
Table 5: Technical specifications of the storage utilized in the Solar Power Tower Jülich.

Inlet temperature (Charge/ Discharge)
Outlet temperature (Charge/Discharge)
Charge mass flow
Discharge heat rate
Full load discharge period
Pressure loss

680 °C / 120 °C
680-640 °C / 120-150 °C
9.4 kg/s
5.7 MWth
1.5 h
< 1500 Pa

During charge operation the hot air from the receiver enters the storage’s dome and flows
downwards through the storage chambers, forming a moving temperature profile as typically
found in regenerator storage. Reversing the flow direction through the storage starts discharge
operation and supplies heat to the steam generators air loop.
Full functionality of the storage subsystem was confirmed during a test campaign performed
in 2010. Standstill operation shows that thermal losses are kept at a low level. Cycling
operation at high heat rates levels could be performed as expected for charge and discharge
operation. The successful installation and testing experience is considered an important step
towards a further development of this storage technology. Present results support the view
that the technology represents a promising basis for up-scaled implementations in solar
applications and beyond.
On that way, further aspects need to be addressed. This includes a better understanding of
internal air flow and flow distribution, design improvements in terms of heat transfer, losses
and cost efficiency as well as the investigation of alternatives for the inventory arrangement
including packed beds and the potential for higher operation temperatures (Zunft 2009,
Dreißigacker 2010).
In some cases the direct contact of heat carrier and storage material is not economic or
feasible, for example if the heat carrier is pressurized (e.g. steam) or incompatible with the
storage medium. In this case, a design with indirect contact of carrier and storage media can
be utilized.
2.2.4. High temperature indirect contact concrete storage systems
Sensible indirect contact heat storage in solid media can be realized by the integration of a
heat exchanger into the storage material. While capacity related costs play an important role
in the selection of storage media, other requirements result from the integration of the heat
exchanger, since the investment for the tubes and manifolds represents a significant share of
total costs. The optimization of the geometry of the heat exchanger is essential for a costeffective storage system. The thermal heat conductivity and the volumetric storage capacity of
the storage material determine the surface area of the heat exchanger. Additional aspects are
the thermal expansion rate of the storage material, which should be similar to the material
used for the heat exchanger to limit thermal stress. The storage material should show a high
cycling stability.
For high temperatures, concrete is another attractive sensible heat storage material, because of
its low cost due to inexpensive aggregates, the availability throughout the world and the
available and simple processing route via casting. Table 6 lists some of the relevant thermal
properties of high temperatures concrete (Laing 2011). The temperature dependence of the
density is rather weak, compared to the other three properties. Nevertheless, the variation of
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the density with temperature of the storage material, characterized by the coefficient of
thermal expansion (CTE), is important in terms of the thermo-mechanical design of the
storage system. The CTE of the storage material should fit the CTE of the embedded metallic
heat exchanger material. Other important solid storage media requirements include high
availability, low capital costs, safety, high thermal (cycling) stability and good processability.
Table 6: Thermophysical properties of high temperature concrete in a range from 25 to 400 °C.

Name
Density
Heat capacity
Thermal conductivity
#

Equation
ρ ≈ 2.25 g/cm³#
cp = 0.7 + 8.75E-4 ∙T(°C)
λ = 1.467 - 6.667E-4∙T(°C)

Value at 25 °C

Value at 400 °C

cp = 0.72 J/(g∙K)
λ = 1.45 W/(m∙K)

cp = 1.05 J/(g∙K)
λ = 1.20 W/(m∙K)

Constant value for thermal modeling, CTE = 11.6E-6 1/K at 350 °C.

The storage capacity of sensible storage systems depends on the temperature variation during
the charging process. Figures for capacity-specific costs for the storage material require the
definition of the temperature variation in the storage material during the discharge process.
This value is also slightly influenced by the temperature range, since the specific heat capacity
is temperature dependent.
During recent years, concrete storage systems intended for parabolic through power plants
using synthetic oil as heat transfer fluid have been developed. This storage unit is operated
between 290°C and 390°C with daily charging and discharging cycles (Figure 11). For this
application, a parallel steel tube heat exchanger design using a concrete with quartz
aggregates and a low level of binder made of blast furnace cement and flue ash is considered
to be the most cost-effective solution.

Solar field
Turbine

Steam generator

Concrete storage unit

G

Condensor

Synthetic oil loop

Figure 11: Parabolic trough power plant with integrated concrete storage.

The optimization of the operation strategy offers an option for improving the efficiency of a
solid medium storage. If the mass flow rate through the storage and the inlet temperature are
kept constant during the charging process, the temperature at the outlet of the storage unit
increases dependent on the charging state. Usually, this temperature is limited to avoid
damaging of the absorbers. Consequently, the charging must be stopped and the capacity of
the storage unit cannot be utilized completely. By applying modular storage units, the usable
storage capacity can be increased. An improved adaptation of the storage to the demands of
the power cycle during the discharging process results in a further increase of the usable
capacity (Laing 2008).
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A test module with a capacity of 350 kWh was connected to parabolic trough collectors of the
Plataforma Solar Almeria and operated successfully during summer 2003. Long-term stability
of the concrete storage approach was proven by operation of an enhanced storage module
from 2008 to 2011 up to 400 °C (Figure 12, Figure 13). While these test units were operated
with synthetic oil as heat transfer medium, concrete storage is also considered for application
with superheated steam. A second generation concrete storage module with a capacity of
about 300 kWh is being built and tested for operation with steam at 100 bar (Laing 2010). The
specific investment costs for a storage unit with a capacity of 1100 MWhth is estimated to be
in the range of 34 €/kWhth (Bahl 2009).
Currently, the focus of the ongoing development is on options to reduce the investment costs.
These costs are dominated by the heat exchanger embedded in the storage volume. Various
options to increase the effective heat conductivity within the storage material have been
investigated. The homogenous addition of materials having a high thermal conductivity has
not shown a significant potential for cost reduction. In another approach, additional heat
transfer structures are integrated into the storage material to reduce the number of tubes
needed for the heat exchanger.

Figure 12: Photo of a concrete storage module during long-term testing.

Figure 13: Schematic layout of a concrete storage module showing the main elements tube register, concrete
storage material and heat transfer fluid collector (without insulation).
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2.2.5. Other high temperature thermal energy storage systems
Direct contact storage systems can also be operated with liquid HTFs. Here, the main aim is
to displace expensive liquid storage media by cost-effective solids. This approach was chosen
at the Solar One central receiver plant, using a mixture of thermal oil, sand and gravel stored
in a single tank. The hot fluid at the top is separated from the cold fluid at the bottom by
buoyant forces. This thermocline system is charged by feeding hot thermal oil into the top of
the tank. During the discharge process, hot oil is taken from the top of the tank, pumped
through a heat exchanger and returned to the bottom of the tank. Due to the selected thermal
oil the maximum temperature of heat provided by this system was about 315°C. The
thermocline concept was also investigated using molten salt as the HTF (Pacheco 2002b).
For solar tower systems, receivers using solid particles, such as spherical sintered bauxite, as a
heat transfer fluid are examined. Potentially, a two tank sensible TES systems with cold and
hot solid particles could be used. This concept still requires the assessment of several issues.
These aspects include the long-term thermo-mechanical stability of the particles, parasitic
loads for particle transport and effective heat transfer between particles and working fluids.
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3. Storage of latent heat
Materials for the storage of latent heat are also named phase change materials (PCM), because
of the fact that they change their physical phase from solid to liquid and vice versa. The phase
change is always coupled with the absorption of heat when the solid melts — heat of melting
— and a heat release when the liquid solidifies. The phase change occurs at the melting
temperature Tm. At that temperature, these materials melt when heat is added, but do not
exhibit a rise in temperature. Thus, the heat added cannot be sensed and appears to be latent.
The most prominent advantage of storage concepts using the latent heat is the option to store
energy within a narrow temperature range close to the phase change temperature.
A change of one crystalline form into another without a physical phase change may also be
considered as storage of latent heat. The heat of solid-solid phase changes (rearrangement of
crystalline forms) is typical smaller compared to the heat of melting and solidification.
Although enthalpies are large, the liquid-gas phase change is not utilized for latent heat
storage due to the large volume of the gas phase. Hence, in most cases the heat of the solidliquid phase change is utilized. The heat (or enthalpy at p = const.) stored with a phase change
amounts to qlatent, where Δhm is the latent heat (enthalpy) of melting (Equation 6).
qlatent  hm

(6)

A rough estimate of the heat of fusion of the various phase change materials can be obtained
from the following formulas. For many semiconductors, eutectic, and inorganic compounds,
the molar heat of melting Δhm, mol is within the range given in Equation 7, where the melting
temperature Tm is given in Kelvin and R is the molar gas constant.
2.5 RTm  hm, mol  5 RTm

(7)

This equation shows that the heat of fusion increases with the phase change temperature and
that compounds with a low molar mass are favorable in terms of large heat of fusion values in
the relevant unit J/g. When a material is heated from an initial temperature T1 to the melting
temperature Tm and the melt is further heated to T2, the total heat stored is given by Equation
8 and 9, where cp is the specific heat capacity in the solid and liquid phase.
Qtotal = Qsensible,solid  Qlatent  Qsensible,liquid = qtotal  m

(8)

Qtotal  m  c p ,solid Tm  T1   m  hm  m  c p ,liquid T2  Tm 

(9)

The heat of fusion (or heat of melting) is much greater than the sensible heat. Therefore,
phase change materials have a larger volumetric energy storage capacity than sensible storage
materials, if smaller temperature intervals are considered. It is important to note that the
melting temperature is material-specific and the material can be selected accordingly.
Books on the subject of latent heat storage or phase change materials include the following
(Humphries 1977, Lane 1983, Lane 1986, Mehling 2008). Review articles have been
presented by the following authors (Abhat 1983, Farid 2004, Zalba 2003, Sharma 2005,
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Demirbas 2006, Regin 2008, Kenisarin 1993, Agyenim 2010). Overviews of high temperature
latent heat storage material and system developments have also been written (Birchenall 1980,
Hoshi 2005, Tamme 2008).
3.1.
Materials
Latent heat storage materials, or PCMs, should be characterized by some general material
properties listed in Section 1.2. In addition specific PCM requirements are the following:
 A suitable phase change temperature
 A large phase-change enthalpy
 A suitable thermal stability with a low vapor pressure at the maximum operation
temperature
 A small volume change during the melting process
 Little or no subcooling during freezing, little or no supersaturation during melting,
neither segregation (e.g., like Glauber’s salt)
 A high heat capacity, if sensible heat is additionally utilized
The development of a latent heat storage system starts with the selection of the PCM. The
temperature of the phase change should correspond to the specific application. For the
temperature range below 120 °C organic PCMs can be utilized. At temperatures above 120
°C, critical aspects of organic PCMs include the long-term thermal stability, the reactivity
with oxygen and the high vapor pressure. Some disadvantages can be overcome if
hermetically sealed storage systems are utilized. The thermal stability of inorganic materials is
inherently higher. For temperatures from 120 to 1000 °C the solid-liquid phase change of
inorganic anhydrous salts are mainly considered. Work on solid-solid phase transitions of
anhydrous salts is limited (e.g. Na2SO4). Several solid-liquid phase change materials are listed
together with their thermo-physical properties in Table 7. The table presents a selection of
characteristic materials, many more can be found in literature (Janz 1978).
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Table 7: Properties of selected inorganic phase change materials (PCMs) for latent heat storage.

PCMs

T
[°C]

Δhm
λs
λl
Cp,s
Cp,l
ρl
∆V/Vs
[J/g] [W/mK] [W/mK] [J/gK] [J/gK] [g/cm³]
[%]
Ice and salt hydrates
H2O
0
334
2.3
0.56
2.10
4.22
1.00
-8.3
KF∙4H2O
19
230
n.a.
n.a.
1.8
2.4
1.46
n.a.
CaCl2∙6H2O
30
180
1.1
0.5
1.4 2.1-2.3 1.56
13
Na2SO4∙10H2O
32
250
0.5
n.a.
1.9
3.3
1.41
4
Na2HPO4∙12H2O
35
280
0.5
0.5
1.5-1.7 2.0-3.2 1.44
5
Na(CH3COO)∙3H2O
58
250
0.7
0.4
2.1
3.0
1.28
13
Pure metals
Na
98
113
122
87
1.36
1.38
0.93
2.8
Zn
419
112
100
50
0.45
0.48
6.76
1.9
Al
660
397
211
91
1.18
1.18
2.38
7.5
Anhydrous salts and their mixtures (Composition in weight%)
KNO3-LiNO3
133
170
n.a.
n.a.
n.a.
n.a.
1.9
14
(67-33)
KNO3-NaNO2-NaNO3
142
80
0.5
0.5
1.3
1.6
1.98
4
(53-40-7)
LiNO3-NaNO3
194
265
n.a.
0.5
n.a.
n.a.
1.9
13
(49-51)
KNO3-NaNO3
222
100
n.a.
0.5
1.4
1.5
1.95
5
(54-46)
LiNO3
254
360
1.4
0.6
1.8 1.6-2.0 1.78
22
NaNO2
270
180
0.7-1.3 0.5-0.7
n.a. 1.6-1.8 1.81
17
NaNO3
306
175
0.6
0.51
1.66
1.66
1.91
11
NaOH
322
210
0.9
0.8
2.0
2.1
2.13
16
KNO3
337
100
n.a.
0.4-0.5
1.4 1.3-1.4 1.87-1.89
3
NaCl-KCl-MgCl2
393
240
1,0
n.a.
1,0
1,0
1.8
n.a.
(24.5-20.5-55)
K2CO3-Li2CO3-Na2CO3
397
275
n.a.
n.a.
1.7
1.6
1.90
17
(35-32-33)
K2CO3-Li2CO3
505
345
n.a.
n.a.
1.3-1.8 1.8-2.3 1.96
10
(65-35)

3.1.1. Paraffins
Paraffins are waxy solids at room temperature. Their melting points and heat of fusion
increase with molar mass. Compounds in the series C14H30 – C40H82 have melting points in
the range 6 – 80 ºC. They are advantageous storage materials for the following reasons:
 They are widely available and inexpensive
 Noncorrosive and nontoxic
 Chemically stable, with a low density
 Phase transformation is rapid
 Supercooling is negligible
But they show the following drawbacks:
 Low volumetric energy density (compared to salt hydrates)
 Change in volume during melting by about 10 %
 Low thermal conductivity and diffusivity
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No distinct melting point, because cheap technical paraffins used for thermal storage
are mixtures of many compounds
Not compatible with polymers
They are flammable

3.1.2. Salt hydrates
The phase change of salt hydrates is considered a solid – liquid transformation. The solid
hydrate crystals release their water of crystallization at a certain temperature (or a temperature
range) and the anhydrous salt dissolves in this water. This process is reversed when heat is
withdrawn. Many salt hydrates are sufficiently inexpensive; they are only little corrosive and
slightly toxic. They exhibit only small changes in volume during phase change and have a
relatively high heat of fusion (compared to organic compounds) at low melting temperature.
Salt hydrates are of the chemical form X (Y)i · n H2O with X (Y)i representing an inorganic
compound. When the salt hydrate is heated to its transition temperature, one of the following
reactions will take place.

X  Y i  n H 2 O  X  Y i  n H 2 O

(10)

X  Y i  n H 2 O  X  Y i  oH 2 O   n  o  H 2 O

(11)

At the melting point, the hydrate crystals split up either into an anhydrous salt and water
(Equation 10) or into a salt hydrate with a lower number of water molecules and water
(Equation 11). Several salt hydrates have two major drawbacks for thermal storage: they
suffer from incongruent melting and supercooling.
Incongruent melting occurs when not enough water of crystallization is released during
thawing and the anhydrous salt cannot completely dissolve. The solid residual part settles at
the bottom of the container due to its higher density. In the reverse process (during
recrystallization) some fraction of the precipitated solid is unable to come into contact with
the water necessary for its recrystallization. Thus, the useful heat of fusion reduces after
several charge – discharge cycles. Incongruent melting can be prevented by:
 Addition of a thickening agent which holds the anhydrous solid part in suspension and
prevents its settling
 Stirring, vibrating, or rotating the material
 Addition of excess water
 Encapsulation of the material (e.g., in polymers, as metallic containers may be
corroded)
Supercooling occurs during cooling (heat discharge) when no sufficient nucleation sites are
available. The crystallization does not take place at the melting point; the liquid is cooled
below that point and the stored heat is not discharged at the expected melting temperature, but
at some arbitrary temperature. In some cases it might happen that the stored heat cannot be
withdrawn, because the temperature difference between the subcooled melt and the required
fluid temperature is not high enough. Supercooling can be prevented by addition of small
quantities of a nucleating agent with a crystal structure similar to that of the salt.
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3.1.3. Anhydrous salts
The cations are mainly alkali (e.g. Li, Na, K) and alkaline earth (e.g. Ca, Mg) metals. Anions
which are considered include nitrates, nitrites, hydroxides, bromides, carbonates, chlorides,
sulfates and fluorides. Many anhydrous salts are miscible and this results in a large variety of
potential single salts and salt mixtures (binary and ternary systems). Table 7 shows selected
examples of PCMs. For temperatures up to 350 °C, in particular alkali metal nitrates and
nitrites and their mixtures are suitable PCMs, if requirements such as handling and steel
compatibility are taken into account (Tamme 2008).
3.2.
Heat transfer concepts
Many metals, such tin or lead, are characterized by high costs and low melting enthalpy.
Hence, metals are usually not considered as a PCM. A characteristic of the remaining
candidate PCMs is a low thermal conductivity. Table 7 shows that the thermal conductivities
of common PCMs are lower than 1 W/(mK). The thermal conductivity of the PCM affects
significantly the power density and the heat transfer design of the system. The charge and
discharge power of the storage system corresponds to the melting and solidification time of
the PCM.
Analytical solutions for the non-linear problems of melting and solidification date back to the
19th century. Analytical solutions of the melting and solidification are known only for a few
special cases with simple geometries (e.g. plane wall, tube) (Yao 1989, Alexiades 1999).
More complex geometries require numerical methods. As an analytical example, Equation 12
gives the solidification time of a PCM slab tw,s (plane wall). Important assumptions are that
the liquid PCM is at the melting temperature Tm, the PCM is confined in a space of a finite
thickness 0 < x < l, for times t > 0 the boundary surface at x = 0 is maintained at a constant
temperature Tw below Tm. The only mode of heat transfer considered is heat conduction.
Convection in the PCM melt is assumed to be absent. The quasistationary approximation is
assumed. This means that the sensible heat can be neglected compared to the latent heat.
Hence, small Stefan numbers St ≤ 0.1 are considered. For the PCM, isotropic and
homogeneous material properties are assumed. Further assumptions are that the
thermophysical properties are independent of temperature and that the PCM properties are
equal in the solid and liquid phase. Hence, density differences and void formation are not
included. A clearly defined solid-liquid interface due to melting of the PCM at a single
temperature is assumed. The initial PCM temperature is the melting temperature in the liquid
phase.

t w, s 

L s l 2
2 s (Tm  Tw )

(12)

An analytical solution for the solidification time of a PCM around a cooled tube without fins
(hollow cylinder of PCM) is given by Baehr (Baehr 2006). Equation 13 defines this analytical
solution as the product of the solution of the plane wall tw,s and the geometric cylinder factor
CF (Equation 14). For this solution, the assumptions are the similar as discussed previously
for the plane wall geometry. The PCM is confined in a space of a finite thickness R < x < R+l,
for times t > 0 the boundary surface at x = R is maintained at a constant temperature Tw below
Tm. The geometric cylinder factor CF depends solely on the dimensionless PCM thickness l/R
(Equation 14). Figure 14 shows this function up to a maximum value of l/R = 100. Higher
values are usually irrelevant for PCM-storage engineering.
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t cyl ,s  t w,s CF

(13)

2

l
 R   1 R 
CF  ln  1  1    
 R  l
 2 l 

(14)
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Figure 14: Geometric cylinder factor CF depending on the dimensionless PCM thickness l/R.

An illustrative example is the solidification of ice. The growth of 10 cm of ice on a plane wall
will take about 37 hours (Equation 12), if a temperature difference Tm minus Tw of 5 K is
assumed. The solidification time of the growth of 10 cm of ice around a tube with a radius of
1 cm more than doubles compared to the plane wall (Equation 13, Figure 14 with l/R = 10).
Many applications require melting and solidification times in the order of hours. These
conditions result in a storage design with a large number of closely packed heat exchanger
tubes embedded in the PCM. For example water-ice storage systems utilize such design. The
ice bank consists of a closely packed polyethylene tube heat exchanger. Low temperature
glycol solution is circulated through the tubes, which freezes the water around them (Ure
2011). For other applications, the closely packed tubular heat exchanger design is often
uneconomic. Unfavorable factors include high temperatures (e.g. polymers cannot be
utilized), high pressures of the heat carrier (e.g. water or steam), corrosion allowance of the
tube walls and pressure losses in the closely packed tubular heat exchanger.
Consequently, the development of many PCM storage systems requires the identification of
alternative heat transfer concepts to overcome the heat conduction limitations of the PCM
(Zalba 2003, Sharma 2005, Tamme 2008, Steinmann 2008, Regin 2008, Agyenim 2010).
Figure 15 gives an overview of PCM storage concepts with enhanced heat transfer between
the storage material and heat transfer fluid.
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Figure 15: Heat transfer enhancement concepts for latent heat storage systems

There are two general types of extended heat transfer surface concepts. One approach is the
encapsulation of the PCM. The terms micro-encapsulation and macro- encapsulation refer to
the physical size of the capsules. Macro- and micro-capsules prevent the PCM from leaking in
the liquid phase. Micro-capsules may be embedded in a solid matrix (e.g. wall board) or
suspended in a heat transfer fluid. The latter concept is also known as micro-encapsulated
PCM slurry. The large heat transfer surface area of the micro-capsules results in high heat
transfer rates. Similarly, a heat transfer fluid, such as water or air, can surround macrocapsules in order to achieve a high transfer rate. Design criteria of the capsule include the
following:
 Wall thickness (flexible or stiff design)
 Inside and outside pressure levels
 Compatibility of capsule material with the PCM and heat carrier fluid
 Void volume for the expansion of the PCM during melting
 Thermo-mechanical stress and long-term stability of the capsules
Encapsulation is commercially employed at low temperatures (<120 °C) where polymers can
be used. For CSP applications at higher temperatures, capsules with metallic walls must be
used (Figure 16). Basically, containers for PCM can be either thin-walled (flexible) with equal
pressure inside and outside or thick-walled (stiff) with different pressures. For systems using
molten salts, the walls must have a minimum thickness to ensure a sufficient life expectancy
regarding corrosion aspects. Consequently, a design using flexible containers is not possible
for nitrates as the PCM. A significant drawback of stiff capsules is the necessity to include a
gas volume to compensate the expansion of the PCM during melting (Steinmann 2008). It has
been found that only about 60% of the volume inside the pressure vessel can be filled by PCM
capsules. A lab scale test unit was designed and manufactured by DLR. Cylindrical capsules
containing a total mass of 4.5 kg of NaNO3-KNO3 (eutectic) were stored in a pressure vessel
(Figure 16). Although the feasibility of the concept was proven by experiments, this approach
was not pursued any further due to economic aspects. Regarding costs, the macroencapsulation of PCM is not very attractive due to the limited effective volume share of the
storage material and the significant amount of steel needed for the capsules and the pressure
vessel. An additional problem is the necessity to ensure a high quality sealing of the capsules,
since contamination of the steam due to leakages must be avoided.
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Figure 16: Pipe segment with capsules filled with PCM (macro-encapsulation)

Another concept with extended heat transfer surface utilizes additional conductive structures
to enhance heat transfer. The concept aims to reduce the distances for heat transfer in the
low conductive PCM. Examples of structures include fins, foams, meshes, wires and fibers.
Dispersed conductive particles show a low interconnection. Hence, they provide a less
effective heat transfer path compared to interconnected structures, if the same structure
volume is assumed.
Design criteria of conductive structures to enhance heat transfer include the following:
 Compatibility of conductive structures and PCM
 Minimization of contact resistance between the conductive structures and heat carrier
structure (e.g. tube)
 Thermo-mechanical stress due to density changes of the PCM and long-term stability
of the structure
 Optimization of the geometry of the conductive structure (e.g. avoidance of large
physical distances between structure and PCM, minimization of material utilization,
suitable interconnection of the structure)
An important ratio is the volume fraction of the conductive structure to the total volume
(PCM and conductive structure). The volume specific costs of conductive structure should be
compared to the volume specific costs of PCM to estimate the acceptable fraction of structure
materials. Table 8 shows that aluminum and graphite foil have favorable properties in terms
of low volumetric specific costs and a high conductivity.
Table 8: Materials for extended surface heat transfer.

Material
Aluminum
Graphite foil
Carbon steel
Stainless steel

Thermal conductivity
[W/(mK)]
200
150
30
20

Density
[kg/m³]
2700
1000
7800
7800

Approx. Vol. spec.
material costs [€/m³]
7000
9000
14000
19000
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Copper

350

8800

35000

The finned tube design is advantageous for applications with the following boundary
conditions: high temperatures, corrosive media and pressurized fluids. By using finned tubes,
the effective surface of the tube is extended. The aim is the replacement of expensive pressure
pipes by less expensive non-pressurized thermally conductive structures. Finned tubes used in
a PCM storage system may differ from finned tubes applied in heat exchangers. The distance
between parallel tubes and the fin design depends on the specific power requirement. Designs
can aim for parallel tubes with a larger spacing compared to conventional heat exchangers.
The feasibility of the finned tube concept embedded in PCM (Sandwich concept) has been
demonstrated in various DLR research projects using fins made of either graphite foil or
aluminum (Steinmann 2008, Laing 2010).
Heat transfer enhancement can be also achieved by conductive composites. These composites
combine the properties of a high latent heat of a PCM and a good thermal conductivity of an
additive. An aspect of interest is the stability of the composites without phase separation after
several melting and solidification cycles. A highly conductive and porous graphite matrix can
be prepared by the compression of expanded graphite without a binder system. For lowtemperature applications (<100 °C), paraffin/graphite composites based on such matrix have
been successfully demonstrated. The composites are prepared by an infiltration process (Py
2001, Marín 2005). Conductive composites may also be prepared by other process such as
compression.
Also of interest are form-stable composite with direct contact to the heat transfer fluid
(HTF). If the composites are sufficiently small or provide channels for HTF, high heat
transfer rates can be achieved. There are examples at low and high temperatures. At low
temperature, form-stable high density polyethylene (HDPE) with a phase change temperature
of about 125 °C has been examined in direct contact to ethylene glycol and silicon oil
(Takahashi 1981). At high temperatures, form-stable salt-ceramic composites have been
developed. Here, anhydrous salts are utilized as a PCM and a ceramic matrix provides form
stability (Tamme 1991). Salt-ceramics with PCMs with phase change temperatures in the
range 700 to 900 °C were considered. The HTF was air in direct contact to the salt-ceramic
composites.
Finally, some other methods exit to enhance heat transfer. An intermediate heat transfer fluid
can transfer thermal energy between the primary HTF and the PCM. An intermediate “heat
pipe” system based on the evaporation and condensation of a suitable intermediate HTF
would be very suitable. In this concept, both the intermediate HTF and the PCM undergo a
phase change. In this way large temperature differences do not occur and the energy
efficiency of the charging and discharging process can be high. If the PCM and the
intermediate HTF can operate in direct contact, the primary heat exchanger of this concept
can be much smaller compared to a heat exchanger directly embedded in the PCM. There are
several requirements with regard to intermediate HTF. The temperatures for boiling and
condensation of intermediate HTF must be adapted to the melting temperature of the PCM. If
the primary HTF also undergoes a phase change (e.g. water/steam), all three media, namely
primary HTF, intermediate HTF and PCM, should undergo a phase change at about the same
temperature. Adinberg discusses further details of the so called reflux heat transfer storage
concept (Adinberg 2007).
The transportation of solid PCM is another concept that can be used to address the heat
transfer limitations caused by frozen PCM around the heat transfer structure. Transportation
of solid PCM allows a storage system design with two tanks. One tank contains liquid PCM
and the other tank stores the solid PCM. In this way the heat exchanger and the storage
volume is separated. The heat exchanger of such design can be smaller compared to an
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embedded heat exchanger in the PCM. Cooling application employ the concept of
transportation of solid PCM in the form of slurries. There are various methods to generate ice
including the concepts of falling film, scraper and harvester. The latter one uses intermediate
warming of the exchanger plates resulting in the ice in contact with the plates melting and
falling down (Ure 2011). At high temperature the transportation of solid PCM is usually not
considered.
3.3.
Low temperature latent heat storage applications (< 120°C)
For refrigeration below 0°C, ice slurries using a solution of water-salt (brine) and waterglycol can be utilized. Applications are industrial processes and space cooling. Within the
solution fine solid crystals are suspended. A major advantage of the slurries is that they can be
pumped. Hence, they can act as both the heat carrier and the heat storage medium. The slurry
has the advantage of a larger heat capacity compared to the solution.
For space cooling, latent heat water-ice storage systems are commercially available. These
systems utilize different heat transfer concepts. In the ice-on-coil design the ice grows around
the heat exchanger tubes. Another concept utilizes spherical capsules filled with the PCM
water/ice (macro-encapsulation). These capsules are surrounded by the heat transfer fluid.
Both, coils and capsules are commonly made of polymers such as polyethylene. At this stage,
alternative direct contact heat transfer concepts to reduce costs of the heat exchanger or the
capsules are examined but have not evolved commercially. Another very old concept is the
use of natural ice (or snow) as a seasonal storage to supply cold in summer. Nowadays, there
is an interest in the cooling of buildings and many snow storage demonstration plants have
been built. For the transportation of food, beverage and other products smaller insulated boxes
with encapsulated ice modules are commonly used.
Mehling summarized applications for solar heating and cooling (Mehling 2008). There are
several commercial PCM products without a heat carrier fluid (passive systems). In these
applications the PCM increases the heat capacity of the system and the PCM stabilizes the
temperature of the system. Commercial PCM products are available in the areas of insulated
transport containers (e.g. medical applications), the thermal management of electronic
equipment, electric heating systems (e.g. floor heating) and human body comfort (e.g. pocket
heater, clothes). Another area of commercial products is the space cooling of buildings. In
particular in lightweight buildings with a low thermal mass, the PCM can reduce temperature
fluctuation and cut peak temperatures. There are different ways to insert the PCM in the
building. They include the additional use of boards and panels, such as gypsum plasterboard
with microencapsulated paraffin and aluminum bags filled with salt hydrates. Another option
is the integration of the PCM into the building material, such as plaster and concrete
containing microencapsulated PCM. For the heating and cooling of buildings, PCM systems
with a heat carrier fluid, commonly water and air, have been researched. The advantage of
these active systems is that they have a higher heat transfer rate (or shorter charge/discharge
time) compared to passive systems. For buildings, the discharge of the PCM at night is a key
issue. Cooling of the PCM in the building can be achieved by a cold forced convection stream
of night air which passes the PCM unit. The PCM systems can be located in the floor, ceiling,
wall or ventilation channels. In some cases the outside air is too warm at night and cooling
with night air can not be utilized. In this situation, water or brine as a heat carrier fluid and
alternative cold sources can be used. The cold can be from natural sources (e.g. ground water
and soil) or from artificial sources (e.g. absorption chiller). Typically, the water or brine flows
through capillary tubes within the PCM panels or boards. The replacement of conventional
hot water storage systems, mainly for space heating and tap water in households, is also of
research interest. Typical storage temperatures range from 40 to 70 °C. The heat transfer is
usually limited by the low thermal conductivity of the PCMs. Heat transfer designs include
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mainly indirect contact concepts (e.g. heat exchanger tubes with and without fins, as well as
encapsulated-PCM in the water), but also other concepts (direct contact concepts, PCM
slurries).
3.4.
High-temperature latent heat storage applications (> 120°C)
In CSP-technology development, the direct generation of steam in the absorber tubes has
sparked interest in latent heat storage systems. The latent heat system acts as a steam storage
system for the two phase heat carrier water/steam. The melting temperature for candidate
PCMs is between 120°C and 340°C. Here, the application of storage concepts using sensible
heat storage is usually not cost-effective. For two phase heat carriers, sensible heat storage
systems have a low energy efficiency, or large Exergy, due to the large temperature gradients
between storage media and HTFs. On the other hand, in a latent heat storage system, both the
PCM and the heat carrier undergo a phase change at about the same temperature. Hence, it is
possible to avoid larger temperature differences between carrier and storage.
The latent heat storage systems utilize a fined parallel pipe heat exchanger that is integrated
into the PCM (Figure 17). During the charging process, the steam condenses inside the pipes
and the PCM melts. During discharging, the solidifying PCM releases heat, the water
evaporates inside the pipes and steam is generated. Applications of these steam storage
systems include the areas of solar thermal power, combined heat and power, as well as solar
and industrial process steam. Figure 17 shows a PCM demonstration system with about 14
tones of sodium nitrate as a PCM (Tamme 2008, Steinmann 2008).

Figure 17: Schematic drawing (left) and photo (right) of a PCM storage module with integrated fins for
enhanced heat transfer (figures without insulation)

Other potential high-temperature latent heat storage systems have also been examined. They
focus on PCM application with a larger temperature range (e.g., T > 50 K).
 Cascaded PCM storage units to enlarge the temperature interval for single-phase heat
carriers. In this system various PCMs with different melting temperatures can be
composed to form a cascaded system (Michels 2006).
 PCM systems using a melting range rather than a single melting point for single phase
heat carriers (Bauer 2010)
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4. Storage of chemical heat
Chemical energy storage systems utilize the enthalpy change of a reversible chemical
reaction. The interest in these systems is mainly motivated by the option to store energy at
higher densities than other TES types. It is also feasible to store reactants and the product at
ambient temperature to avoid thermal losses.
Compared to sensible and latent heat systems, thermochemical storage can have different
temperature levels for the charge and discharge process. Hence, it is feasible to upgrade and
downgrade heat and supply heat at a suitable temperature level. Systems without storage
capacities are known as heat transformers and chemical heat pumps. Heat transformers absorb
heat at a low temperature level and supply heat at a high temperature level. Chemical heat
pumps absorb heat at a higher temperature level and supply heat at a lower temperature level
(Garg 1985). Although these systems do not aim for heat storage, there are links between
developments in the areas of heat transformation/chemical heat pumps and thermochemical
storage.
The energy is stored in the form of chemical compounds A and B created by an endothermic
reaction and it is recovered again by recombining the compounds in an exothermic reaction
(Equation 15). At high enough temperatures, the products A and B are spatially separated.
H r

AB  A  B

(15)

The heat stored and released is equivalent to the heat (enthalpy) of reaction. The enthalpy of
reaction ∆Hr, generally, is much larger than the enthalpy of transition in latent heat storage or
the sensible heat stored over a reasonable temperature span. Hence, the storage density, based
on solid mass or volume, is much larger for thermochemical storage materials than for latent
or sensible heat storage materials (Wenthworth 1976, Mar 1980, Sizmann 1980). Many
thermochemical energy storage concepts are in an earlier state of development compared to
sensible and latent heat systems. Low temperature sorption systems are one exception.
The potential of thermochemical storage was identified early in the evolution of CSPtechnology (Ervin 1977, Williams 1978, Brown 1992), but these systems are still in an earlier
state and require further research and development. A large number of groups actively
investigate solar driven chemical processes. These processes aim for fuel production and
useful chemical products. In a general sense, these approaches also form an energy storage
system. In the scope of this chapter, solar driven chemical processes are not further
considered.
Thermochemical storage system can be classified into two major categories. Open type
systems exchange gases with the environment. During the charging process gases are released
to the environment. During the discharging process a gas from the environment is utilized.
Hence, these systems can operate without gas compression and storage and this simplifies the
system design. Gases include oxygen, nitrogen, water vapor and potentially carbon dioxide.
Open systems may introduce unwanted substances from the environment. Impurities may be
dust, sulfur dioxide, carbon dioxide and organic compounds. Such substances may deteriorate
the system performance. System designs with filters may avoid such difficulties. Storage of
the unpressurized gas phase in a closed type system is usually not feasible because of the
unacceptable large gas volume. Commonly, closed type systems compress or condense the
gas. Subsequently, the pressurized gas or liquid can be conveniently stored. Alternatively, the
gas may be reabsorbed by a second chemical reaction (Sizmann 1980). This discussion
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indicates that the overall system performance should be considered. In other words, the
consideration of the single chemical reaction rather than the overall system can be misleading.
A sorption process can be considered to be a chemical reaction system based on weaker
chemical bonds than the covalent bonds encountered in other systems. In a sorption heat
storage system, the sorbent is heated during the charging process and vapor is desorbed from
the sorbent. During discharging, vapor at a lower temperature is adsorbed (solid sorbent) or
absorbed (liquid sorbent) and heat at a higher temperature level can be released.
In the following, thermochemical storage systems are classified by the three physical phases
of the reversible reactions into solid, liquid and gas reactions (Figure 18). At the time of
writing, most commonly solid-gas reactions are considered (Section 4.1). Liquid-gas (Section
4.2) and gas-gas reactions (Section 4.3) have been also examined.

Figure 18: Classification of thermochemical energy storage by the reaction type.

4.1.
Solid-gas reactions
Certain solid compounds can undergo dissociation reactions when they are heated. A gas is
released while the depleted solid remains in the reactor (endothermic reaction, i.e., charging
of the store). The parasitic reverse reaction will occur spontaneously if the equilibrium is
changed by a temperature decrease or a pressure increase. Therefore, the dissociation products
have to be separated and stored individually. For discharge, in the exothermic reaction, the
gas is recombined with the solid. In general there are various types of gas-solid reaction
systems that can be used for thermochemical energy storage. Among them are the following:
 Dehydration of metal salt hydrates (application in the range of 40 – 260 °C)
 Dehydration of metal hydroxides (application in the range of 250 – 600 °C)
 Dehydrogenation of metal hydrides (application in the range of 80 – 400 °C)
 Decarboxilation of metal carbonates (application in the range of 100 – 950 °C)
 Thermal desoxygenation of metal oxides (application in the range of 600 – 1000 °C)
Table 9 shows material systems with a solid-gas reaction of the type A(s)  B(s) + C(g), where
the subscript (s) defines a solid and (g) is a gas. The table shows the temperature of reaction
Tr and the heat of reaction related to the educt reactant Δhr,educt per mass and volume, as well
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as the theoretically estimated volumetric energy density of the system Δhsys. The Δhsys values
show that storage of gaseous reaction products at 50 bar result in a low Δhsys compared to the
volumetric energy density of the educt Δhr,educt (see ammonium salt, peroxide salts, carbonates
and metal hydrides). On the other hand, storage of liquid (or liquefied) reaction products or
utilization of atmospheric gases leads to a high volumetric energy density of the system Δhsys
(see hydroxides and salt hydrates).
Table 9: Temperature and heat of reaction of solid-gas reactions for thermochemical heat storage

Material

Hydroxides
Mg(OH)2  MgO + H2O
Ca(OH)2  CaO + H2O
Ammonium salt
NH4HSO4NH3+H2+SO3
Salt hydrates
MgSO4·7H2OMgSO4+7H2O
CaCl2·2H2OCaCl2·H2O+H2O
CuSO4·5H2OCuSO4·H2O+4H2O
CuSO4·H2O  CuSO4 + H2O
Peroxide salts
BaO2  BaO + ½O2
KO2  ½ K2O + ¾ O2
Carbonates
CaCO3  CaO + CO2
BaCO3  BaO + CO2
Metal hydrides
MgH2  Mg + H2
Mg2NiH4  Mg2Ni + 2H2
*
**

Tr
(1 bar)
[°C]

Δhr,educt
[kJ/mol]

Δhr, educt
[kWh/ton]

Δhr,educt*
[kWh/m³]

Δhsys*,**
[kWh/m³]

268
505

78
104

372
373

442
410

323
324

467

337

813

727

136

122
174
104
205

411
48
226
73

463
91
251
114

389
84
287
163

272
75
216
142

782
668

75
101

123
395

305
423

66
64

896
1497

167
212

463
298

626
661

113
139

293
253

79
128

834
319

605
-

41
-

Solids: assumed is a powder with 50% pore volume
Liquids (stored below 50 bar): H2O, NH3, SO3
Gases stored at 50 bar: H2, O2, CO2, O2
The volumetric energy density of the system Δhsys is based on the volume of the reactant and products.
The pressure vessel and other system components are not included.

In the low temperature range, adsorption processes using water with materials such as silica
gel and zeolites are utilized. For high temperature CSP applications, adsorption systems are
currently not considered. Hence, sorption is not discussed further here.
The dissociation of calcium hydroxide (Ca(OH)2  CaO + H2O) has been investigated and
reversibility of the reaction could be proven with a reaction enthalpy of 104 kJ/mol and an
equilibrium temperature of 505 °C at 1 bar. DLR investigated this reaction system for several
years. For later large scale application in solar trough power plants, this system has favorable
properties in terms of its temperature range, low material cost and its availability. Complete
reversibility as well as cycling stability could be shown by thermal analysis (Schaube 2010).
Concerning central air receivers, a recent project led by General Atomics in cooperation with
DLR explores the experimental feasibility of using different multivalent solid oxides for high
temperature thermochemical heat storage (Wong 2010). For such a thermochemical storage
system, one of the identified potential candidates is based on manganese oxide redox
reactions (Stobhe 1999): 6 Mn2O3  4 Mn3O4 + O2. This step is thermodynamically
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favorable at relevant temperatures for applications with a central air receiver and has a
reaction enthalpy of 31.8 kJ per mol of Mn2O3.
4.2.
Liquid-gas reactions
For seasonal domestic heating, the reaction of NaOH and water is examined. Storage charging
is accomplished by NaOH concentration (water release). For storage discharging, water is
absorbed by the concentrated NaOH (Weber 2008). The application of the same reaction in
vehicles dates back to 1880. A railway locomotive, called the “caustic soda locomotive” or
"Honigmann locomotive" operated between Jülich and Aachen in 1882 (Beckmann 1984).
4.3.
Gas-gas reactions
Gas-gas reactions usually require a catalyst to obtain high reaction rates. Table 10 lists
examples of gas-gas reactions with their temperature of reaction and their heat of reaction
related to the educt reactant.
Table 10: Temperature and heat of reaction of gas-gas reactions for thermochemical heat storage

Material

NH3  1/2 N2 + 3/2 H2
SO3  SO2 +1/2 O2
CH4 + H2O  CO + 3H2
CH4 + CO2  2CO + 2H2

Tr
(1 bar)
[°C]
195
767
687
687

Δhr,educt
[kJ/mol]

Δhr, educt
[kWh/ton]

Δhr,educt*
[kWh/m³]

Δhsys*,**
[kWh/m³]

49
98
205
247

799
340
1672
1143

546
678
n/a
n/a

21
82
23
24

*

Solids: assumed is a powder with 50% pore volume
Liquids (stored below 50 bar): H2O, NH3, SO3, SO2
Gases stored at 50 bar: H2, O2, CO2, O2, CO
** The volumetric energy density of the system Δhsys is based on the volume of the reactant and products.
The pressure vessel and other system components are not included.

Applications in the areas of storage and transportation could utilize gas-gas reactions. The
reaction products are transported in a pipeline from the charging source to the consumer with
a discharging sink. This system is called chemical heat pipeline or chemical heat pipe (Figure
19).

Figure 19: Schematic of the simplified principle of a chemical heat pipeline.

Thermochemical storage by heterogeneously catalyzed gas phase reactions has been
demonstrated for the catalytic dissociation of ammonia in a 15 kW solar reactor by the
Australian National University. The aim of this application is the dissociation of NH3 into
nitrogen and hydrogen by solar heat (Lovegrove 2004). The stored heat is retrieved by
recombination of N2 and H2 to form ammonia. A closed thermochemical cycle for solar
driven methane reforming was successfully tested in a directly irradiated solar reformer in 280
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kW scale in a joint project between the Weizmann Institute in Israel and DLR (Buck 1994).
The main drawback of the approach of heterogeneously catalyzed gas phase reactions is the
requirement to separate, compress and store gases thus adding to the cost and complexity of
the process.
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