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Executive Summary ECES Annex 19

Annex 19 “Optimised Industrial Process Heat and Power Generation with Thermal Energy
Storage” was approved at the 62nd XC meeting in Stockholm, Sweden, December 2006 and
was operated from January 2007 to December 2009. The Annex had three members:
France, Germany and University of Lleida as sponsor (acting in name of Energesis
Ingeniería, S.L, Spain) with Germany acting as the Operating Agent.
Activities within the framework of Annex 19 were dealing with all possible thermal energy
storage (TES) concepts – sensible, latent heat (PCM) and thermo-chemical storage – for
high temperature applications. This means TES technologies for applications beyond 120 °C,
where liquid is no longer economically usable as storage material. Main focus was directed
to:
1. thermal energy storage applications in the industrial process heat sector to be used as
a heat management tool to increase efficiency and reduce specific energy consumption
of industrial manufacturing processes and
2. thermal energy storage for power generation with thermal conversion processes –
combustion engines, steam or gas turbines, ORC etc. – to provide dispatchable power
from concentrated solar power (CSP) plants or to make conventional power plants
more flexible and to support CHP implementation.
During the three year phase 6 experts meetings and 5 workshops were held. Among
participants from the three Annex 19 member countries, participants from Sweden, Japan,
The Netherlands, Belgium and Bulgaria partially attended workshops and meetings.
The achievements of Annex 19 can be summarised as follows:


Thermal energy storage is a key element in all configurations where heat supply and
heat demand do not match in time. This is increasingly required in industrial processes
where further improvement of heat management usually depends on the availability of
storage solutions.



Thermal storage also contributes to making electricity generation from fossil fuels more
flexible and from RES more dispatchable and cost-effective.



Today, available heat storage technologies suffer from insufficient energy density,
limited efficiency and reliability and show still too high investment costs. Such shortfalls
are obstacles to a more wide-spread use and market penetration in the industrial and
power generation sector.



Specific investment costs of a total TES system are strongly dependent on the
operation conditions of the overall process. Main parameters are temperature
difference between storage inlet/outlet for charging/discharging, ratio of thermal
capacity versus charging/discharging power, type of fluid and operation pressure.



Four different high temperature sensible heat storage systems (Steam
accumulator/Ruths storage, liquid salt storage, concrete storage and
regenerator/packed bed storage) were identified as being commercially or nearly
commercially available whereas latent heat storage (PCM storage) beyond 100 ° C is
judged as being in a pre-commercial state.
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Specific investment cost of commercially available sensible high temperature TES
systems are covering a broad range:
- steam accumulators for process steam applications up to 20 bar operation pressure
und capacity from 100 kWh – 1 MWh are approximately in the range of 200 400 €/kWhthermal capacity
- large scale (1000 MWh) molten salt storage is in the range of
30-60 €/kWhthermal capacity
- concrete storage is estimated in the range of 30 €/kWhthermal capacity for large scale
(1000 MWh) units and 100 €/kWhthermal capacity for small and intermediate scale (1-10
MWh)
- regenerator/packed bed storage operated with pressurized air (5 bar, 30 MWh) at
about 400 €/kWhthermal capacity and small scale with ambient (1bar, 1 MWh) in the range of
200-500 €/kWhthermal capacity
- PCM storage in combination with steam as heat transfer fluid is currently in the range
of 100 - 300 €/kWhthermal capacity



To close this gap, material issues, design and heat transfer aspects, thermal process
engineering and system integration of TES need to be further improved. Enhanced
research activities as well as pilot installations are required to realise further cost
reduction. Cost target for commercial PCM storage is < 50 €/kWhthermal capacity (for large
scale units) and < 100 €/kWhthermal capacity for small and intermediate size units.



Criteria to identify possible near term economic applications of TES in the industrial
sector are: availability of waste heat at elevated temperatures; discontinuous process
power output or temperature; high share of energy cost on the total manufacturing cost;
a process with high number of yearly operating hours and the potential to generate a
high number of TES charging/discharging cycles.



For decentralised CHP systems the implementation of TES offers the possibility to
operate the engine continuously at nominal load while all waste heat is delivered to a
TES which can then supply heat to different heat consumers with variable power,
temperature and time demand.



TES is a key element for successful market penetration of solar thermal power and
process heat plants. The unique capability of solar thermal systems to integrate thermal
energy storage allows the generation of firm and dispatchable power or process heat.
This is a specific feature of solar thermal systems and is a strategic benefit against
other RES such as PV or wind.



The market potential for TES installations in the industrial process heat sector was
estimated. To realise the national and European targets for energy savings till 2020 the
energy consumption in the industry (e.g. in Germany) is expected to be reduced by >
17%. More than half of the targeted savings could be obtained by improved heat
management, waste heat recovery and storage integration. If only 10 % of this technical
potential for energy savings could be covered by TES for waste heat utilisation and
improved thermal management, approximately 2000 storage units (5 MWh thermal
capacity) need to be installed in Germany until 2020.



The market potential of TES installations for CSP plants can be derived from different
studies. Using the moderate CSP scenario of the Green Peace Study the construction
of 100 TES units (each with 1000 MWh thermal capacity) until 2015 is expected.
Assuming average investment cost of 30 €/kWh the market potential of TES for CSP till
2015 is in the 3000 Mio € range. Until 2030 the demand for 3000 TES units (each with
1000 MWh thermal capacity) is expected.
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Survey of Annex 19 Activities

Annex 19 “Optimised Industrial Process Heat and Power Generation with Thermal Energy
Storage” was approved at the 62nd XC meeting in Stockholm, Sweden, December 1st, 2006.
Annex 19 was operated from January 2007 to December 2009 with three officially
participating ECES members - France, Germany and University of Lleida (acting in name of
Energesis Ingeniería, S.L) from Spain as sponsor – and furthermore with significant
contributions from Japan and Sweden. Germany was acting as the Operating Agent.
Participants from Belgium, The Netherlands and Bulgaria partially attended workshops and
meetings.
The motivation for the Annex 19 is derived from several national and European strategies
and targets for energy savings and efficient energy utilisation, which only will be achieved if
the potential for waste heat recovery and improved thermal management in the industrial
process heat sector can be used and if the contribution of renewable energy resources
(RES) for heat and power generation can be significantly increased. Both sectors are
requiring efficient, reliable and cost effective thermal energy storage solutions and are
directed to applications and processes at high temperature. In the context of Annex 19 “High
Temperature” is defined to be higher than 120 °C as required for comfort heating and where
water cannot be applied as heat transfer fluid.
Currently, no or very few examples of commercial high temperature thermal energy storage
(HTTES) are realised. Main reasons are the still too high investment costs of the existing
HTTES technology which leads to non economic systems. In order to achieve the required
cost reduction the realisation of long-term stable, low cost storage materials with superior
thermo physical properties, the development of a high efficient and economically optimised
heat exchanger configuration and innovative storage design are required. In the same way,
the development of optimised integration and operation strategies for the specific application
are essential. With respect to the R&D status, international research activities in the field of
HTTES are fragmented with respect to the investigated storage technique and TES material
development as well as to the considered power level, range of thermal capacity and
temperature range.
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Objectives of Annex 19 were:
 to overcome the fragmented research and to achieve synergies from previous and
existing HTTES activities
 to conduct a general review and assessment study of existing and emerging HTTES
technologies
 to compare and assess different HTTES and design concepts
 to contribute with own experiences and results from national project
 to identify obstacles that need to be overcome to make industrial process heat and
power generation with TES more economically and environmentally viable
 to identify the potential for HTTES implementation
 to create a network of researchers for future international collaboration
Within the framework of Annex 19, 6 experts meetings and 5 workshops were held. A
summery of meeting activities during the 3 year period is shown in the following table. In
order to attract industrial attention the workshop No. 2 and 5 were conducted in the context
of international meetings which were dominated by industrial participants.
Workshop Expert´s
Location
No.
Meeting No.
1
1

Plata Forma
Solar Almeria,

2*)
2
3**)
3
4
4
5
(X)
6
5***)

Stuttgart,
Germany
Stuttgart,
Germany

Date

No. of
Participating countries
participants

03.04.2007
04.04.2007

16

Belgium, Bulgaria, France,
Germany, Spain

27.09.
2007

35

Bulgaria, France, Germany,
Spain

Spain
Seville, Spain 24.10.2007
Bulgaria, France, Germany,
16./17.04.
20
Lleida, Spain
Japan, Spain, Sweden
2008
Lleida, Spain 18.04.2008
Perpignan,
21.09.2008
France
Perpignan,
22.09.2008
28
France, Germany, Spain
France
Barcelona,
20.03.2009
Spain
EFFSTOCK Conference, June 2008, Stockholm, Sweden with
numerous presentations and contributions dealing with HTTES
Bordeaux,
07.10.2009
France
France, Germany, The
Bordeaux,
08.10.2009
> 200
Netherlands, Spain, Sweden
France

*)

In the context with the DISTOR (FP6 project) dissemination workshop
Along with the ECES Annex 18 Workshop
***)
In the context with the Clean Day Tech Conference
**)
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Relevant publications and presentations
J. L. DAUVERGE, E. PALOMO, A spectral method for low-dimensional description of
melting/solidification within shape-stabilized phase-change materials, Numerical Heat Transfer Part B
– Fundamentals, vol. 56 (2), pp. 142-166, 2009.
Dreißigacker, V., Müller-Steinhagen, H. und Zunft, S., Thermo-mechanical investigation of packed
beds for the large-scale storage of high temperature heat, Effstock 2009, Stockholm, Sweden, June
14-17, 2009.
Fernández AI, Martínez M, Segarra M, Cabeza LF, Selection of materials with potential in thermal
energy storage, Effstock 2009, Stockholm, Sweden, June 14-17, 2009.
Gil A, Arce P, Martorell I, Medrano M, Cabeza LF, Pilot plant for high temperature TES systems,
Effstock 2009, Stockholm, Sweden, June 14-17, 2009.
Gil A, Medrano M, Martorell I, Lázaro A, Dolado P, Zalba B, Cabeza LF, State of the art on high
temperature thermal energy storage for power generation. Part 1-Concepts, materials and
modellization, Renewable & Sustainable Energy Reviews, 4, 31-55, 2010.
do Couto Aktay, K., Tamme, R. und Müller-Steinhagen, H., Thermal conductivity of high-temperature
multicomponent materials with phase change, International Journal of Thermophysics , DOI:
10.1007/s10765-007-0315-7. ISSN 0195-928X (2008).
D. Laing, T. Bauer, W.-D. Steinmann, D. Lehmann: Advanced high temperature latent heat storage
system – Design and test results, EFFSTOCK 2009, Stockholm, Sweden, June 14-17, 2009.
D. Laing, C. Bahl, T. Bauer, D. Lehmann und W.D. Steinmann, Thermal Energy Storage for Direct
Steam Generation, Proceedings SolarPACES Symposium, Berlin 15.-18. Sept. 2009.
D.Laing, D.Lehmann, M.Fiß, C.Bahl: Test results of concrete thermal energy storage for parabolic
power plants, JSEE, Vol. 131, 2009.
J. LOPEZ, G. CACERES, E. PALOMO, W. JOMAA, Melting within deformable porous media: a first
attempt to explain the graphite/salt composites behaviour, Int. J. Heat and Mass transfer, vol. 53, pp.
1195-1207, 2010.
Medrano M, Gil A, Martorell I, Potau X, Cabeza LF, State of the art on high-temperature thermal
energy storage for power generation. Part 2-Case studies, Renewable & Sustainable Energy Reviews,
14, 56-72, 2010.
V. MORISSON, M. RADY, E. PALOMO, E. ARQUIS, Thermal energy storage for electricity production
using solar energy direct steam generation technology, Chem. Eng. and Processing, vol. 47, pp. 499507, 2008.
E. PALOMO, J. L. DAUVERGE, V. MORISSON, A simple experimental method for thermal
characterization of shape-stabilized phase change materials, ASME J. Solar Energy Engineering, vol.
131, pp. 041010-1/ 8, 2009.
X. Py, N. Calvet, R. Olives, P. Echegut, C. Bessada, F. Jay, Thermal storage for solar Power plants
based on low cost recycled material. EFFSTOCK 2009, Stockholm, Sweden, June 14-17, 2009.
Schaube, F., Wörner, A., und Müller-Steinhagen, H. HIGH TEMPERATURE HEAT STORAGE USING
GAS-SOLID REACTIONS, EFFSTOCK 2009, Stockholm, Sweden, June 14-17, 2009.
W.-D. Steinmann, D. Laing, R. Tamme, Development of PCM Storage for process heat and power
generation; JSEE, Vol. 131, 2009.
R. Tamme, T. Bauer, J. Buschle, D. Laing, H. Müller-Steinhagen und W.-D. Steinmann, Latent heat
storage above 120°C for applications in the industral process heat sector and solar power generation,
International Journal of Energy Research , 32 (3) , pp 264-271, 2008.
R. Tamme, T. Bauer und E. Hahne, Heat Storage Media, Ullmann's Encylopedia of Industrial
Chemistry Wiley-VCH Verlag GmbH & Co. KGaA, 2009.
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Ongoing R&D activities for high temperature TES are funded by the CNRS National Program
Energy, the Ministry of Research and by the ANR (Agence Nationale de la Recherche). The
HTP-Stock program (funded by the Energy National program) covers new materials for
energy storage beyond 200°C. Main focus is directed at PCM and thermo-chemical storage.
The Energy Program is open to all kind of research devoted to energy including storage,
TES for concentrated solar power (CSP) plant application is also included. Concerning the
ANR, a specific call on “Material and Processes” is open to storage and CSP but in 2009 a
new specific program for energy storage is started, which includes energy efficiency and
CO2 emissions reduction in industrial systems. It includes “heat recovery and reutilisation”
and “heat transportation and heat transfer enhancement”. As nearly 70% of the energy
consumption in the industrial sectors is heat a significant impact of TES can be expected.
Relevant current projects with an involvement of CNRS are focussed on PCM and sensible
materials. Composites of PCM (phase change material) or SST (solid solid transition)
materials and graphite are developed to protect power electronics (H2TTECH project, 100180 °C) and to be applied for concentrating solar power applications with steam technologies
(Project funded by Industry, temperature range 300-500 °C). Thermal storage in the range
450 to 1000 °C for high temperature solar tower (gas turbine with air as HTF) is covered by
both the SOLSTOCK (National ANR MatePro) and SESCO (National ANR StockE) projects.
Solstock is related to storage materials and composites while Sesco is focussed on the heatexchanger design and realization and its integration in the solar process. The SETHER
project, leaded by industry is targeted to power generation in general.

3.2

Germany

National projects in the industrial process heat sector and power generation (conventional
fossil plants and decentralised CHP plants) are funded by the Federal Ministry of Economics
and Technology (BMWi). TES activities in the field of renewable energy sources (solar
thermal, solar PV, wind power, geothermal) are funded by the Federal Ministry of
Environment, Nature Conservation and Nuclear Safety (BMU). Fundamental research is
covered by the Federal Ministry of Education and Research (BMBF).
The German contribution to Annex 19 is focussed on TES for industrial heat storage
applications. Current relevant projects in Germany are dealing with pre-commercial
approaches – PCM, sensible and thermo-chemical heat storage. An important issue is to
reduce investment cost, performance and reliability of storage systems.
Based on the results of 2004-2007 PROSPER project (process steam storage with PCM for
the gas concrete industry) up-scaling and demonstration of the developed PROSPER PCM
storage design and the feasibility to integrate the PCM storage in the industrial process is
conducted in a subsequent joint research project with the companies XELLA and SGL and
the research institute DLR. The ternary salt mixture NaNO3 - KNO3 - NaNO2 with 142 °C
melting temperature is applied, was used. By integration of such PCM storage in the gas
7
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concrete manufacturing process energy reduction of approximately 30% can be achieved.
The new project was started end of 2008 (ProsperPLUS). In 2009 a prototype PCM storage
module will be constructed and tested till end 2010. Objectives are to test the long-term
behavior of the PCM storage and to develop design improvements to achieve further cost
reduction. The targeted investment cost are < 100 €/kWh, which is expected to be the
marginal cost for future commercialization.
As a long-term TES concept, DLR is dealing with thermo-chemical reactions. Among other
advantages, thermo-chemical reactions offer an option for high temperatures where common
sensible or phase change materials are not available. In the framework of the CWS research
project funded by the German Ministry for Economics and Technology BMWi, DLR activities
are focused on the temperature range from 300 to 1000°C, while its partner in the University
of Stuttgart (Institute for Thermodynamics and Thermal Engineering) will investigate lowtemperature reactions for long-term heat storage in domestic solar thermal applications. First
results were presented at the EFFSTOCK conference 2009.
RWE Power has started the development of a high-temperature thermal storage technology
which has the capability to be integrated in a combined-cycle (CC) power plant and to allow a
more flexible flexible and economic plant operation. The project is to be taken forward in the
next few years together with the companies ThyssenKrupp Xervon Energy, Paul Wurth
Group and DLR. The integration of such a storage facility into the power plant process
enables the supply of electricity and heat to be decoupled timewise.
The project development was started end of 2009 and will take approximately two and a half
years. Once the development phases have been concluded successfully, the cooperation
partners intend to erect a pilot facility with a capacity of 10 MWh. The cogeneration plant of
RWE Power in Dortmund could be the potential site from 2012. The preliminary studies
already conducted confirmed the general technical and economic feasibility.

3.3

Spain

Thermal energy storage for CSP applications has become an important issue for the national
R&D program. A large national CSP project (> 20 Mio €) was started in 2008 to increase the
collaboration between private Spanish companies and research institutions, and to create a
national consortium to put Spain as European leader in solar technologies. Storage activities
are supported with about 2.5 Mio € and are coordinated by University of Lleida. The storage
program includes material research as well as the construction and operation of a pilot
storage system. The required test facility operated with synthetic oil up to 400 °C has been
designed and constructed. Operation and testing of first storage modules – preferably
sensible molten salt storage - started during 2010. The expected outcome of this project is to
find a cheaper reliable thermal energy storage for solar power plants. Different storage
technologies (sensible and latent heat) and materials (molten salts, solid sensible materials,
different PCM) will be studied. The project will end in 2011.
Power generation is being studied in other projects, but all of them with strong confidentiality,
allowing very low dissemination activities.
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In addition to power generation, thermal energy storage for a solar refrigeration system –
Fresnel collectors, absorption heat pump und thermal energy storage in the heat part of the
system - is investigated in joint project with industry. In this project, storage is based in PCM
technology. Storage is at about 200 ºC. Laboratory results are expected in 2010, and field
tests will be done in Summer 2011.

3.4

Further Countries

Recovery and storage of industrial waste heat and the potential for transporting stored
energy is investigated in Sweden. KTH is dealing with PCM as well as thermo-chemical
storage. These activities are included in Annex 18.
In the USA, a large R&D program for CSP was started in 2008. Core activity is the
development and demonstration of improved storage technology and heat transfer fluids. 15
projects with total cost of > 67 Mio US $ are approved. They are divided into 11 research
projects dealing with sensible, PCM and thermo-chemical storage concepts, 1 project dealing
with new heat transfer fluids, and 2 demonstration projects for sensible and PCM storage. It
can be expected that first result will be reported or presented in 2010.
An additional new call for “base load solar power plant” was published by the DOE in 2009,
which is including development and demonstration of improved storage systems. The
deadline was in October2009 and the start of new funded project is expected in 2010.

9

IEA ECES Annex 19

FINAL REPORT

page 10 of 87

4.
Annex 19 Achievements
4.1 State-of-the Art Report “High Temperature Thermal energy Storage for
Industrial Applications”
Rainer Tamme, Doerte Laing, Thomas Bauer, Wolf-Dieter Steinmann, Stefan Zunft,
Thermal Process Technology, DLR - Institute of Technical Thermodynamics, Stuttgart,
Germany
Introduction
Thermal energy storage is a key element for effective thermal management in the sectors
heating and cooling, process heat and power generation, and it is indispensable for
increased utilisation of renewable energy systems (RES). A characteristic of thermal storage
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.
Objective of the present report is to review the state the art of high temperature thermal
energy storage (TES) technology for applications beyond 100 °C. Emphasis is directed at
applications connected to the industrial process heat sector and to power generation. The
main focus is laid on the existing storage technologies. In addition, new TES concepts being
close to commercial application are included. The identified storage technologies are
described with respect to their functional principle, the storage materials, characteristic
properties and operation parameters.

Currently commercially available high temperature TES systems are solely sensible heat
storage systems to be used in connection with single phase heat transfer fluids –
compressed water, oil, molten salt, or air. A specific case is the Ruths–storage, which is
charged with steam and delivers steam during discharging but presents a sensible storage,
since the energy is stored in compressed water.
Several latent heat (phase change material - PCM) storage systems are in a pre-commercial
stage and show high potential in connection with two-phase-flow fluids – water/steam or
organic fluids for ORC.
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Thermo-chemical heat storage development being still in a fundamental, laboratory stage
and far from any proven design and materials to be transferred to a commercial scale is not
included in this state-of the-art review.
Due to increased cost of fossil fuels options for heat recovery and waste heat storage are
becoming increasingly attractive. Specific attention is directed at discontinuous processes,
where the waste heat is subject to distinctive fluctuations and cannot be used directly for the
respective thermal process or should be used for another subsequent utilisation (for example
power generation). Furthermore, thermal energy storage can be used as a thermal
management tool to achieve a better capacity factor, to avoid start-up and part load losses,
and investment cost can be reduced in combination with cost intensive components (such as
refrigerators or ORC-engines).
At present, approximately 13% of the German primary energy consumption is used for the
supply of heat into industrial processes. A survey of different industrial braches and the
corresponding temperature range of the process heat (Germany 2005) is shown in the
following figure.

Process heat T < 100 °C

Process heat 100 °C < T <
300 °C

Process heat T > 400 °C

Source: AGFW (2000) Strategien und Technologien einer pluralistischen Fern- und
Nahwärmeversorgung in einem liberalisierten Energiemarkt unter besonderer Berücksichtigung der
Kraft-Wärme-Kopplung und erneuerbarer Energien - Kurzfassung der Studie, Arbeitsgemeinschaft
Fernwärme, Frankfurt,
Available from: http://www.isi.fhg.de/e/publikation/waerme/kurzfassung-vorstudie.pdf

Depending on the temperature range and the dominating heat transfer fluids, two different
areas are identified.
In the temperature range of 100-300 °C the dominating heat transfer fluid is steam which is
needed at low or intermediate pressure for applications in food processing, manufacturing of
construction materials, production of cardboard and paper, in the textile industry,
manufacturing of rubber and other commodities. For such applications improved latent heat
(PCM) storage systems could lead to economic TES solutions.
For elevated temperatures flue gas and process air are the dominating heat transfer fluids.
Important examples for storing waste heat beyond 600 °C can be found in the iron and noniron metallurgy, iron casting and manufacturing of ceramics and glass.
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IEA ECES Annex 19

FINAL REPORT

page 12 of 87

Realisation of effective and economic storage technology requires the adjustment at
connected components and operation parameters, i.e. optimised system integration. The
challenges in designing of TES systems are shown in the following graph.

Due to diversified demand profiles (with respect to type, amount, and power of needed
energy) each energy storage (electrical, thermal, mechanical or chemical storage) requires a
specific, optimal solution regarding efficiency and economics. For thermal energy storage
systems it can be derived, that there is MORE THAN ONE storage technology needed to
meet ALL different applications. Consequently, a broad spectrum of storage technologies,
materials and methods are needed. The overall target in designing TES systems is the
reduction of investment cost and the enhancement of efficiency and reliability. To achieve
these objectives, material, design and system integration aspects have to be considered in
equal measure.
To identify and select the optimal TES system, the focus on the storage material is
insufficient. Further important components have to be included in the assessment: the
containment, and mainly the heat exchanger and structural parts for charging and
discharging, and furthermore devices and sub-components, which are needed for operation
and integration such as pumps, valves, control devices etc.
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Four different sensible heat storage systems and latent heat storage (PCM storage) were
identified as being commercially available of high temperature TES systems (> 100 ° C) or as
being in a relevant pre-commercial state. The following table summarises the storage type,
the maturity of the technology (status), the preferred heat transfer fluid (HTF), the storage
material and the temperature range of typical applications. They are outlined in the following
chapters.

Storage type

Status

Preferred HTF

Storage
medium

Temperature
range - °C

Steam accumulator/
Ruths storage

Commercially
available

Water/steam

Water

100 - 300

Liquid salt storage

Commercially
available

Liquid salt/
Oil HTF

Liquid salt

150 - 600

Concrete storage

Pilot storage
available

Oil HTF/
HT resistant
Up to 400 (500)
Compressed water concrete

Regenerator/
packed bed storage

Commercially
available

Flue gas/
Air

Latent heat storage

Demonstrator
available

2-phase flow HTF
Salt
Water/steam

ceramics

Up to 1300
Material depending
up to 1000

A survey of selected storage materials is given in the following tables. The tables show, that
the complete temperature range from 100 to 1000 °C can be covered with sensible materials.
Within the range 150 to 300/500 °C, various liquids - organic fluids and molten salts – are
prevailing. Solid concrete represents a cost effective alternative.
Solid materials are dominating the temperature range beyond 500/600 °C. Mainly oxide
ceramic materials are found. Natural stones can be also considered.
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Range of
application
in °C

Specific heat
capacity cp in
kJ/kg•K

Volumetric heat
capacity ρ•cp in
kJ/m³K

150 - 450

1,5

2450

0 - 400

2,1

1800

Until 500
Until 1500

1,0
1,2

2200
3000

So far reported, exclusively salts are used for latent heat storage systems in the high
temperature range. The typical salt systems are shown in the following table. However, all
actual developments in technically relevant scale have been conducted with nitrate salts. The
additional salt systems are subject of research activities in laboratory (small) scale.
Range of relevant
Melting temperature
Melting enthalpy
in °C
in kWh/m³
150 - 300
60 – 190
170 – 400
130 – 190
380 - 800
160 – 250
400 – 900
160 – 360
690 - 1260
300 – 800

Categories of PCM
Nitrates
Hydroxides
Chlorides
Carbonates
Fluorides

Physical properties of selected pure nitrate and nitrite salt systems are shown in the next
table.
Salt system
(Composition in weight%)

Tf 1
[°C]

k l2
cp,s2
ΔHf1
ks2
cp,l2
ρl2
∆V/Vs2
3
[J/g] [W/mK] [W/mK] [J/gK] [J/gK] [g/cm ] [%]

KNO3-LiNO3 (67-33)

133

170

n.a.

n.a.

n.a..

n.a..

n.a.

13,5

KNO3-NaNO2-NaNO3 (53-40-7) 142

80

0,51

0,480,50

1,30

1,57

1,98

n.a.

LiNO3-NaNO3 (49-51)

194

265

n.a.

0,54

n.a.

n.a.

n.a.

13,0

KNO3-NaNO3 (54-46)

222

100

n.a.

0,460,51

1,42

1,461,53

1,95

4,6

LiNO3

254

360

1,37

0,580,61

1,78

1,622,03

1,78

21,5

NaNO2

270

180

0,671,25

0,530,67

n.a.

1,651,77

1,81

16,5

NaNO3

306

175

0,59

0,510,57

1,78

1,611,82

1,891,93

10,7

KNO3

337

100

n.a.

0,420,50

1,43

1,341,40

1,871,89

3,3

1

Average values from literature data and/or measurements by DLR

2

Literature data, mostly from (Janz 1979; Janz 1981)

14

IEA ECES Annex 19

FINAL REPORT

page 15 of 87

Steam Accumulator (Ruths-Storage)
State of the art for thermal storage used in process heat applications is the steam
accumulator technology. 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 (up to 1.2 kWh/(K•m³)). Steam is produced by lowering the pressure of the
saturated liquid during discharge. The following figure shows the schematic lay-out of a
steam accumulator (also called Ruths storage systems). 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 volume-specific thermal energy density depends
on the pressure drop during discharge, characteristic values are in the range of 2030 kWh/m³. During the charging process either the temperature of the liquid water is
increased by condensation of superheated steam or the mass in the volume is increased by
feeding saturated liquid water into the system. If superheated steam is used, the pressure in
the vessel increases during the charging process while there is only little variation of the
liquid storage mass. If saturated liquid is fed into the steam accumulator, the pressure
remains constant. A steam accumulator can also be charged indirectly; here, a heat
exchanger is integrated into the liquid volume. The medium flowing through the heat
exchanger does not have to be water; instead heat from a source working at lower pressure
can be used.

Steam Charging

Steam Discharging

Isolated
Pressure Vessel

Steam

Liquid Phase

Liquid water
Charging / Discharging

In sliding pressure systems saturated steam leaves the storage vessel during the discharge
process. The range of steam production from 1 m³ of liquid water during a pressure drop of
1 bar corresponds to a thermal energy between 0.26 kWh/bar/m³ and 0.19 kWh/bar/m³,
depending on saturation pressure. The saturation pressure affects the rate of steam
production in different ways: at higher pressures, the pressure dependent change of
saturation temperature decreases, so that the change in sensible energy in the liquid water
volume becomes smaller. The density of saturated liquid water is reduced with pressure
resulting in a lower volumetric energy density. On the other side, mass specific energy
needed for evaporation is smaller at higher pressures.
The next figure shows the volume specific mass of saturated steam provided by a steam
accumulator for different initial pressures and pressure drops. The dashed line indicates an
example with initial pressure = 100 bar and final pressure 55 bar. For this case, the steam
accumulator delivers approx. 90 kg saturated steam per m³ storage volume.
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Steam accumulators are mainly used for a pressure range between 2 and 20 bar. They are
preferred as short term storage and are distinguished by a short response time and high
discharge rate. Since evaporation temperature and pressure are approximately
logarithmically connected, the non-linear increase of material requirements deteriorates the
economic efficiency of steam accumulators at higher pressure. For process steam
applications until 20 bar operation pressure und capacity from 100 kWh – 1 MWh the
investment cost are approximately in the range of 200-400 €/kWhthermal capacity.
As special case, steam accumulators are used at the solar thermal power plant PS-10. The
storage is designed as buffer storage to allow operation of the turbine of about 50 minutes at
50 % part load. Due to high pressure operation (approx. 40 bar) the specific investment costs
of the PS-10 storage system are extremely high. Estimated investment cost are beyond
400 €/kWhthermal capacity. The economic limit of steam accumulators should be below 30
bar and below 10 MWh. Therefore, steam accumulators are no option to be used as TES for
steam turbine cycles.
Sensible Heat Storage
Various sensible heat storage systems are commerciall< available to be used with single
phase heat transfer fluids (HTF) such as pressurised water, oil, molten salt or gaseous fluids
like air or flue gas. Sensible TES systems are extremely beneficial, if the thermal energy of
the HTF is discharged over a large temperature range. This is connected with a
corresponding large temperature change of the storage medium.
It should be distinguished between direct storage systems – the HTF is simultaneously the
heat storage material – and indirect storage system, where the thermal energy must be
transferred from the HTF to a second material. Such storage systems are also called
regenerative storage or regenerators.
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Liquid Salt Storage
Molten salt is commercially used as HTF for specific industrial applications. The main
advantage is the low pressure of the liquid even at high temperature. Such molten salt
installations are operated continuously. Storage aspects are of minor importance. Therefore
such facilities are characterised by the power level and not by thermal capacity. The size of
such molten salt plants is varying from 100 kW to 50 MW.
Nitrate salts are mostly used. Well known are different binary and ternary salt mixtures,
which are also used for TES for thermal power plants. Long term experience is available at
several industrial manufacturers and suppliers of sub-components, melting facilities and salt
producers.

Based on the experience with molten salt HTF several pilot projects with molten salt storage
systems were conducted during the years 1980-1090 in Spain, France and the USA. After
1990 the Solar ONE tower plant was redesigned to be operated with molten salt as HTF and
17
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TES. This Solar TWO 10 MWe plant had got a 105 MWht storage and was operated from
1996 until 1999.
The first commercial large scale molten salt system is now realised for the ANDASOL plant
in Spain, which has been started with operation in November 2008.

Schematic layout of the Solar TWO solar
tower plant with integrated molten salt
storage

Schematic layout of the ANDASOL
solar trough plant with integrated molten
salt storage

Until today two different salt systems have been used as storage materials:
 The ternary salt system HITECTM with the temp. range 142 - 450 °C, composed of
40 % NaNO2 / 7 % NaNO3 / 53 % KNO3
 and a binary salt system - MS mixture - with the temp. range 240 - 600 °C, composed
of 60% NaNO3 / 40 % KNO3
A survey is presented in the following table.
TES
System at
the CSP
Plant

Storage
Material

HTF

CESA 1

HITECTM

steam

Themis

TM

HITEC

TM

HITEC

Cold Tank
Temp.
[°C]

Hot Tank
Temp.
[°C]

Hot Tank
Volume
[m³]

Thermal
Capacity
[MWht]

220

340

200

12

250

450

310

40

CRTF

MS mixture MS mixture

288

566

53

7

Solar Two

MS mixture MS mixture

288

566

875

105

ANDASOL

MS mixture

290

390

14000

1000 MWh

Oil

Some features of molten nitrate salts are shown in the following figure. Sodium- and
potassium nitrate are completely mixable, and the 50 % mixture is forming a Eutectic with a
melting temperature of 220 °C. Non-eutectic mixtures show a distinctive melting range. The
binary sodium/potassium MS mixture composed of 60 % NaNO3 / 40 % KNO3 is currently
used for solar applications and is sometimes called “solar salt”. Beyond 550 °C,
decomposition of the salts occurs. Impurities of technical grade materials have an important
impact on the corrosion behaviour and can cause failures of sub-components like pumps,
valves etc.
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The schematic layout of the ANDASOL molten salt storage is shown in the following figure.
Main components are the two storage tanks, the heat exchangers, and immersion pumps as
well as piping and fittings. Both tanks have a diameter of 38.5 m and a maximum charging
level of 11.7 m. The tanks themselves consist of steel containers insulated with mineral wool
on the outside. The thickness of the insulation was set to 0.3 m for the cold tank and 0.4 m
for the hot tank. Insulation below the bottom plate consists of foam glass in the centre and
lightweight concrete below the steel wall. The ANDASOL TES raises the full-load operation
from 2000 to 3600 hours per year.

From the manufacturer (SENER) and plant owner (ACS) there is no information available
about performance and investment costs. Based on cost estimation and statements during
the project development it is assumed that the planned investment costs of approximately
30 EURO/kWhthermal were exceeded considerably. Due to the increased cost of nitrate salts
during the last years it is expected that the actual cost might be in the range of 40 to 60
€/kWh.
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A comprehensive summary of the molten salt storage technology is presented in the
following table. It includes information on the leading institutions, possible applications with
their respective investment cost, as well as current R&D activities to achieve further
improvements.
Selected relevant
companies /
institutes
Bertrams Heatec

MAN DWE

Application

Investment cost

HTF plants for liquid salts
until 630°C und 50 MW for
industry and CSP plants
Specific applications of
molten salts as HTF for
industry

Solar Reserve
(United
Storage for Solar TWO Type
Technologies,
Rocketdyne, Pratt CSP Tower Plant
& Whitney,
Hamilton)
Storage for ANDASOL I und
II plant; Storage for Solar
ACS/Sener
Solar Tres Type CSP Tower
Plant
CSP Trough Plant with
ENEA/ENEL
molten salt HTF and storage
Molten salt tank analysis,
DLR
salts for PCM storage

Demand for
improvements

No cost information
for industrial
application, storage
Extending operation
no issue
range of liquid salts
For CSP Tower
Salts with low melting
with liquid salt HTF point and higher
15-30 €/kWh,
stability
depending on the Improved tank design,
temperature range Single tank concepts,
Replacement of salt
For CSP Trough
through filler materials,
with Oil HTF
Cost reduction
30-60 €/kWh,
depending on the
temperature range

Concrete Storage
A concrete storage presents a solid media sensible heat storage which is mainly used in
combination with a single phase HTF (e.g. synthetic oil, water/steam). A high temperature
difference in the TES material is needed to achieve satisfactory storage capacity.
The following picture shows a concrete storage without insulation and the characteristic
charging and discharging temperature profile along the length of the storage module.
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In a solid media sensible heat storage unit, a tube register heat exchanger with collectors
and distributors for the heat transfer fluid is embedded in the solid storage material. The
thermo-physical properties of the solid storage materials, such as density, specific heat
capacity, thermal conductivity, coefficient of thermal expansion (CTE), and cycling stability,
as well as availability, costs, and production methods are of great relevance. A high heat
capacity reduces the storage volume and a high thermal conductivity increases the dynamics
in the system. The CTE of the storage material should be similar to the CTE of the material
of the embedded metallic heat exchanger. A high cycling stability is important for a long
lifetime of the storage unit.
Between 2004 und 2005 DLR has investigated 2 different solid storage materials – a high
temperature resistant concrete and a castable ceramic. The second generation of concrete
storage systems was developed together with the company Zueblin. A 400 kWh storage
module is being tested successfully since Mai 2008. The developed concrete storage
technology is now ready for commercial application and for scale-up and demonstration in
the several MW scale.
Since the useable storage capacity of the concrete storage is significantly affected by the
operating conditions, the effective system integration is an important issue to realise an
economic storage system.
The current status of concrete storage technology can be derived from the following figure. It
shows the 400 kWh module at the test site in Stuttgart.

The up-scaling approach is based on using a basic module design which can be multiplied
and connected to realise any desired capacity. The dimension of the basis concrete module
is depending on manufacturing and transportation aspects. Current activities are focussed to
improve the thermal conductivity of the storage material, to reduce the investment costs,
which are dominated by the heat exchanger cost, and to extend the maximum operation
temperature from 400 to 500 °C.

21

IEA ECES Annex 19

FINAL REPORT

page 22 of 87

A comprehensive survey of the concrete storage technology is shown in the following table. It
includes information on the leading institutions, possible applications and related investment
cost, as well as current R&D activities to achieve further improvements.
Selected relevant
companies /
institutes
Ed. Züblin AG,
Stuttgart

Application

CSP trough plants
with oil HTF

Demand for
improvements
Up-scaling and
demonstration in
5-10 MWh scale

Storage of industrial
waste heat
Storage for CHP
applications

DLR

Investment cost

Ca. 30-40 €/kWh at
storage capacity of
25 kWh/m³
(strongly depending
on ∆T within the TES
material)

Cost reduction through
improved thermal
conductivity and heat
exchanger design
Material development for
temperatures > 400 °C

Super-heater for CSP
Plants with DSG

Regenerator / Packed Bed Storage
Regenerators operated with hot air or various process gases are used in several industrial
areas. They are mainly used for continuous processes and fulfil rather the function of a heat
exchanger than a thermal energy storage.
Important large scale applications >10 MW are the cowper storage for steel making and the
regenerator for coke manufacturing. Furthermore, examples for applications with smaller
capacity at about 1 MW can be identified, such as regenerative thermal after burning or
regenerators for glass manufacturing (see figure below).
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Packed bed storage configurations, which are unsteadily operated as TES, are realised only
in small scale below 1 MW. The main reason is the insufficient stability of the materials and
the containment during thermal cycling caused by thermo-mechanical stress.
Packed bed units as known from petro-chemistry are stationarily operated. This means, that
the temperature profile of the bed remains temporally constant and the resulting thermomechanical stress is negligible.

Schematic layout of a
cowper storage

Schematic layout of a regenerative thermal after burner

Regenerators can be realised in several design configurations and open up possibilities to be
used for various high temperature applications. Main design parameters are dealing with:

Material configuration: regular arrangement with checker bricks or packed bed

Containment design

Modular compared to monolithic assembly

Storage materials: ceramics with different quality, natural stones
To realise a cost effective design, the required temperature profile of a specific application
must be met by the selection of the optimised storage material type, configuration, size and
shape. Examples are shown in the figure below.
The figure presents the dominating material configurations - stacked arrangement with
checker brick or honeycomb ceramic and packed bed configuration with spheres or hollow
parts.
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Relevant data of commercially used regenerators for two important industrial applications are
presented in the next table.
Cowper storage plant
for steel production

Regenerator for glass
manufacturing

No. of regenerators

3

2

Mass of TES material per unit

3260 t

175 t

volume

2000 m³

180 m³

Flue gas/hot gas flow

300000 mn³/h

10000 mn³/h

Hot gas inlet temperature

1300 °C

1350 °C

Cold air discharge temperature

200 °C

20 °C

Cold air discharge pressure

5 bar

1 bar

Power level

500 GJ/h / 138 MW

19 GJ/h / 5 MW

Plant cost

Ca. 50 Mio. Euro (1991)

Ca. 2 Mio. Euro (1993)

Specific cost

400 € / kWht

ca. 400 € / kWht

The existing industrial applications are showing high charging/discharging power at relatively
low thermal storage capacity. That means, that heat exchange aspects are dominating and
high specific heat transfer surface is more important than high volume specific storage
capacity. Therefore, the specific investment costs (€ / kWht) are very high and cannot be
directly transferred to applications, where the storage aspect is dominating. For low pressure
applications, the investment cost for several hour TES regenerators are expected to be in the
range of 20-80 €/kWht.
A summary of regenerator/packed bed storage technology is shown in the following table. It
includes information on the leading institutions, possible applications and respective
investment cost, and approaches for further improvements.
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Selected relevant
companies /
institutes

Application

Paul Wurth

Preheating of combustion ca. 400 €/kWh
air for steel production
(Project cost)

Glass manufacturer
e.g. Schott

Preheating of combustion
ca. 400 €/kWh
air for glass
(Project cost)
manufacturing

M+W Zander,
KBA Metalprint

Regenerative thermal
afterburning

KBA Metalprint

Solar tower Jülich

DLR

Development of packed
bed storage for CSP
and conventional power
plants

Investment cost

Solar tower
exp. ~20-40 €/kWh
Fossil power plant
exp. ~20-80 €/kWh

Demand for
improvements

Minor

Cost reduction,
Improved design,
Low cost storage
materials

Latent Heat Storage – PCM Storage
With regard to efficiency (i.e. minimization of exergy losses), a fundamental demand for
thermal storage is the minimization of temperature differences between working fluid and
storage medium. This requires isothermal storage media especially for HTF with phase
transition. The technically most relevant example is the working fluid water/steam. An
obvious solution are latent heat storages using the energy absorbed during melting and
released during solidification of PCMs. The next figure shows a temperature-entropy diagram,
which is an example process for a storage system integrated into a water/steam cycle.
During the charging period, heat from the condensing steam is transferred to the melting
storage material (2-3). During the discharge process, heat from the solidifying storage
material is used to generate steam (6-7).
1
Storage System

Temperature

Charging Cycle

8

melting temperature
PCM

2

3

7

6

4
Discharging Cycle

5

9

10

spec. Entropy

Simplified water/steam storage process in the entropy/ temperature diagram.
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The selection of the PCM depends strongly on the operation conditions of the respective
application. For application in connection with water/steam fluids the phase change
temperature of the PCM must suit the (pressure-dependent) evaporation temperature of
water. For charging of the PCM storage a slightly higher steam temperature than the PCM
melting temperature is needed. The discharge process is conducted by reducing the
pressure to achieve a lower condensation temperature.
Regarding relevant applications of the water/steam system, two different areas can be
identified: the low pressure range (1-20 bar) for industrial process steam and the high
pressure range (40-100 bar) for power generation with steam turbines. According to the
respective evaporation/condensation temperatures, PCM´s with a phase change temperature
of 130-200 °C and of 250-310 °C are of highest interest.

Considering also economic aspects, candidate PCMs for latent heat storage systems are
salts. While this approach has often been suggested, only limited experience is available at
temperatures beyond 100 °C. Most problems result from the low thermal conductivity of salts,
particularly in the solid phase. Furthermore, thermo-physical properties (heat capacity,
surface tension, volume change) as well as cycling stability, corrosion aspects, handling and
material costs are playing an important role.
At present, the main emphasis is directed to alkali metal nitrates and nitrites and their
mixtures. For example, the eutectic mixture of the binary system KNO3-NaNO3 has been
identified as an excellent system to be used for saturated steam processes around 25 bar. At
around 5 bar the ternary system KNO3-NaNO2-NaNO3, which is commonly used as heat
transfer liquid, can also be used as PCM.
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The thermal conductivity of the PCM significantly affects the power density and the heat
transfer design of the system. The next figure shows the effect of the thermal conductivity of
a typical PCM (density 2000 kg/m³, heat of fusion 100 kJ/kg) on the number of pipes needed
in a PCM storage system to provide a given volume specific power density. Here, a parallel
pipe heat exchanger is integrated into the storage material. Assuming a constant absolute
value for the temperature difference between fluid and the PCM’s melting point, the power
density is smaller during the discharge processes and is determined by the heat conduction
through the solid layer that forms around the pipes. The results show, that the required
number of pipes is reduced dramatically if the thermal conductivity increases from,
approximately 0.5 W/(m•K) to about 10 W/(m•K). Hence, the design of cost effective storage
systems requires the development of concepts which compensate for the low thermal
conductivity of the PCMs.

Two different approaches are currently used to overcome the internal heat transfer limitations
of salt PCMs.
1. The thermal conductivity can be enhanced by using composite materials, where the
properties of a high latent heat of a PCM and a good thermal conductivity of an
additive are combined. For low temperature applications (< 100°C) paraffin/graphite
composites have been demonstrated. This approach is extended to the operation
range of 120 to 300 °C, using currently nitrate and nitrite salts and different graphite
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types. Graphite is selected because of its high thermal conductivity and chemical
stability (PCM/Graphite composite, see next figure).
2. An increase of the effective thermal conductivity of the PCM can be achieved by
integrating layers of highly conductive materials into the PCM (finned tube design,
see next figure). The layers are arranged in the direction of heat transport. A
promising material for these layers is compressed expanded graphite, due to its high
thermal conductivity (150 W/(m•K)) and its corrosion resistance. Alternatively,
different metallic materials can be considered.

At DLR various high temperature PCM storage modules have been built and tested in the
scale of 100 to 2000 kg. An overview is presented in the following table. The 500 kW PCM
storage with 14000 kg of Sodium-Nitrate is currently under construction and will be tested in
spring 2009.
Design
Concept

Storage material

Size

Power range

Finned tube concept

KNO3-NaNO3

100 kg (2005)

2-4 kW 1)

PCM/GraphiteComposite

Compressed EG /
KNO3-NaNO3
NaNO2 -NaNO3 KNO3

300 kg (2006)

10 kW 2)

400 kg (2005-2006)

10 kW 1)

Finned tube concept
Finned tube concept

KNO3-NaNO3

2000 kg (2007)

100 kW 2)

Finned tube concept

NaNO3

200 kg (2008)

5 kW 3)

Finned tube concept

NaNO3

14000 kg (2009)

500 kW 2)

1)

national project

2)

3)

European FP 6 Project
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Within the European FP6 project DISTOR (Energy Storage for Direct Steam Solar Power
Plants) innovative PCM storage materials and heat transfer concepts were developed to
overcome the drawbacks of state-of-the art PCM storage technology. The finned tube design
was identified as the most promising and technically feasible concept and was selected to
build and test a 100 kW PCM module (shown in the next figure). The salt system
NaNO3/KNO3 was used as PCM storage material. Tests performed during July and
December 2007 have proven that the Graphite/fined tube design is useful for further scale-up
and demonstration and presents a sound basis for efficient and economic DSG storage
technology.

Based on the experiences of the DISTOR project, the next step is under way which is to
increase the power level to 500 kW and the operation conditions to 80/107 bar steam
pressure. The schematic layout of the PCM storage is shown in the following figure. Main
parameters are:








dimensions: 6 x 1.0 x 1.4 m3
PCM: 14000 kg sodium nitrate salt
maximum pressure: 100 bar
Operating temperature 280 – 320 °C
Charging/discharging power 500 kW
Thermal capacity 700 kWh
To be tested during 03-12/2009
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Latent Heat Storage - Status
A summary of PCM storage technology for applications beyond 100 °C is shown in the
following table. It includes information on the leading institutions, possible applications and
particular investment cost, and approaches for further improvements. Since the forecast of
the cost reduction potential of commercially fabricated PCM storage units is very uncertain,
the cost figures in the table were derived from the experiences of the already built modules.
Assuming effects like “economy of scale”, mass production and “learning curve” an decrease
of the investment cost to less than 100 €/kWh is expected.
Selected relevant
companies /
institutes

Application

SGL Carbon

Process heat
storage till 250 °C,
use of Graphite as
heat conduction
elements

DLR

Development of
PCM materials,
design for
industrial process
heat and power
generation,
system integration

CNRS

Development of
composite PCM
materials, heat
transfer modeling

Investment cost of Demand for
present PCM modules improvements
Reduction of heat
Depending on salt
exchanger cost
system and pressure
200-300 €/kWh
PCMs for 10 bar at
170/180 °C,
PCMs for 60 bar at
For power generation 270 °C,
Cost reduction, improved
beyond 60 bar
design of heat
250-350 €/kWh
exchanger

Cost effective
manufacturing process
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State-of-the Art Report “High temperature TES in thermosolar plants”

Antoni Gil Pujol, Luisa Cabeza, University of Lleida, Spain
General Aspects of Thermal Energy Storage
Definition
Thermal energy storage (TES) systems have the potential of increasing the effective use of
thermal energy equipment and of facilitating large-scale switching. They are normally useful
for correcting the mismatch between the supply and demand of energy.
There are mainly two types of TES systems, sensible storage systems and latent storage
systems. As the temperature of a substance increases, the energy content also increases.
The energy released by a material as its temperature is reduced, or absorbed by a material if
its temperature is increased, is called the sensible heat.
On the other hand, the energy required to convert a solid material in a liquid material, or a
liquid material in a gas (phase change of a material) is called heat of fusion at the melting
point (solid to liquid) and heat of vaporization (liquid to gas). Latent heat is associated with
these changes of phase.
The other category of storing heat is through the use of reversible endothermic chemical
reactions. Chemical heat is associated to this reversible chemical reactions were heat is
needed to dissociate a chemical product. All this heat (or almost all) will be recuperated later,
when synthesis reaction takes place.
A complete storage process involves at least three steps: charging, storing and discharging.
In practical systems, some of the steps may occur simultaneously, and each step can
happen more than once in each storage cycle [1].
In terms of storage media, a wide variety of choices exists depending on the temperature
range and application.
Storage media
Sensible heat storage
Thermal energy can be stored in the change of temperatures of substances that experience
a change in internal energy. Besides the density and the specific heat of the storage material,
other properties are important for sensible heat storage: operational temperatures, thermal
conductivity and diffusivity, vapour pressure, compatibility among materials stability, heat
loss coefficient as a function of the surface areas to volume ratio, and cost.
Sensible TES consists of a storage medium, a container (commonly tank) and inlet/outlet
devices. Tanks must both retain the storage material and prevent losses of thermal energy.
The existence of a thermal gradient across storage is desirable.
Sensible heat storage can be made by solid media or liquid media.
Solid media
Solid media (mainly high temperature concrete and castable ceramics) are usually used in
packed beds, requiring a fluid to exchange heat. When the fluid is a liquid, heat capacity of
the solid is not negligible, and the system is called dual storage system. Packed beds favour
thermal stratification, which has advantages.
An advantage of a dual system is the use of inexpensive solids such as rock, sand or
concrete for storage materials. Concrete, for example, is chosen because its low cost,
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availability throughout and easy processing. Moreover, concrete is a material with high
specific heat, good mechanical properties (e.g. compressive strength), thermal expansion
coefficient near that of steal (pipe material) and high mechanical resistance to cyclic thermal
loading. When concrete is heated, a number of reactions and transformations take place
which influence its strength and other physical properties: compressive strength decreases
about a 20% at 400 ºC, the specific heat decreases in the range of temperature between 20
ºC and 120 ºC and the thermal conductivity decreases between 20 ºC and 280 ºC.
Resistance to thermal cycling depends on the thermal expansion coefficients of the materials
used in the concrete. To minimize such problems, a basalt concrete is sometimes used.
Steel needles and reinforcement are sometimes added to the concrete to impede cracking.
At the same time, by doing so, the thermal conductivity is increased about 15% at 100 ºC
and 10% at 250 ºC.
On the other hand, rock is an inexpensive TES material from the standpoint of cost.
Liquid media
Liquid media (mainly molten salts, mineral oils and synthetic oils) maintain natural thermal
stratification because of density differences between hot and cold fluid. The existence of a
thermal gradient across storage is desirable. To use this characteristic requires that the hot
fluid be supplied to the upper part of storage during charging, and the cold fluid be extracted
from the bottom part during discharging, or using another mechanism to ensure that the fluid
enters the storage at the appropriate level in accordance with its temperature, in order to
avoid mixing. This can be done by some stratification devices (floating entry, mantle heat
exchange, etc).
Different materials can be used as liquid media silicon and synthetic oils (materials very
expensive), and nitrites in salts (with potential corrosion problems).
Latent heat storage media
Thermal energy can be stored nearly isothermally in some substances as the latent heat of
phase change, as heat of fusion (solid-liquid transition) or heat of vaporization (liquid-vapour
transition). Nowadays, mainly the solid-liquid transition is used, and substances used under
this technology are called phase change materials (PCM).
Storage systems utilizing PCM can be reduced in size compared to single-phase sensible
heating systems. However, heat transfer design and media selection are more difficult, and
experience with low temperature salts has shown that the performance of the materials can
degrade after moderate number of freeze-melt cycles.
Phase Change Materials (PCMs) allow large amounts of energy to be stored in relatively
small volumes, resulting in some of the lowest storage media costs of any storage concepts.
Initially, PCM were considered to be used in conjunction with parabolic trough plants that
used THERMINOL VP-1 in the solar field.
LUZ, and later ZSW, proposed an approach that used a cascading set of PCM to transfer
heat from the HTF. In this approach, thermal energy transfers to a series of heat exchangers
containing PCM that melt at slightly different temperatures. To discharge the storage, the
heat transfer fluid flow is reversed.
Chemical heat storage
A third storage mechanism is by means of chemical reactions. For this type of storage it is
necessary that the chemical reactions involved are completely reversible. The heat produced
by the solar receiver is used to excite an endothermic chemical reaction. If this reaction is
completely reversible the heat can be recovered completely by the reversed reaction.
Common advantages of this mechanism are high storage energy densities, indefinitely long
storage duration at near ambient temperature and heat-pumping capability.
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Nonetheless, the development level of reversible thermochemical reaction (RTR) is already
at a very early stage.
This kind of storage media is a truly attractive option in longer term and could offer relatively
low costs [2]. Solar thermal technologies via thermochemical conversion paths offer the
prospect of systems with inherent energy storage for continuous (24 h) generation of
electricity. This issue will be increasingly significant as the world moves towards a truly
renewable energy based economy. This natural advantage combined with overcoming the
‘‘economy of scale’’ hurdle should see a rapid increase in the adoption of solar thermal
power technology in the coming decades.
Storage concept
Classification
Storage concepts can be classified as active, passive or hybrid systems (Figure 1).
An active storage system is mainly characterized by forced convection heat transfer into the
storage material. The storage medium itself circulates through a heat exchanger (this heat
exchanger can also be a solar receiver or a steam generator). This system uses one or two
tanks as storage media.
Direct system
Active storage
STORAGE
CONCEPT

Indirect system
Passive storage
Hybrid storage

Figure 1. Scheme of classification of different storage systems according the storage concept.
Active systems are subdivided into direct and indirect systems. In a direct system, the heat
transfer fluid serves also as the storage medium, while in an indirect system, a second
medium is used for storing the heat.
Passive storage systems are generally dual medium storage systems: the HTF passes
through the storage only for charging and discharging a solid material, the heat transfer
medium. The heat transfer medium itself does not circulate. The HTF carries energy received
from the energy source to the storage medium during charging, and receives energy from the
storage when discharging (these systems are also called regenerators).
The main disadvantage of regenerators is that the HTF temperature decreases during
discharging as the storage material cools down. And one more problem is that the heat
transfer is rather low, and usually there is no direct contact between the HTF and the storage
material as the heat is transferred via a heat exchanger.
Hybrid storage systems are a combination of an active and a passive storage system, with
the target to try improve the store characteristics of the system.
Active storage systems
Direct systems
In a direct system, the HTF used in the solar field is used too as TES. That means the
material must reach particularly characteristics to be a good HTF and a good TES, at the
same time.
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The use of molten salt or steam as a HTF and TES at the same time eliminates the need for
expensive heat exchangers. It allows the solar field to be operated at higher temperatures
than current heat transfer fluids allow. This combination also allows for a substantial
reduction in the cots of TES system, improving the performance of the plant and reducing the
LEC. But in the case of the molten salts, they freeze at relatively high temperatures (120 ºC
to 220 ºC), and this means that special care must be taken to ensure that the salt do not
freeze in the solar field piping during the night. Hence, routine freeze protection operation
must be done by the thermal storage, increasing M&O costs. In the other hand, results of
report done by D. Kearney [3], concluded that the use of the molten salt as a HTF made
economic sense only if the solar plant included a thermal storage system [4].
Since the freezing point of the considered salt is considerably high, special attention has to
be dedicated to freeze protection operation: the HTF is circulated through the solar field
during the whole night, in order to piping maintains warm, avoiding critical thermal gradients
during start-up; if the HTF temperature falls below a certain value, an auxiliary heater is used
to maintain the minimum value.
ADVANTAGES
Improvement of system performance [4], due to the higher steam temperature (oil
temperature about 380 ºC);
Reduction of LEC [4];
Overall plant configuration more simple [5];
Lower investment and O&M costs [5].
DISADVANTAGES
Need of auxiliary protective heating systems for start-up, maintenance and recover from a
frozen conditions [4];
Instability of the two phase flow inside the receiver tubes (procedures for filling and draining)
[5];
Difficult to control the solar field under solar radiation transients [5].
Direct steam generation (DSG)
An option under consideration for future parabolic trough plants is the possibility of
generating steam directly in the solar field (Figure 2).

Figure 2. Scheme of a central receiver power plant, with direct steam generation [6]

34

IEA ECES Annex 19

FINAL REPORT

page 35 of 87

In the DSG concept, steam is generated directly in the parabolic-trough collectors. This
saves cost by eliminating the need for the heat transfer fluid (HTF) system and reduces the
efficiency loss involved with using a heat exchanger to generate steam. It also should allow
the solar field to operate at higher temperatures, resulting in higher power cycle efficiencies
and lower fluid pumping parasitics or should also improve the solar field operating efficiency
due to lower average operating temperatures and improved heat transfer in the collector
receiver. The trough collectors would require some modification due to the higher operating
pressure and lower fluid flow rates.
Control of a DSG solar field likely will be more complicated than the HTF systems and may
require a more complex design layout and tilted collector. DSG also makes it more difficult to
provide any thermal storage.
DLR and Ciemat are currently testing this technology (at the Plataforma Solar de Almería, in
Spain) and they must address a number of technical issues. But direct steam generation is
still one of the most promising opportunities for future cost reductions.
ADVANTAGES
Intermediate HTF and steam-generation exchanger is not necessary;
Elimination of heat exchanger to generate steam, improving the efficiency loss in steam
generation;
Allow the solar field operate at higher temperatures, increasing the power cycle efficiency [5].
DISADVANTAGES
Difficult to provide any thermal storage system;
Operating pressures very high (increase of pipe installation cost);
Solar field control under solar radiation transients [6].
Two tanks direct system
Two tanks direct system consists in a storage system were the HTF is directly stored in a hot
tank, in order to use it during cloudy periods or nights. HTF cooled is pumped to the other
tank, cold tank, where it remains waiting to be heated one more time. Obviously, in this
process is not necessary a heat exchanger, because HTF is used too as a TES media [7].
Figure 3 shows the scheme of Planta Solar Tres, that uses molten salts (NaNO3 and KNO3)
as HTF.
ADVANTAGES
Cold and hot HTF are stored separately;
Low-risk approach;
Possibility to raise the solar field output temperature to 450/500 ºC (in trough plants), thereby
increasing the Rankine cycle efficiency of the power block steam turbine to the 40% range
[4];
The HTF temperature rise in the collector field can increase up to a factor of 2.5, reducing
the physical size of the thermal storage system [4, 7].
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Figure 3. Scheme of installation of a central tower power plant (Planta Solar Tres), with direct
two-tanks and mineral oil like storage system [8]
DISADVANTAGES







Very high cost of the material used as a HTF and TES;
High cost of the heat exchangers, two tanks due to very large tank size requirements;
Relatively small temperature difference between the hot and cold fluid in the storage
system;
Very high risk of solidification of storage fluid, due to its relatively high freeze point (that
increases the M&O costs);
The high temperature of the both tanks drives to an increase of losses in the solar field;
The lowest cost TES design does not correspond to the lowest cost of electricity [9].

Indirect systems
Two tanks indirect system
In recent years, a new TES system has been developed. This system is called indirect
system because the heat transfer fluid which is circulated in the solar field is different than
the fluid for the storage medium (thermal energy storage media).
The two tanks indirect system consists, like the direct system, in two tanks where the energy
is stored not directly by the HTF, but by a second heat fluid, heated thanks to the HTF
pumped through heat exchanger. Heat from the HTF is absorbed in the oil-to-salt heat
exchanger by a thermal energy storage (TES) media, normally molten salts (Figure 4).
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Figure 4. Scheme of installation of a parabolic through power plant, with two-tanks storage
system [15]
As in the other two tanks case, one of the tanks serves to store hot TES media, and other
one, to receive the cool TES media. During a thermal storage charge cycle, a portion of the
oil from the collector field is directed to the oil-to-salt heat exchanger, where the oil cools
from the nominal inlet temperature of 391 ºC to an outlet temperature of about 298 ºC.
Nitrate salt from the cold storage tank flows in a counter current arrangement through the
heat exchanger. The salt is heated from an inlet temperature of 291 ºC to an outlet
temperature of 384 ºC, and then stored in the hot storage tank. During the discharge cycle,
the oil and salt flow paths are reserved in the oil-to-salt heat exchanger. Heat is then
transferred from the salt to the oil to provide the thermal energy for the steam generator.
When the energy stored is needed, the system simply operates in reverse mode to reheat
the solar HTF, which generates steam to run the power plant.
ADVANTAGES



Cold and hot HTF are stored separately;
TES material flows only between hot and cold tanks, not through the parabolic troughs.

DISADVANTAGES







Very high cost of the material used as TES;
High cost of the heat exchangers and two tanks due to very large tank size
requirements;
Is needed an exchanger between the HTF and TES material;
Relatively small temperature difference between the hot and cold fluid in the storage
system;
The high temperature of the both tanks drives to an increase of losses in the solar field;
Decrease of the efficiency comparing with two tanks direct system.
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Passive storage systems
In a passive storage system the heat transfer medium passes through storage only for
charging or discharging the system. The heat transfer medium itself does not circulate.
Passive systems are generally dual medium storage systems (these systems are also called
regenerators).
Single tank thermocline
A single tank system, where hot and cold fluids are stored, provides one possibility for further
reducing the cost of a direct two-tank storage system. Here the hot and cold fluids are
separated because of the stratification, and the zone between the hot and cold fluids is called
the thermocline. The thermocline storage system features the hot fluid on top and the cold
fluid on the bottom.
The HTF which arrives from the solar field passes through a heat exchanger, heating the
thermal storage fluid media. This fluid is stored in a single tank. In this case, the system
would be classified as active indirect storage system but, usually a filler material is used to
help the thermocline effect. This filler material acts as the primary thermal storage medium,
therefore the system is classified as a passive storage system.
Sandia National Laboratories identified quartzite rock and silica sands as potential filler
materials [16]. Results demonstrated that both materials appear able to withstand the molten
salt environment quite well (no significant deterioration).
Additional studies of the thermocline concept are ongoing in order to identify the appropriate
filler materials for the intended application.
This system has an additional advantage: most of the storage fluid can be replaced with a
low cost filler material, for example, quartzite rock and sand (Figure 5).
Depending on the cost of the cost of storage fluid, the thermocline can result in a
substantially lower cost storage system.

Figure 5. Scheme of installation of a parabolic through power plant, with single-tank storage
system [10]
ADVANTAGES



Decrease of storage tanks cost, because of this system uses only one tank;
Low cost of the filler materials (rocks and sand);
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In cost comparisons, the thermocline system is about 35% cheaper than the two tank storage
system, according to [11], due to reduction of storage volume and elimination of one tank.
DISADVANTAGES







Relatively high freezing points of most molten salts formulations (is necessary to
maintain a minimum system temperature to avoid freezing and salt dissociation);
It is more difficult to separate the hot and cold HTF;
The high outlet temperature drives to an increase of losses in the solar field;
Maintaining the thermal stratification requires a controlled charging and discharging
procedure, and appropriate methods or devices to avoid mixing;
Design of storage system is complex [12];
Thermodynamically, it is an inefficient power plant [12];

Concrete storage
In this case, the solar energy of the solar field is transferred from the HTF to the solid storage
material system. The storage material contains a tube heat exchanger to transfer the thermal
energy from the HTF to the storage (Figure 6). A tubular heat exchanger is integrated into
the storage material. This heat exchanger demands a significant share of the investment
costs. The design of the geometry parameters like tube diameter and number of pipes is also
important for the final result.
This solid media sensible heat storage units were developed in the project “Midterm Storage
Concepts – Further Development of Solid Media Storage Systems” founded by the German
government from December 2001 to December 2003. The focuses of this project were the
development of an efficient and cheap sensible storage material, and demonstration of this
technology with a 350 kW/h test unit.

Figure 6. Scheme of a parabolic through power plant, with concrete (or castable ceramics)
storage system [10]
Possible high temperature materials to be used in these storage systems are concrete or
castable ceramics.
ADVANTAGES





Very low cost of thermal energy storage media, due mainly to the filler cost;
High heat transfer rates into and out of the solid medium (due to a good contact
between the concrete and piping);
Facility to handling of the material;
Low degradation of heat transfer between the heat exchanger and the storage material.
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DISADVANTAGES



Increase of cost of heat exchanger and of engineering;
Long-term instability.

Hybrid storage systems
Research activities are aiming at the development and validation of new innovative concepts
and approaches for energy storage for solar power technology.
In 1993, DLR – ZSW proposed an hybrid PCM-sensible-PCM storage as storage system for
a solar plant. This kind of system combine characteristics of latent and sensible heat storage
systems, and that is the cause to classify it as a hybrid storage system.
ADVANTAGES




Better use of PCM storage capacities;
Reduction of costs, comparing with storage systems with only PCM as storage media;
Improve of storage ratio, comparing with systems with only sensible heat materials.

DISADVANTAGES


Is necessary to developing technologies to transfer this concept.

THERMAL ENERGY STORAGE APPLIED TO SOLAR POWER PLANTS
Experiences of TES in solar power plants
Active direct storage system (direct steam generation)
Another option is the possibility of generating steam directly in the solar field (Figure 7), and
to use it as HTF and as storage media. These storage systems are used in process industry
to balance demand and generation of steam.
Steam accumulators are especially suited to meet the requirements for buffer storage in
solar steam systems, providing saturated steam at pressures up to 100 bar. They profit from
the high volumetric storage capacity of liquid water for sensible heat (up to 1.2 kWh/m3).

Figure 7. Scheme of DSG plant installed in PSA
The introduction of steam accumulators in solar thermal power plants can profit from
practical experience gained in operating similar storage systems in fossil fired facilities over
decades, and eliminates the need for an intermediate heat transfer fluid and steamgeneration heat exchangers. It also should allow the solar field to operate at higher
temperatures, resulting in higher power cycle efficiencies and lower fluid pumping parasitics
[13].
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Ciemat and DLR (German Aerospace Centre) are currently testing direct steam generation
(DSG) at the Plataforma Solar de Almeria in Spain. They must address a number of technical
issues. But direct steam generation is still one of the most promising opportunities for future
cost reductions: fast reaction times and high discharge rates make steam accumulators
(Figure 8) one of the best options for compensation of fast transients in insolation for solar
thermal systems using steam as working medium [14].

Figure 8. Scheme of sliding pressure steam accumulator (source [60])
Options to improve the efficiency of the storage system
The integration of latent heat storage material allows an increase in volume storage capacity.
Steam accumulators are specially suited to meet the requirements for buffer storage in solar
steam systems, providing saturated steam at pressures up to 100 bar.
The direct storage of saturated or superheated steam in pressure vessels is not economic
due to the low volumetric energy density. Instead, steam accumulators use sensible heat
storage in pressurized saturated liquid water.
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 volume
specific thermal energy density depends strongly on the variation of the saturation
temperature resulting from the pressure drop during the discharge, characteristic values are
in the range of 20 - 30 kWh/m3.
A steam accumulator can be also charged indirectly. In this case, a heat exchanger is
integrated into the liquid volume, as the Figure 9 shows. The medium flowing in the heat
exchanger can not be water. In this case, is possible to use a HTF which working at lower
pressure. The system can be considerate as buffer storage to DSG.

Figure 9. Scheme of plant using oil heat transfer medium in collectors, with indirect charging
of steam accumulator which is also used as heat exchanger (source [13])
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Steam accumulators provide saturated steam. If superheated steam is needed, a second
storage system must be connected to the exit of the steam accumulator (Figure 10 and
Figure 11).
The most indicated concepts to be used as second storage system are sensible storage
media, like concrete or molten salts. In a solar thermal power plant using parabolic troughs
only a 10% – 15% of the thermal energy is needed for superheating steam [15].

Figure 10. Steam accumulator with a second storage system, based on sensible storage
media (source [13])

Figure 11. Comparison between the profile of water/steam and PCM.
In the sliding pressure systems saturated steam leaves the vessel during the discharge
process. In order to maintain the steam pressure drop during the discharge a solution could
be the application of a separate flash evaporator: the saturated liquid water from the
accumulator is depressurized externally. The cold water is fed into the storage vessel to keep
the water level constant. Another option is to integrate PCM into the storage vessel partly
replacing the liquid water (Figure 12). Here, the thermal energy associated with the phase
change is used for isothermal energy storage. PCM usually exhibit a low thermal conductivity
so layers of it must be thin to ensure a good heat transfer rate. A solution to fulfil this demand
consists in encapsulate PCM in small containers placed inside the vessel.
This option of using PCM has two main advantages: on one hand, the thermo-mechanical
stress of the vessel resulting from temperature transients is reduced; on the other hand, the
characteristic volume-specific storage capacity of PCM is in the range of 100 kWh/m3, and
that helps to reduce the working pressure of the vessel.
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Figure 12. Steam accumulator with integrated latent heat storage material (source [13])
Active direct storage system: experience at Solar Two (two tanks)
The Solar Two plant was under testing during 1½ year, and during this period, a number of
lessons were learned. This solar power plant was designed to 10 MWe of net production, with
a central receiver and energy storage system, and was build on the Solar One site near
Barstow and utilized many Solar One systems.
The thermal energy storage tanks of Solar One plant were demolished, and two new tanks to
molten salt energy storage system were built by Pitt-Des Moins enterprise. Each tank was
sized to store the entire salt inventory. The thermal energy storage system was designed to
deliver thermal energy at full-rated duty of the steam generator for three hours at the rated
hot and cold salt temperatures of 565 ºC and 290 ºC. The total capacity storage of the plant
was 105 MWhth, that means 35 MWth capacity [16]. And the efficiency average from solar
energy to electricity was about 19%.
Storage material
The improvement of efficiency of SEGS plants means higher solar field temperatures, around
400 ºC. Mineral oils, used in SEGS I, is very flammable, and that is the main handicap to use
it like HTF in these new plants. On the other side, the use of synthetic oils dramatically
increases the cost of HTF storage system, and then was necessary development and
evaluation of feasibility of other kind of installation configurations and storage materials.
Thermal energy storage media was molten salt, composed of a mixture of 60% of sodium
nitrate (NaNO3) and 40% of potassium nitrate (KNO3). This salt melted at 220 ºC and was
thermally stable to about 600 ºC, and offered a favourable combination of high density low
vapour pressure, moderate specific heat, low chemical reactivity and low cost.
The composition of the salt changed throughout the project. After the initial melting and
thermal conditioning of the salt, perchlorate decreased, magnesium stayed low and nitrite
formed within the bounds of equilibrium expectations. But not problems were observed with
these changes [17].
For an unknown reason, the salt melting point gradually lowered throughout the project from
207 ºC initially, to 202 ºC at the end of the project. This change appeared to have no effect
on the performance of the plant.
Storage system
The storage system of Solar Two plant consisted in two tanks flat-bottom, domed-roof,
cylindrical, atmospheric tanks. The cold tank was fabricated from carbon steel, and the hot
tank, from stainless steel (Figure 13).
In order to monitor the level into the tank, each tank was equipped with bubbler level
detectors [18].
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Figure 13. View of two tanks storage system of Solar Two thermosolar plant: cold tank (left)
and hot tank (right) [16]
The cold tank contained two active 25 kWe immersion heaters and one spare that
maintained the tank at 290 ºC when solar radiation was not enough, in order to avoid the
molten salt temperature decrease under the melting point. The sides and roof of the tank
were insulated with 23 cm and 15 cm of mineral wool blankets overlaid with 5 cm of
fibreglass boards. The exteriors of the tanks were covered with aluminium jackets for
weather protection, and the bottom of the cold tank was insulated with 41 cm of foam glass
insulation under 10.2 m of the 11.4 m of diameter of the tank [12].
The hot tank contained three active 25 kWe immersion heaters and one spare that
maintained the tank at 565 ºC, in order to can continue the electricity production when solar
radiation was not enough. The sides and roof of the tank were insulated with 46 cm and 30
cm, respectively, of mineral wool blankets overlaid with 5 cm of fibreglass boards. The
exterior was covered with an aluminium jacket for weather protection. The bottom of the tank
was insulated with 15 cm of insulating firebrick on top of 30 cm of foam glass insulation
under 10.2 m of the 11.4 m of diameter of the tank.
This plant has round-trip energy storage efficiencies of 97%.
An optimization of the thermal storage system involves the assessment of numerous
parameters [9], including the following:


The inverse relationship between:
1) the surface area, and cost of oil exchanger, and
2) the quantity and cost of the storage inventory.
 And the inverse relationship between:
1) the surface area of the oil-to-salt heat exchanger, and
2) the part of load performance penalty of the Rankine cycle when operating from thermal
storage.
Losses in the system
In an effort to reduce heat losses as the tanks were charged or discharged, piping was
connected to the vents of the two tanks so that air in the ullage space would not exchange
with ambient air. This air will be conduced from the filled tank to the empty tank.
Heat losses were measured once the vessel was at the steady state, and results showed
that the thermal losses are basically a fixed value to the environment. Table 1 shows the
values of the losses in Solar Two plant.
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Measured
Thermal
Loss, kW
102
44
29
9,5

Table 1. Values of thermal losses in tanks and sumps, in every component, calculated and
measured, of Solar Two plant [16]
If the plant availability is medium or low, losses represents a high fraction of the total energy
sent to storage. But when the availability is high, losses are a smaller fraction.
This experimental plant reached to demonstrate dispatching energy several times, and the
production of a constant output of electricity at night and through clouds.
The two-tank system implemented in this test is a relatively low-risk approach. No barriers to
future implementation were evident [12, 12].
Active direct storage system: experience at Solar Tres (two tanks)
Placed on Fuentes de Andalucia, near to Seville (Spain), Solar Tres power plant is the first
commercial solar plant with central receiver and a storage system with 15 hours of storage
(Figure 14). That means that this plant can operate around 6500 hours every year.
This project of solar power plant is being developed by special purpose company
GEMASOLAR 2006 SA, enterprise created by SENER. SENER developed the basic design
and is also the EPC Contractor, and provided the receiver, molten salt thermal storage and
heliostat technology. The project construction was expected to start before the end of 2007.
Its thermal storage system, using molten salts as storage media (a mixture of NaNO3 and
KNO3), is based on two tanks direct technology. That means that the plant uses the same
fluid as a working fluid allows for collection, transport and storage of the thermal energy with
also very high efficiencies through the high top and differential temperatures.

Figure 14. Scheme of Solar Tres power plant (source: [8])
The hot tank stores the molten salts at about 565 ºC, and was made in ASTM A 240 Grade
347 stainless steel, and the cold tank, made in ASTM A 516 Grade 70 carbon steel, stores
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the molten salts at about 288 ºC. The capacity of storage was 588 MWhth. The large thermal
storage capacity allows for very high utilization factors of the plant, above 70%.
Active direct storage system: Experience of SEGS I (two tanks)
The SEGS I plant included a direct two tank storage system with 3 hours of full-load storage
capacity [19].
In the SEGS I plant, the same fluid was used as HTF and storage media, a mineral oil called
Caloria, designed for this application. This oil was stored in two different tanks: a hot tank,
where the oil was stored after be heated in the solar field, to a temperature of 307 ºC, and a
cold tank, where the oil was stored at 240 ºC after discharging its energy over the power
block.
Because the power plants moved to higher operating temperatures to improve power cycle
efficiency, they also switched to a new higher temperature heat transfer fluid. Unfortunately,
this fluid has a high vapour pressure, and it cannot be used in the same type of large
unpressurized storage tank system similar to the one used for SEGS I. Pressurized tanks are
very expensive, and they cannot be manufactured in large sizes.
The Caloria oil represented 42% of the investment cost. This was the reason which a storage
system similar to the SEGS I storage concept was not repeated in later SEGS plants.
As conclusion of the experience of SEGS I power plant, it can be said that there is the
possibility to operate the plant to higher temperatures, improving the power cycle efficiency.
The intermediate heat exchanger (oil-to-salt) is not needed, then that means a cost reduction
of the power plant. On the other hand, high quantity of oil is required into storage tanks,
increasing the cost of installation. And more, high cost of pressurized tanks to storage fluid
(oil), due to its high vapour pressure.

Active direct storage system (direct steam generation): experience of PS10
The enterprise ABENGOA is promoting in Seville since 1999 the installation of the PS10
solar power plant. This project, with participation of CIEMAT on sizing and optimisation of
design of solar parts, uses the technology of volumetric air receiver and a TES system based
on dual system, storing saturated steam in a ceramic alumina bed. PS10 is situated in the
limits of Sanlúcar la Mayor, near to Seville, Spain (Figure 15).

Figure 15. Aerial view of PS10 solar power plant [66]
Various previous attempts have been approached earlier than PS10 to demonstrate solar
tower technology feasibility. Some of these initiatives have been the Eurelios (0.75 MWe
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project in Adriano, Italy), the CESA – 1 and the CRS-SSPS (1.2 MWe plant and 0.5 MWe
plant respectively, at Almería, Spain), the Solar One (10 MWe plant at Barstow, USA), the
Themis (1.0 MWe plant at Targassone, France), the Sunshine (1.0 MWe plant in Nio, Japan),
etc. Most of these power plants were built in 80’s.
The objective of this project was to construct and operate a central receiver solar power plant
in a commercial basis, in the range of 10 MW, producing electricity in a grid-connected mode,
ten years later from the last initiative to success in the solar tower technology with erection of
Solar Two, in 1994.
The scheme of PS10 solar plant, based in scheme of PHOEBUS solar plant, is show in the
Figure 16 [20].

Figure 16. Scheme of PS10 solar power plant.
During full load operation of the plant, part of steam produced at 250 ºC and 40 bar is
employed to load the thermal storage system. For cloudy transient periods, the plant has a
saturated water thermal storage system, with a thermal capacity of 20 MWh, equivalent to an
effective operational capacity of 50 minutes at 50% turbine workload [21]. The storage
system, shown in the Figure 17 [66, 67], is composed by 4 tanks that are sequentially
operated in relation to their charge status.

Figure 17. The 4 thermal storage tanks of PS10 solar plant.
This storage tanks can store about 12 MWth. That means 50 minutes of half-load production,
the necessary time to overcome cloudy periods [21].
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In this case, the efficiency average from solar energy to electricity of the plant is about 17.5%,
with a storage efficiency about 92.4%. The Figure 18 [21] shows the energetic efficiency of
every step of the energy production process in PS10 solar plant.
In order to cover sunless periods, PS10 solar plant includes a unit of steam generation
powered by natural gas, with capacity to reach a 15% of total plant production.

Figure 18. Scheme of energetic balance in PS10, with a 25% of thermal energy storage
Active indirect system: experience of Andasol I
Andasol I is a Sener’s solar thermal power plant, with a solar field based on parabolic trough
technology. In the parabolic troughs the HTF is superheated steam. Steam of the solar field
passes its energy, thanks a heat exchanger, to the storage media, molten salts (40% NaNO3
and 60% KNO3, also called solar salt with a melting temperature about 221 ºC). The storage
system is based in two tanks indirect system, with work temperatures of 291 ºC in the cold
tank and 384 ºC in the hot tank.
The storage capacity of the Andasol I solar plant is about 1010 MWhth, that means about 7.5
hours of full-load production of electricity. Annual average efficiency converting from solar
energy to electricity: 14.7% [22].
According with Spanish laws, Andasol I includes the possibility to produce a 15% of
electricity with natural gas, in order to overcome the cloudy periods.
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Figure 19. Insolation and power curves of AndaSol I thermosolar plant.
In Figure 19 [19] is possible to see, for a typical summer day, the curves that characterise the
solar plant daily work cycle: the curve of insolation, and the curves of power from solar field,
to storage and net electricity production, mainly. Is interesting to remark there is a nonobvious quantity of energy dumped after the storage system is completely charged.
Active indirect storage system: Luz proposal of Cascade Latent Heat Storage (CLHS)
In this case, different PCM were tested, in different storage modules. A theoretical analysis of
a simplified model of this proposal [23], presented that for a single charging/discharging
processes, CLHS yields exergetic advantages if operated in counter-flow. A numerical onedimension model of packed bed type CHLS was validated against experimental results [24].
A new study from [25] affirms the positive effect of a CLHS compared to a non cascaded
LHS with respect to a higher utilization of the possible phase change, and a more uniform
outlet temperature on time. And more, the inlet temperature of HTF and its flow has a strong
relation, and the results are better in CLHS. The Figure 20 shows an scheme of the
installation. This thermal energy storage concept was designed for solar power plants which
included parabolic trough technology in their solar fields. But with a right selection of the
PCMs, is possible to transfer this technology to central receiver solar plants.
Compared with non cascaded LHS, CLHS allows a higher portion of the PCM to run trough
the phase change material during a charging/discharging cycle (Figure 21). In addition, a
CLHS shows a more uniform heat transfer oil outlet temperature during discharging the non
cascaded LHS. About 92% of the PCM in CLHS was totally molten at the end of charging,
and about 67% was completely solid at the end of discharging. Therefore, with multiple
consecutive charging/discharging cycles several phase boundaries can occur, if discharging
begins before the annular segments PCM was totally molten.
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Figure 20. Scheme of installation of a parabolic through power plant, with PCM storage
system [10]
On the other hand, results of other studies [26] indicate that in the charging process natural
convection has a dominant role, after a brief initial period of conduction dominated heat
transfer.
If we do a comparison between CLHS and molten salt 2 tank storage system, the
conclusions are [25]:




Using less quantity of salt, CLHS achieves the same storage capacity than 2 tanks
system.
A heat exchanger is necessary with CLHS, and HTF outlet temperatures would not be
as uniform as at a molten salt 2 tanks storage system.
Tanks storage system needs two additional pumps for molten salts, and also some
heat tracing to keep the salt liquid, what a CLHS would not need.

Figure 21. Behaviour differences between one PCM storage system and a 5 PCM storage
system with staged melting temperatures [2]
Although is demonstrated with tests the technical feasibility of this system, further
development of the concept was hindered because of the thermodynamic penalty of going
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from sensible heat to latent heat and back to sensible heat, complexity of the system and
uncertainty over the lifetime of PCM.
As conclusions, it is possible to affirm with CLHS there is a higher utilisation of PCM storage
capacities, and more uniform outlet temperature over time.
By the other side this system means a heavy increase of cost, due to a higher number of
storage tanks, heat transfer fluid and PCMs. And more, further PCMs need to be identified
which also offer a sufficient heat of fusion and a satisfying corrosiveness.

Passive storage system: PSA (Concrete)
Between 1991 and 1994, two concrete storage modules were tested at the storage test
facility at the Centre for Solar Energy and Hydrogen Research (ZSW) in Stuttgart. The
German Aerospace Centre (DLR) is examining the performance, durability and cost of using
solid thermal energy storage (TES) media in parabolic trough power plants. The system uses
the standard HTF in the solar field, which transfer his heat to droved through an array of
pipes system, imbedded in the solid storage media in Figure 22.
The main advantage of this approach is the low cost of the material, including a good contact
between the concrete and piping, and the heat transfer rates into and out of the solid medium.

Figure 22. View of high temperature concrete storage system [27]
These tests took place in the Plataforma Solar de Almeria (PSA) in Southern of Spain,
Ciemat and DLR performed initial testing that found both the castable ceramic and high
temperature concrete suitable for solid media, sensible heat storage systems. However, the
high temperature concrete is favoured because its lower costs, higher material strength and
easier handling (Figure 23). Moreover, there is no sign of degradation between the heat
exchanger pipes and storage material [28].
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Figure 23. Scheme of storage test plant in PSA [29]
Because of the modular nature of concrete storage, DLR has identified approaches that
allow the storage system to better integrate with the solar fields and power cycle. DLR is also
testing a new more optimized concrete storage module at the University of Stuttgart [30].
A test experience was done in 2004 at the Plataforma Solar de Almeria. The thermal energy
was provided by a parabolic trough loop with a maximum thermal power of 480 kW.
Temperatures of storage reached were about 390 ºC, with a range of 340-390 ºC.
The storage capacity for the ceramic storage unit is around 350 kWh, and the HTF was
mineral oil.
Two different storage materials were developed in this experience, castable ceramic (an
innovative storage material, based on a binder containing Al2O3) and a high temperature
concrete.
A tubular heat exchanger is integrated into the storage material. That means an increasing of
costs of heat exchanger, and in engineering.
Some conclusions of the experience were that both materials (concrete and castable
ceramic) are suitable to use like a solid media heat storage system. Consideration the results
in this moment, high temperature concrete seems a better solution, most of all thanks to its
lower cost, higher material strength and facility to handling. The effects of thermal load on
concrete in the case of the water was studied by Cerny et al. [31].
There was no degradation of heat transfer between the heat exchanger and storage material,
after approximately 60 cycles.
On the other side, castable ceramics has a storage capacity 20% higher and 35% higher
thermal conductivity than the high temperature concrete, and a good potential for cost
reduction [32, 32-34].
Could serve two both materials for oil as well as for DSG sensible heat portions (pre and
super heating).
Tube register design found to be the best




Heat transfer enhancement is important.
Material: concrete with quartz aggregates.
Fins and other structure not cost effective.

Table 2 shows the main characteristics of solid sensible heat materials used in the
experiments of DLR.
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A follow-up project was defined in order to transfer this to pre-commercial status for use in
solar power plants.

Table 2. Characteristics of castable ceramics and high temperature concrete at 350 ºC [34].
Passive storage system: experience at Solar One (thermocline)
Solar One power plant operated from 1982 to 1988 near Barstow, California. This solar plant
was provided with a central receiver system, and incorporates a thermal storage system that
could be used to buffer the effects of clouds, and avoid interruptions of electricity supply to
the grid. This TES was based on a one tank thermocline storage concept [35, 36], and
consisted in a one tank filled with rocks and sand, using oil as the HTF. Several banks of
exchangers allowed the heat to pass between the oil/rock storage tank and the steam cycles
used in the receiver and turbine. The TES system extended the electrical production
capability into the night.
The project met most of its technical objectives by demonstrating the feasibility of generating
power at 10MWe for eight hours a day near to summer solstice and four hours a day near to
winter solstice. The efficiency average from solar energy to electricity of the plant was about
16% [37].
At Solar Two trough, the use of molten salts was found to be a solution to these problems. A
consortium of enterprises led by Southern California Edison joined with US Department of
Energy (DOE) retrofit the solar One with molten salt heat transfer system [12]. This plant was
called Solar Two, and it was described in the chapter 0.
Hybrid storage media
The last mechanism of storage is the result of a combination of latent heat storage and
sensible heat storage systems, DLR – ZSW proposal for Solar Plant (hybrid system storage,
shown in Figure 24).
The first prototype of hybrid storage system, made in DLR Stuttgart in 1993, was 200 MWht,
and was designed for about 3 hours of charging and 1 hour of discharging process. The HTF
used was synthetic oil, and as storage materials used sodium nitrate (NaNO3, with melting
temperature of 310 ºC), concrete, and a mixture of NaOH/NaCl (with a melting point of 370
ºC).
The most innovative aspects of this concept was the possibility to improve the efficiency of
the storage systems, due to the combination of good thermal conductivity and reduced price
of concrete with a good storage characteristics of PCM.
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Figure 24. Scheme of the solar energy storage system proposed by DLR – ZSW [29]
This combination of storage systems opens the door to a new generation of possibilities of
storage concepts, as is described in the chapter 0.
Chemical storage: Australian National University pilot plant.
Based on the concept schematised below, Australian National University group (ANU) is
experimenting with a solar driven closed-loop system, operating on a paraboloidal dish
concentrator (Figure 25).

Figure 25. Scheme of installation of a parabolic through power plant, with chemical storage
system [10]
The experience developed by the ANU group consists in a dish of around 20 m2 of 15 kWsol
receiver reactor. With this experience, ANU group demonstrate the feasibility of this
technology, and the possibility to apply it in trough solar plants.
In addition, the use of ammonia like a solar thermal storage system has distinct advantages.
ADVANTAGES





Side reactions are not possible unwanted, making solar reactors very easy to control;
The endothermic reaction takes place at temperatures well suited to solar
concentrators [10];
Automatic phase separation of ammonia and hydrogen/nitrogen is provided, and can
use a common storage tank;
There is around 100 years of industrial experience with the Harber-Bosh process.
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DISADVANTAGES


Low level of development (until the moment, only laboratory scale experiences was
realized in ANU, with good results).

Other proposals
Innovate long term approaches using latent heat materials
In order to improve and overcome the disadvantages of every one of technologies described
below, several theoretical initiatives and lab-experiences was started. Majority of them are
focused to improve the DSG technology, because DSG pushes steam temperatures beyond
500 ºC, and parasitic power consumption is reduced significantly. And more, the DSG
installations improve the fossil backup efficiency [38].
In order to develop a new thermal energy storage system, competitive and adapted to DSG
solar plants with parabolic trough technology, the project DISTOR was started in 2004
February, in PSA. DISTOR project is organized in three consecutive phases:


Fundamentals: identification of requirements resulting from solar thermal application,
characterization of PCM, and development of first physical models.



Laboratory-scale test: Four different storage systems are manufactured and tested in
the laboratory, having a power of 5–10 kW.



A selected storage concept is connected to the DISS test facility at Almeria, Spain and
operated with steam provided by solar collectors.

Solar thermal systems, including DSG in the absorbers, require isothermal energy storage
systems. One option to fulfil this requirement is the application of phase change materials
(PCMs) to absorb or release energy. The implementation of cost-effective storage systems
demands the compensation of the low thermal heat conductivity that is characteristic for the
candidate materials for PCM. Solar steam generation for power plants requires latent heat
storage systems for a saturation temperature range between 200 °C and 320 °C (this range
of temperatures is valid for parabolic thought technology, but not enough to central receiver
plants).
Several solutions to store thermal energy with PCM in DSG solar plants were found. They
were classified according to the different concepts, as Figure 26 shows.

Figure 26. Classification of PCM-storage concepts investigated in the DISTOR project [39]
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Regarding efficiency, a fundamental demand for thermal storage is the minimization of
temperature differences between working fluid and storage medium. This requires isothermal
storage systems for the DSG-process. An obvious solution is the application of latent heat
storage materials. The selection of the latent heat storage material depends strongly on the
saturation temperature resulting from the pressure in the steam cycle; the evaporation
process with an operation range of 2-30 bar requires melting temperatures between 120 °C
and 230 °C.
Candidate materials for latent heat storage systems are salts. Although this approach has
often been suggested, only limited experience is available in this temperature range. Most
problems result from the low thermal conductivity of salts, particularly in the solid phase.
Two approaches are being developed to overcome these problems:
• Reduce the specific resistance for heat conduction in the PCM,
• Reduce the average distance for heat conduction within the storage material.
One of the proposals to overcome these problems consists in an internal arrangement,
where the HTF flows along a vessel and through the capsules of PCM/graphite composite
(Figure 27). In this case, the vessel is pressurized, reaching a high material volume
encapsulation.

Figure 27. Internal arrangement of PCM/graphite composite (source DLR Stuttgart).
External arrangement is characterized to low pressure storage and, on the side of production
process, a low material fabrication complexity.

Figure 28. External arrangement of PCM/graphite composite (source: DLR Stuttgart)
The higher mass specific price of graphite foil is more than balanced by low density and high
thermal conductivity. The investment costs for extended heat transfer structures made of
graphite foil are expected to be significantly lower than that for steel. Another significant
advantage of graphite foil is its good corrosion resistivity against nitrate salts, which are used
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as PCM (Figure 29). The corrosion behaviour of the storage material excludes the
application of aluminium, which would otherwise be attractive due to high thermal
conductivity and low density.

Figure 29. Experimental results of charging and discharging for configurations with different
thickness steel fins, and with graphite foils
An experimental lab-scale of graphite foil concept was tested by SGL. The HTF of this
prototype was synthetic oil, and the PCM has a melting point of 220 ºC. The power output
was 2 kW, and the storage unit could store about 10 kWh [40].
All these concepts can be applied in solar thermal power plants with a power range of 10 and
300 MW, and with temperature ranges between 250 ºC and 350 ºC.
In the initial phase of the DISTOR project, the macroencapsulation, the application of
composite material using graphite as an additional component, the integration of fins made of
graphite foil, and the use of an intermediate heat transfer medium have been identified as the
most promising concepts while others have been abandoned. The laboratory tests will
provide the basis for the identification of the concept showing the greatest potential for the
implementation of a cost-effective latent heat storage system. The selected concept will be
evaluated during further tests in a larger scale with steam provided by solar collectors [41].
On this way, DLR is scheduled to test different improved solutions of thermal energy storage,
all of them focused to DSG power plants.

Figure 30. Scheduled milestones into DISTOR project, in order to achieve improvements in
DSG technology
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Innovate long term approaches using sensible heat materials
Fluidised bed storage concept
A new concept of thermal energy storage system was developed in DLR in Stuttgart:
integrated receiver/storage system, using a fluidised bed storage concept. In this case, an
air-to-sand exchanger is installed in the receiver tower in order to minimize the losses. The
sand is fluidised into the exchanger, in order to passes the air through it. Air reaches very
high temperatures in the receiver, and that helping up to improve the efficiency and storage
rates of the plant (Figure 31).

Figure 31. Scheme of function of the fluidised bed integrated storage system [42].
At the present moment, this technology is still under developing, due to several problems
with sand filters in the fluidised bed.
Movable wall concept
This concept started with the aim to use one tank instead of two tanks concept (Figure 32).
The main advantage expected of this concept is a heavy reduction of investment due to a
fact that there is only a tank. The feasibility of the concept most be studied.

Figure 32. Scheme of one tank movable wall concept (source: [42]).
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OBSERVATIONS AND SUMMARY
Table 3 shows, as a summary, the different examples of technologies, and their main
characteristics.

Plant
configuration

Storage Concept
Passive system

Experiences / Projects
LS3 - SSPS - PSA, Spain

Year

Thermal
Capacity
[MWhth]

Total
Capacity
[MWe]

Operating
range temp
[ºC]

Anual
capacity
factor

HTF

TES Media

2004

0,48

n.a.

n.a.

n.a.

Mineral Oil

2008

1010
1010
880
(6-12h)

n.a.
50
n.a.

14,70%

Steam

High temperature
concrete vs. Catable
i
molten salt (60%NaNO3
+ 40%KNO3)

2009

n.a.

n.a.

n.a.

n.a

Steam

molten salts

project
(scheduled in
2010)
project
(scheduled in
2011)
1984 to 2001

(12h)

50

n.a.

n.a.

Synthetic Oil

molten salts

n.a.

280

n.a

n.a

n.a.

n.a.

115
120
120 (3h)

14

307 - n.a.
n.a.
307 - 240
316 - n.a.

n.a.

Mineral Oil
(CALORIA)

Mineral Oil (CALORIA)

n.a.

Mineral Oil (ESSO
500)

Mineral Oil (ESSO 500)

1981

0.5
-

1.2

180 - 290

n.a.

Mineral Oil
(Santotherm 55)

Mineral Oil (Santotherm
55)

project

n.a.

50

n.a.

n.a.

n.a.

n.a.

project

n.a.

50

n.a.

n.a.

n.a.

n.a.

1982 to 1988

182

10

304 - 224

16%

Steam

1996 to 1999
1995 to 1999

105
105
114 (3h)

10
10
n.a.

n.a.
565 - 275
565 - 290

19%

Mineral Oil + sand +
rocks
molten salt
molten nitrate

1983
1982

7
n.a.
12

340 - 220
n.a.
520

n.a.

1.2
1

steam
steam
steam (100 bar)

molten salts
molten salts (nitrate)
molten salts

1981
1981

2,7

0,5

n.a.

n.a.

molten salt
(liquid sodium)

molten salt (sodium)

1982
1984

40

2,5

450 - 250

n.a.

molten salt
(high technology)

molten salt
(high technology)

2007

15 (50min)

11

n.a.

n.a.

steam

steam - ceramic

2007

n.a.

20

n.a.

n.a.

steam

steam - ceramic

17
15

565 - 288
565 - 290

13,81%

molten salts
(NaNO3+KNO3)

molten salts
(NaNO3+KNO3)

345 - 295

n.a.

Synthetic oil

n.a.

n.a.

Synthetic oil

MgCl2 / KCl / NaCl; KOH;
KNO3; KNO3 / KCl;
NO
/
NaNO N/ Concrete

ammonia

NaOH/NaCl
ammonia

ammonia
ammonia
n.a

ammonia
ammonia
n.a

ANDASOL I Active Indirect
SENER/Cobra, Guadix,
system (Two-Tanks)
Spain
ANDASOL II Active Indirect
SENER/Cobra, Guadix,
system (Two-Tanks)
Spain
Active Indirect
EXTRESOL I system (Two-Tanks) SENER/Cobra
Trough Plant

n.a.

SOLANA, Phoenix, AR,
USA

Active Direct system SEGS I, Dagget, CA,
(Two-Tanks)
USA
Active Direct system SEGS II, Dagget, CA,
(Two-Tanks)
USA
Active Direct system
DCS, PSA Spain
(Two-Tanks)
n.a.
n.a.
Passive system
(Single Tank)
Two-Tanks Indirect

HELIOS I - Abengoa,
Ciudad Real
HELIOS II - Abengoa,
Ciudad Real
Solar One, Barstow, CA,
USA
Solar Two, Barstow, CA,
USA

Active Indirect
CESA I - PSA, Spain
system (Two-Tanks)
Active Indirect
Central Reciever
CERS - SSPS PSA, Spain
system (Two-Tanks)
Plant
Active Direct system THEMIS, Targasonne,
(Two-Tanks)
France
Passive storage
(Single tank)
Passive storage
(Single tank)

PS10 - Abengoa, Sevilla,
Spain
PS20 - Abengoa, Sevilla,
Spain

1985

2002 to 2007 588 (16h)
Active Direct system SOLAR TRES - PSA,
(Two-Tanks)
Spain (SENER)

PCM

Solar Dish

LUZ proposal for Solar
Plant

1990

Hybrid storage PCM- DLR-ZSW proposal for
sensible-PCM
Solar Plant
theoretical and
Ammonia
laboratory scale
Dissossiation/Sinthe
experiences
sy

1993

n.a.

1998

0,015

n.a

1
10
n.a

Cascade PCM
storage

Metal Oxid/Metal
(SnOx/Sn)

theoretical

30

875
n.a.

384
560
382
384

-

291
260
296
292

molten salt
molten nitrate
(40% KNO3 +

750 (20MPa)
13,94
19,14
n.a.

n.a

3

Table 3. Summary of different technologies and materials used in the solar power plants with
storage systems existing in the world
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Report “High temperature TES found within patents”

Vanessa Ho Kon Tiat, Elena Palomo, TREFLE, Bordeaux, France
Introduction
The purpose of this report is to gather the main evolution trends within patented latent heat
thermal energy storage system (LHTESS) concepts.
In order to guide the description of evolution trends, latent heat thermal energy storage
systems are considered as a global entity comprising units enabling it to complete the main
functions of absorbing and storing thermal energy (for storage) and release energy (for
discharge). These units are a heating unit (for the heat recovery), a heat transfer unit (that
transfers heat from the heating unit to the storage unit) and a latent heat storage unit (for the
heat storage). A command unit has also to be provided for the control of the entire system.
The surrounding environment of these systems has to be considered as the storage media
which is a phase change material (PCM), the heat transfer fluid (HTF), the sun, and the
environment, including the air but also the solar power plant. Figure 1 shows the technical
breakdown structure of a latent heat thermal energy storage system according to this
description. Interaction components, such as pumps and valves, are not displayed on this
breakdown structure.

Figure 1. Technical breakdown structure of latent heat thermal energy storage systems
All the patented or relevant concepts found are thus listed subsequently considering the
evolution trends of these units and using the usual classification of latent heat thermal energy
storage systems in the literature:


Bulk storage systems, comprising a single PCM container similar to a pressurized
vessel with an embedded or external heat exchanger for the HTF flow. In some bulk
storage systems, the HTF is in direct contact with the PCM and no heat exchanger is
needed.



Macro-encapsulation storage systems, where the PCM is also contained in a
pressurized vessel but its containment is segmented into several containers of small
size (from mm to few cm diameters). Several shapes can be used to improve heat
transfer between the PCM and the HTF that flows through the PCM containers.



Micro-encapsulation storage systems, where the PCM is encapsulated in several
microcapsules (from nm to µm diameters) that are dispersed in an aqueous solution
or a rigid wall (with an outer shell) or impregnated into a rigid highly conductive matrix.

Information concerning references, description, drawing and legal status (for some patents)
for all these concepts are given in appendix.
Bulk storage concepts.
Bulk storage concepts [EP0076884; EP0789214; EP0789215; WO0212814; WO0079202;
WO2007042621, WO2007141431, US7316262; WO2008009047; DISTOR proposals n° 2, 3,
4] refer to a containment of the PCM into pressurised vessel with the HTF in direct contact
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with the PCM (essentially in German patents) or flowing through an embedded or external
heat exchanger. These vessels can reach one cubic meter scale.
In patents n° EP0789214 and EP0789215, there is a direct contact between the PCM and a
compatible HTF having a lower density. The PCM is contained in a large pressurized vessel
and the HTF is injected from the bottom of the tank through the PCM. It is then recovered in
the upper part of the tank. Preferential crystallization areas are added so as to avoid
crystallization of the PCM on the HTF supply nozzles, as can be seen in figure 2. A similar
concept is displayed in patent n° WO0079202 for a safety system for storage of high
temperature waste heat. Several configurations are proposed. Among them, the use of three
materials in direct contact having different densities is found. A first material is used for the
heat recovery. Due to this heat, it will vaporize and transfer the heat to a second material
being the storage medium by passing through it. A third material is supposed to absorb heat
from the storage medium to a heat consuming unit.
Direct contact between the PCM and the HTF has been envisaged in other studies like in the
DISTOR project [DISTOR proposal n° 4], where a concept similar to a distillation column is
proposed, with Zn-Sn alloy as PCM and Dowtherm-A oil as HTF, but such processes require
time to search for compatible materials.

Preferential areas
for crystallization

Bulk

Injection nozzles of the HTF

Figure 2. Illustration of a preferred embodiment of patents n° EP0789214 and EP0789215

To avoid this problem, some other concepts were directed towards the use of an embedded
or external heat exchanger for the HTF flow, as shown in figure 3. Within these patents,
patent n° EP0079452 is very interesting, since it traduces an increase in dynamism that
improves the controllability of heat transfer between the HTF and the PCM. The storage
system is composed of two concentric tanks separated by a coiled heat exchanger, where
the HTF is flowing. The PCM is contained in the internal tank, and a dispersing agent having
a lower density than the PCM is used to absorb/release heat while flowing through it. It then
goes to the upper part of the internal tank where it is sucked up to the external one. By
contact with the coiled heat exchanger, this dispersing agent is condensed/vaporised, thus
releasing/absorbing heat from/to the HTF. The use of the dispersing agent thus improves the
heat transfer between the HTF in the coiled heat exchanger and the PCM in the internal tank.
In patent n° WO0212814, an alternative to the cascaded system can be found by the use of
two concentric tanks both containing a PCM but with different melting temperatures. The
inner tank comprises an embedded coiled heat exchanger for the HTF flow. The first PCM
thus exchanges heat with the HTF and with the second PCM.
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Bulk
Heat
exchang

Figure 3. Bulk storage concept with an embedded (left) or outer (right) heat exchanger
(WO0212814 / EP0079452)
All the previous concepts are suitable for PCM having an acceptable thermal conductivity,
like metallic PCM. But for PCM having a poor thermal conductivity, like salts, such concepts
have to be improved. In patent n° WO2007042621 and DISTOR proposal n°3, thermal
transfer is improved by the use of externally finned tubes as embedded heat exchanger.
Thermal transfer is greatly increased through the improvement of the PCM thermal
conductivity in patents n° WO2007141431, US7316262, WO2008009047 and DISTOR
proposal n° 2, where highly conductive particles are dispersed in the bulk PCM
[WO200800947] or by micro-encapsulation of the PCM in a rigid porous matrix made of
graphite. Figure 4 shows an example of a bulk storage concept with highly conductive PCM
by dispersion of highly conductive particles.

PCM with
dispersed highly
conductive
particles
Heat
exchanger

Figure 4. Bulk storage concept with an embedded heat exchanger and highly conductive
PCM (WO2008009047)
Macro-encapsulation storage concepts
Macro-encapsulation storage concepts [US4114600; US4220196; EP0076884; FR2539139;
FR2578314; FR2609536; WO9500808; FR2715719; FR2732453; WO9727264;
WO2004046632; US6889751; EP1734328; DISTOR proposal n°1; Maruoka03; Cui03] are
the mainly employed concepts. They refer to a segmentation of the encapsulation of the
PCM into several containers whose main dimensions range from few mm to 1 or 2 cm.
Several shapes and materials were used in order to improve heat transfer between the HTF
and the PCM.
64

IEA ECES Annex 19

FINAL REPORT

page 65 of 87

In patents n° US4114600, US4220196, FR2539139 and FR2609536, the PCM is contained
in flexible shell containers. The advantage of such flexible encapsulation is that mechanical
stresses are balanced by deformation of the preformed shape. Nevertheless, the use of
flexible materials cannot be considered for high temperature applications.
The evolution of shapes is explained by the need to increase the amount of encapsulated
PCM in a single container without reducing the heat transfer efficiency between the PCM and
the HTF. For this purpose, many concepts were directed towards packed beds. Evolution is
observed from rectangular packed beds [EP0076884] to spherical packed beds. Within
spherical packed bed, several ways have been used to deal with volume expansion during
melting. Use of flexible shell [FR2609536], use of partially filled capsules with rigid shell and
air pocket inside [WO9727264] or use of partially filled capsules with rigid envelope and
containing a compressible material to absorb volume expansion [FR2732453]. In this
concept, the exchange area is increased through forms in relief whose symmetry axis passes
through the centre of the capsule. The storage tank is furthermore optimized so as to
improve heat transfer.
In order to provide more efficient and compact heat exchange configuration, some other
concepts were directed towards use of corrugated plates [FR2578314, EP1734328] or tubes
[US6889751] that are welded together to form a block through which the HTF is flowing. In
patents n° FR2578314 and EP1734328, the corrugation of the exchange area increases the
heat transfer efficiency.
Other concepts were directed towards the improvement of heat transfer efficiency by
increasing dynamism. In patent n° WO9500808, dynamism is brought by the use of scrapers
inside tubes containing the PCM. In patent n° WO2004046632, dynamism is brought by
segmentation of the heat exchanger into a surrounding and an internal part containing
macro-encapsulated PCM into cylinders. The internal part comprises a heat transfer fluid and
is separated to the surrounding part by a gaseous cell.
More recently, a concept has been used in the DISTOR project [DISTOR proposal n°1]
where the PCM was encapsulated into tubes of 0.02 m diameter. Experiments showed that
this concept has low heat transfer efficiency, compared to the cost of the needed tubes.
As for the bulk storage concepts, the improvement of heat transfer efficiency was intended
by the improvement of the thermal conductivity of the PCM by dispersion of highly conductive
particles or micro-encapsulation of the PCM into a rigid highly conductive rigid matrix
[FR2715719]. Paper of Cui et al. [Cui03] proposes a way of integration of the storage system
on pipes, by the use of canisters for the PCM encapsulation that partially surrounds pipes
where the HTF is flowing. Figure 5 displays an overview of different types of containments for
macro-encapsulation storage concepts.

Flexible spherical
capsule
Corrugated welded plates

Rigid spherical capsule
having a centred
compressible material

Rigid rectangular case

Figure 5. Existing shapes of containments for PCM in macro-encapsulation storage concepts.
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Micro-encapsulation storage concepts
Micro-encapsulation storage concepts [FR2715719; US5709914; US20020083720;
FR2875432; FR2874933; WO2007082559; US7316262; WO2008009047; DISTOR
proposals n°1 and 2] appeared more recently. They correspond to an evolution of the
encapsulation technology. These concepts gather two kinds of micro-encapsulation.
The first one refers to encapsulation of the PCM into capsules of small diameter (from nm to
µm) that can be of flexible or rigid shell. The capsules are then dispersed in an aqueous
solution to form slurries [US20020083720] or in a solid wall [WO2007082559], usually for
buildings applications. The second one refers to micro-encapsulation of the PCM in a rigid
porous highly conductive matrix by impregnation, dispersion, compression of powders or else
[US7316262, FR2715719, US7316262; WO2008009047, DISTOR proposals n°1 & 2]. These
three kinds of micro-encapsulation are shown in figures 6a, 6b and 6c, respectively.
In patent n° US7316262, experiments run on embedded paraffin in a rigid porous matrix of
graphite show that melting and crystallization in such matrix are made without particular
preferential direction (no melting/crystallization front at the macro-scale). This result is really
interesting for systems having a very short charging/discharging time.
In patents n° FR2875432 and FR2874933, the PCM is previously encapsulated into partially
or totally metallized polymeric capsules before being impregnated in the rigid porous matrix,
in order to increase the thermal conductivity of the resulting coating.

(a)

(b)

(c)

Figure 6. Micro-encapsulated PCM into slurry (a), solid wall (b) or by impregnation in a
porous matrix (c)
Summary of existing technologies
The previous patent analysis of existing concepts has shown an evolution trend of existing
LHTESS, particularly concerning the storage and transfer units, that is summarized in figure
7.
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Existing LHTESS

Macro-encapsulation
storage

Bulk storage

Micro-encapsulation
storage

Figure 7. Evolution of the storage and transfer units in LHTESS
The great majority of concepts is based on a forced circulation of the HTF in an embedded or
external heat exchanger. The evolution of these systems is essentially linked to those of
interaction components (pumps). A minority - namely within German patents - works on
natural convection between the HTF and the PCM (Bulk concepts with direct contact).
Evolution of these systems is therefore primarily related to the materials themselves.
Evolution of micro-encapsulation into slurries is directed towards the search of new materials
for the encapsulation that exhibits greater shelf life and to the improvement of thermal
transfer between the aqueous solution and the microcapsules. The use of mixed hydrate
clathrate could be seen as an example evolution of micro-encapsulation. But such solutions
are devoted to refrigeration applications.
The following table suggests a balance between assets and drawbacks for each
classification concept, based on state of the art and patent analysis.
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Table 1. Assets and drawbacks of the existing concepts of existing latent heat thermal
energy storage systems
ASSETS

DRAWBACKS

Bulk Storage Concepts - Direct contact
. High heat transfer efficiency (no wall)
. Easy manufacturing
. Pressure-less storage

. Need of compatible fluids
. Draining of PCM for cleaning
. Reduction of efficiency for low thermal
conductivity
Bulk Storage Concepts - With heat exchanger
. No contact between fluids
. Draining of PCM for cleaning
. Easy manufacturing
. Melting/crystallization front reduces efficiency
. Pressure-less storage
Macro-encapsulation Storage Concepts
. High encapsulation material volume (costs)
. No contact between fluids
. Difficult sealing
. Easy cleaning
. Pressurized storage of the PCM
. Control of pressure losses
. Reliable technology for low temperature
Micro-encapsulation Storage Concepts (into capsules)
. High heat exchange area to volume ratio
. Reduced service life
. Usable in common apparatuses (slurries)
. High encapsulation material volume (costs)
Micro-encapsulation Storage Concepts ( in a rigid matrix or dispersed particles)
. Improved thermal conductivity with limited
. Possible loss of PCM during melting
impact on storage capacity
(matrix)
. No melting/crystallization front
. Increased cost of storage media (material for
. Pressure-less storage
the matrix)
Considering this balance, macro-encapsulation storage or bulk storage with an embedded
heat exchanger concepts with a microencapsulated PCM in a rigid highly conductive porous
matrix seem to be the most promising concepts to be used, from economical and technical
points of view.
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Technical and economic potential

5.1
Potential of energy and CO2 savings due to the use of thermal energy
storage for Spain and Europe
P. Arce, M. Medrano, L.F. Cabeza, University of Lleida, Spain
The University of Lleida (Spain) has done a report on the “Potential of energy and CO2
savings due to the use of thermal energy storage” for Spain and Europe1. The main objective
of this report was to determine what sort of influence TES systems may have on energy
efficiency and environmental matters. The study is performed for buildings and industry
applications, being these last ones of interest here. Therefore, a summary of this report is
presented here.
The cases studied for the industry sector of interest here were micro-cogeneration, industry
waste heat storage, and concentrated solar power storage. In order to put figures in the TES
potential, three parameters were evaluated for each case: thermal load reduction,
thermal/electrical energy savings, and CO2 emissions reduction.
Cogeneration
In Spain, cogeneration systems are used mainly in the industry sector. The industry sector
includes food, agricultural, and tobacco industries; textile, clothing, and leather industries;
paper and cardboard, edition and printing; metallic and derivatives, equipment and
machinery manufacture; chemical industry; non-ferrous minerals production; non-metallic
minerals industry and other products manufacture; iron and steel industry; refineries, coking;
solid fuels extraction; transport and communications; services; other industrial branches.
According to the most recent and complete available data, in 2006 there were 656
cogeneration installations in Spain with an installed power of 5,943.38 MW, and with an
average size of cogeneration installations of 8.7 to 9.1 MW.
Therefore, the following assumptions were made:


It is known that, roughly, cogeneration is likely to be suitable where there is a fairly
constant heat demand for at least 4,500 hours/year.



The amount of cogeneration implementation is expected to be 5%.



The storage utilization factor was estimated as 15%.

Table 1 shows the energy storage potential for Spain due to storage implementation in
cogeneration systems.
Table 1. Thermal energy storage potential for Spain in cogeneration systems

Industry

Total
building
stock [-]

Amount of
cogeneration
implementation
[%]

Total
potential
of load
reduction
[MW]

Storage
utilization
factor [%]

Total
potential
of waste
heat
utilization
[GWh/yr]

Yearly
CO2
emissions
reductions
[ton
CO2/yr]

13,926

5

9,354

15

6,314

1,582,403

Industrial waste heat

1

P. Arce, M. Medrano, L.F. Cabeza, Potential of energy and CO2 savings due to the use of thermal
energy storage, 2010.
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This category includes power stations, industry, and transport & diverse uses. The estimated
storage utilization factor and load reduction factor were 3% and 5%, respectively. Table 2
shows the calculated storage potential for industrial waste heat in Spain and Table 3 for
Europe.
Table 2. Thermal energy storage potential for Spain due to industrial waste heat
recovery
Total
heating
capacity
[GW]

Power
stations
Industry 255
Transport 494
& diverse
uses
Total

Yearly
Final energy
full
consumption
operation [GW/yr]
hours
[hrs/yr]

Energy
conversion
losses
[GW/yr]

Load
Total
Storage
reduction potential utilization
factor
of lead
factor [%]
[%]
reduction
[MW]

Total
potential
of waste
heat
utilization
[GWh/yr]
390

97,674

12,731
24,688

21,388
41,475

5,360,115
10,394,359

37,418

63,253

15,852,147

12,991
1,680
1,680

3

427,755
829,505

5
5

Yearly CO2
emissions
reduction
[ton CO2/yr]

Table 3. Thermal energy storage potential for Europe due to industrial waste heat
recovery
Final energy
Yearly
consumption
full
operation [GW/yr]
hours
[hrs/yr]
Power
stations
Industry
1,760
Transport 1,760
& diverse
uses
Total

Energy
conversion
losses
[GW/yr]

Total
potential
of waste
heat
utilization
[GWh/yr]
3,984

Yearly CO2
emissions
reduction
[ton CO2/yr]

107,843
268,265

189,803
472,146

54,756,657
136,209,930

376,107

665,933

192,116,066

Total
potential
of lead
reduction
[MW]

132,815
3,796,069
9,442,912

1,149,479

Concentrated solar power
In Spain, nowadays there are seven operational plants with a total installed capacity of 197.4
MWe, and ten in Europe (located in four countries, Spain, Italy, France and Germany). Most
of these plants have a nominal power capacity of 50 MWe, therefore this capacity was
chosen as reference. Table 3 presents the concentrated solar power TES potential.

Spain
Europe

Nominal power
[MWe]

Yearly storage
operating hours
[h]

Generated
electric energy
[GWhe/yr]

77
96

1,892
2,164

146
208

84

Yearly CO2
emissions
reduction [ton
CO2/yr]
95,040
98,875
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5.2
Techno-economic potential of high temperature thermal energy storage
implementation in the German industry sector
R. Tamme, DLR, German Aerospace Center, Germany
The final energy consumption in Germany can be derived from several resources. A sound
basis is the pattern of energy consumption in Germany, reported yearly by the
“Arbeitsgemeinschaft Energiebilanzen”. The latest figures are available for 2006. This
information was already presented by Rolf Stricker @ ExCo meeting, May 2008, in Bordeaux.
Actual studies from FHG-ISI and DLR are using similar figures and providing additional
information about the structure of the energy consumption in the industry.

Pattern of energy consumption in Germany 2006

MtSKE

GWh

497,8

4.050.000

Industry

89

725.000

Mobility

90

730.000

Private households

91,3

740.000

Trade & services

48,9

400.000

Total final energy
consumption

A detailed breakdown into the categories lightning, mechanical energy, space heating and
process heat (FGH-ISI 2008, DLR 2008) shows:




industry uses about 30% of the German end energy
process heat is the dominant form of energy
five sectors require 60% of industrial end energy.

Detailed analysis of end energy user in Germany
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Several scenarios have investigated how to achieve the national target to save 20% until
2020. Form the scenarios it can be derived that approximately 25% of the industrial energy
consumption (2006) may be saved by 2030. The measures to meet this target are:





to use less materials by increased material/resources efficiency
to increase efficiency of electrical components
to reduce heat supply by improved heat management, waste heat recovery and
storage
innovative process design

Energy saving potential in German industry
From these studies the following table can be derived. The table shows the potential to install
about 600 heat storage units of 1 MWh thermal capacity for the time period 2009 to 2015.
This assessment was derived from a very conservative approach:
Approximately 40 % of the estimated saving potential in the industrial process heat sector
can be realised by improved thermal management, waste heat recovery and heat storage,
thereof heat storage measures account for 20 % of these savings.
Reference
2006
End energy use industrial process
heat

Proposed for
2015

2020

2030

12 %
440.000
GWh/a

17,5 %
410.000
GWh/a

25 %
375.000
GWh/a

4,5 %
22 GWh/a

6,5 %
34 GWh/a

9,5 %
48 GWh/a

4.4 GWh/a

6.8 GWh/a

9.6 GWh/a

4400

6800

9600

For 2009-2015
period

For 2015-2020
period

For 2020-2030
period

500.000
GWh/a

Estimated reduction by all
measures
savings achieved by improved
heat management, waste heat
recovery and storage
Thereof 20% achievable by heat
storage measures
Corresponding to new installed
heat storage units of 1 MWh
capacity each
Yearly installation rate of 1
MWh storage units

600 per year 500 per year 300 per year
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