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1. INTRODUCTION

The purpose of this white paper is to outline tm@wledge of the compatibility of the
storage materials and structural materials for Sig&em. The main objective of this White
Paper is to establish the critical issues requiattgntion on materials compatibility and also
the critical unknowns and research needs. The paifidirst provide an introduction of the
information regarding structural materials with t8elar Molten Salt based on corrosion
studies, but also the lessons learned on the coomh@SP plants.

There are various ways to describe and classify Matrials and systems. Most commonly
three types of TES systems are distinguished [B20&2]:

- Sensible heat storage results in an increase oreaee of the storage material
temperature; stored energy is proportional to graperature difference of the used
materials. The major sensible heat storage types ar

o Solids
o Liquids
o0 Mixed systems with solids and liquids

- Latent heat storage is connected with a phaseftramsation of the storage materials
(phase change materials, PCM), typically changimrtphysical phase from solid to
liquid and vice versa. The phase change is alwaypled with the absorption or release
of heat and occurs at a constant temperature. Tieifieat added or released cannot be
sensed and appears to be latent. Stored energpigatent to the heat (enthalpy) for
melting and freezing.

- Thermochemical heat storage is based on reverffilglenochemical reactions. The
energy is stored in the form of chemical compowrésited by an endothermic reaction
and is recovered again by recombining the compoim@ds exothermic reaction. The
heat stored and released is equivalent to the(bettalpy) of reaction.

The main emphasis of this document is on molten sampatibility with structural
materials. In addition, the chapter Future Develepts focuses on other concepts:

- Sensible heat storage with mixed systems of salis liquids: Filler materials
like natural rocks in direct contact with moltertt sa

- Sensible heat storage with mixed systems of saludkliquids: Concrete in direct
contact with molten salt

- Sensible heat storage in liquids: alternative nmodtgit mixtures

- Sensible heat storage in liquids: liquid metal

- Latent heat storage: metallic phase change mat€Rr&lMs)

DELIVERABLE 7.4 5
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2. STRUCTURAL MATERIALS/SOLAR MOLTEN SALTS
COMPATIBILITY

2.1. Introduction and molten salt background

The following table lists anhydrous salts togethath important thermal properties for
sensible and latent heat storage systems. Thes$ge & mainly minimum melting
temperature mixtures in order to adjust the phalange material (PCM) melting
temperature or to lower the melting temperature Hai= applications and sensible heat
storage systems. Table 1 presents only a brie¢tsmheof characteristic salts and many more
can be found in literature. The lower and uppeitinf molten salt utilization are defined
by the melting temperature (or liquidus) Tm and ite@ximum operation temperature,.k
The value of Tax is determined by factors such as a thermal decsitiquo process, a high
vapour pressure or a high corrosion rate of thecgiral material.

Table 1. Properties of selected anhydrous inorgangalts and salt mixtures for TES
and HTF applications sorted by anion and melting tenperature.

Salt system (composition in wt.%) T, T oo H c G
[’Cl  ['Cl  WBg1 WPg'KT  [gem?]  [Jen’KT

LiNOg'Ca(NQ)z'NaNOZ'KNOQ
(24.6-13.6-16.8-45) CaLiNaK-NO23

KNO3-LiINO3s-NaNG; (52-30-18)
LiNaK-Nitrate

Ca(NO),-KNOs-NaNOQ; (42-43-15)

75 400 N/A 1.65 1.82 3.00

120 435540 N/A  1.60 1.78 2.85

140 460-500 N/A 143 1.91 2.73

HitecXL

fl'i\t'inaNoz'NaNos (O3-40-7) 142 450540 60 184 179 2.76
LiNO3-NaNQ; (49-51) 194 N/A 265 185 1.77 3.27
KNO3-NaNOsey) (54-46) 222 ~550 101 152 184 2.80
KNOs-NaNQ; (40-60) Solar Salt 240 530-565 113 1.55 1.84 2.85
NaNO; 306 520 178 1.66 1.85 3.07
K,COs-Li,COs-NapCO5 (35-32-33) 397 >650 273 185 1.98 3.66
KCI-LiCl (55-45) 355 >700 236 1.20 1.65 1.98
KCI-MgCl, (61-39) 426 >700 355 115 192 227
NaF-NaBf (3-97) 385 700 N/A 15T 175  2.65
KF- ZrF; (32-68) 390 >700 NA 1.05 280 2.94
KF-LiF-NaF (59-29-12) 454 >700 400 189 2.0  3.87

# Approximate liquidus temperature; * values at 4G9 * values at 700 °C
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For PCM applications, the specific material investincosts (e.g., € kWi are determined
by the PCM costs (e.g., € Kgand the melting enthalpy H (e.g., J%gHence, PCMs
should have low material costs and high meltinghaipies. For sensible heat storage,
specific material investment costs (e.g., € kivare determined by the material costs (e.g.,
€ kgh), the heat capacity pcand the temperature difference between charging an
discharging T. The specific volumetric heat capacity is theduat of the density and the
heat capacity £ The product c, is an important characteristic value for heatsfanfluids
(HTFs) and it determines the size of a sensiblé $teaage system. The volumetric energy
density ¢, varies typically from 2.0 J crK™ to 3.8 J critf K™ (see table). [Bauer 2013a]
[Bauer 2016 D7.1].

Anions can be classified into the groups of nisateitrate/nitrite mixtures, carbonates,
chlorides and fluorides (see Table 1). For CSResiithe-art TES fluids consist of alkali
metal nitrate salt mixtures. There is some laboyatmd prototype experience with other
nitrate and nitrite mixtures (e.g. Hitec, HitecXLJSP experience with other anhydrous
oxyanion salts (e.g., carbonates) and halogen &algs, fluorides, chlorides) is currently
mainly limited to theoretical studies and laborgtoreasurements. In future, the utilization
of nitrate salts could be restricted by their tha&rmatability limits, if higher operation
temperatures are required. For applications ateniggmperatures, salts with other anions,
such as carbonates, chlorides and fluorides asnpal candidates.

The remainder of this chapter considers the sthtbesart nitrate salts. For sensible heat
storage in CSP plants, almost exclusively a noeatiat molten salt mixture with 60wt%
sodium nitrate (NaNg) and 40wt% potassium nitrate (KN)Qs utilized. This mixture is
usually known asSolar Salt” with an increased amount of the NaN®aNG; is typically
cheaper and has a higher heat capacity comparn€ti@. The non-eutectic mixture has a
liquidus temperature of about 240 °C and the thestadility limit is about 550 °C.

Figure 1 shows a simplified scheme of the moltdhaaons and cations in the melt [Bauer
2013a][Federsel 2015][Nissen 1983]. For molten shkmistry the anionic reactions are
relevant. Different reactions may occur within thelt and due to interaction of the molten
salt with the atmosphere and the structural madt@zig. steel):

- Salt conversion or decomposition with gas releasg. (formation of nitrite with
oxygen release, formation of oxides with nitrogemitrogen oxide release)

- Absorption of gases and formation of anionic spedie.g. CQ absorption with
carbonate formation, moisture absorption with hydte formation)

- Dissolution of metallic elements from structural texaals in molten salt (e.g.
chromium in steel with chromate formation in theltine

DELIVERABLE 7.4 7



Figure 1. Scheme of interaction of molten salt am® with structural materials (e.g., steel)
and atmosphere

Figure 2 shows the corrosion system with a strattoraterial (e.g., steel), molten salt as
attacking medium (environment) and in some casedgiadal stresses. It can be seen that
there are several parameters for the structuratnmbiand the molten salt which affect the
corrosion system.

Environment
*Salt Mixture

Material

Steel Type *Temperature
*Surface Finishing *Atmosphere
*Processing *Salt Stability

*Corrosion Potential
¢Impurities

*Chem. Composition

Corrosion Fatigue

Stress
*Mechanical Stresses
*Thermal Stresses
*Residual Stresses

Figure 2. Schematic drawing of the corrosion system

The major metallic structural materials for SolaltSare low-alloyed carbon steel and
stainless Cr-Ni steel (with and without alloying@®lents such as Mo, Nb, Ti).

It is known that corrosion rates increase for highgpurity levels of dissolved chloride and
oxide species in the molten salt [Federsel 2015].

For reliable long-term application and in particuéd high temperatures (e.g., >500 °C),
there is still a lack of knowledge about steel asiwn mechanisms in nitrate melts. Research
aspects of the corrosion system include:
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- Type and stability of protective oxide layers omustural materials
- Impact of stresses on the corrosion system
- Impact of molten salt flow on corrosion system
- Impact of molten salt chemistry on corrosion
Type of salt mixture (e.g. ternary salt mixtures)
Impurity level (e.g. chloride, oxide)
- Interaction between molten salt and metallic stmait materials (e.g. chromium
dissolution with chromate formation in the melt)
- Coatings for metallic structural materials to mir@encorrosion.

2.2. Corrosion testing in molten salts

This section focuses on the corrosion testing clemgig different aspects like: type of
corrosion tests and its methodology, the most ingmbrparameters for testing and the
interpretation of test results in order to evalubhtestructural material degradation.

The goal of the laboratory corrosion tests undautated operating conditions is to identify
and to understand the contributions of the differeariables; to quantify the extent of
corrosion and to make predictions of plant compotemaviour. Information regarding to
type of degradation, corrosion kinetic law or impas effect is relevant for the design, the
operation and the maintenance strategy of the G&Rsp One of the main objectives is to
optimize the couple structural material/qualityratge material taking into account the total
cost of the system.

In order to select the best type of corrosion gsidhe most important aspect is the type of
corrosion that will be studied. There are two megsras of materials corrosion in molten
salts: the metal dissolution of the material cdustits and the oxidation of the metal to ions.
The last one is the main degradation mechanismitanduses the uniform corrosion of
materials in molten salts like nitrate mixtures.almy case, both processes can be mitigated
by the formation and stability of protective oxidgers.

Corrosion tests have to simulate as close as pedbib operating conditions of CSP plants,
with different maximum operating temperatures. €kaluation of the uniform corrosion is
mainly performed by means of weight measurementh@fspecimens immersed on the
environmental during certain testing times andehesdues are converted to corrosion rates,
expressed as weight or thickness loss per uniintd {considering the alloy density) with
different units like mdd, mm/year om/year [ASTM G31].

Furthermore the evolution of the corrosion ratesdiffierent time intervals allows the
determination of the kinetic law (Figure 3). Conowsrates follow parabolic or logarithmic
laws when the oxide material is protective or &dinlaw when the material is continuously
dissolved. Usually, the corrodibility of the matdriduring the test may decrease as a
function of time because the material is oxidizeda the formation of protective scale and
the parabolic law is obtained. In this case, theise life of the component can be estimated
on the basis of the corrosion kinetic law. The taraof test is a key factor in order to
evaluate it with enough accuracy and it dependfhiematerial and molten salt couple.
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Figure 3. Kinetic laws of uniform corrosion as furion of depth of attack

Allowable corrosion rates are different for eaclpetyof material, equipment or design
lifetime. Extra-thickness of the component can@eased to consider thickness losses by
corrosion named as “corrosion allowance” in order assure the service life of the
component. This value, based on corrosion testdtseslepends on the engineering design
and it is different for each material applicatidrtlee different equipment.

2.2.1.Methodology of corrosion tests

Different methodologies of corrosion laboratoriests can be selected depending on the
type of corrosion or the different parameters tetuelied:

- Immersion corrosion tests under static conditions

The most widespread corrosion results of the liteea data are related to immersion
corrosion tests on isothermal conditions. A statirosion test is usually used for screening
and it is especially interesting for comparing miate, salts or other variables that can
influence the corrosion behaviour.

Static immersion tests are performed in furnaceautoclaves which operate at controlled
temperature and gas atmosphere, for long exposnee[ASTM G31] [ISO 17245]. At the
end of the specimen immersion, material corrossoevialuated by weight measurements to
determine both weight gain, due to the incorporatibthe oxygen into the oxide layers, and
weight loss after the removal of oxide layer anda@sion products.

- Immersion corrosion tests under dynamic conditions

In order to complete the information, it is desleato perform experiments under isothermal
conditions and flowing molten salts, in particulehere storage materials to be flowed
inside the pipelines. Corrosion rates can be styoimfluenced by the fluid velocity when
oxide layers are not enough protective.

Corrosion studies may be conducted in thermal ociiore or forced convection loops.
According to ENEA experience, gathered during magterimental campaigns prevalently
carried out at MOSE facility, which is a moltentsatecirculating system, the following
conditions for specimens and thermal fluids aresatered appropriate:
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Specimen dimensions:

- Height: around 50 mm

- Width: around 25 mm

- Thickness: around 3 mm
- At least two molten thermal fluid velocities arelte applied: 0.25 (m/s) and 1 (m/s).
- At least one temperature as near as possible thénmal stability limit of the fluid:
- Not below 550 °C for the solar salt, as an instafd@mperature(s) should be the

same of the one(s) used for static corrosion tests.

- A contact time: From 2000 to 8000 hours (at le@§t02h to obtain reliable results of
lifetime extrapolation)

Usually the corrosion tests in molten salts redating loops apply fluid velocities up to 1
m/s. However higher velocities up to 3m/s are déderto simulate the operating conditions
of some components of the commercial plant. In tizete, it is also possible to perform
dynamic tests by using a rotating system which &e¢ke specimens or the molten salt under
movement at high velocities values. With this mdthogy, it is necessary to avoid the
occurrence of cavitation phenomena at the interb@te@een molten salts and materials.

- Thermal cycling tests

Thermal cycling tests consist of an intermitteniriersion which simulates the effects of the
rise and fall of liquid and the wet of the moltatrates [Bradshaw 2001]. The primary effect
of thermal cycling is to damage protective surféaygers via mechanical stresses arising
from mismatched thermal expansion coefficients ketwthe surface scale and the alloy.

Literature data are present for these experimeh&sevtemperature was varied, according to
realistic applications from about 300 °C to 550(80nsidering the solar salt). Hence those
literature indications are to be followed for euglttests of that kind.

- Stress Corrosion Cracking tests

Stress corrosion cracking (SCC) is a localizedagion due to the formation of cracks for
the simultaneous presence of a susceptible mataggressive environment and a stress
level over a threshold value. Most tests have @esing nature in order to discard the SCC
susceptibility of the alloys and its weldments itrate molten salts. SCC susceptibility can
be studied with immersion corrosion of stressectispens like: C-ring [ASTM G38] for
tubes, U-bend [ASTM G30] and Bent Beam Specimer&Ip4 G39] for plates.

Other susceptibility tests, like Slow strain raests (SSRT), implies the application of
external load usually in Constant Extension Rat&tS€CERT) with low displacement rate.
SSRT is usually performed until the rupture of smen and the susceptibility is determined
by a ductility loss comparing with inert environntenFracture surface examination is
necessary to detect the intergranular facets ofridieks due to SCC.
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2.2.2.Parameters to be controlled

For proper planning of the test and interpretatibmesults, the specific influences of the
following variables must be carefully considered:

» Temperature The temperature should be controlled especiallythe case of static
corrosion tests in furnaces or autoclaves. Usualy different baseline operating
temperature ranges of CSP commercial plants atexite390 °C and 560 °C.

» Gas atmosphere Different gas atmosphere must be used dependmgthe CSP
technology. Inert gas is used when operating camditof parabolic trough plant are
simulated or nitrate and nitrite mixture salt istésl.

* Testing timeCorrosion tests must carried out at least durl@Ozhours to define accurate
corrosion rates. Long exposure tests, with interatedstops and higher testing times
(5000 or 7000 h), are necessary to determine fteliabrrosion rates and to define a
reliable parabolic kinetic law.

» Chemical composition of molten salf®he purity/quality of molten salts is a key aspect
regarding the formation of a protective oxide layespecially the chloride concentration.
A study on the chemical evolution of the saltslsbanecessary with the chemical analyses
of abovementioned anions (Figure 1).

» Specimen surfaceCorrosion tests may be performed with a laboyagurface finishing
(abrasives with mean patrticle of 1B) or same material product of the component studie
(tubes or plates) with the finished surface foundservice. In the last case, a previous
study of the initial surface defects must be daneualuate their evolution. Usually the
choice of material tested depends on the reseaychmiangineering purposes of the study.

* Ratio of structural material surface/molten saltdumecan influence the corrosion results
especially when the solubility of metals alloy ligkromium can be produced.

» Shape and size of the specimeas vary depending on the material and product.typ
Specimens may be flat, disc, tube ring and soneperding on the material type (plate,
bar or tube). In any case it is necessary accunasurements of initial and final weight
and dimensions of specimens.

» Specimen typeOther aspects like the effect of weld procedureyice (metal surface is
partially blocked from the corroding liquid withnsulate occluded sites) or SCC can be
studied with the proper type of specimens.

2.2.3.Critical issues on corrosion results

For proper interpretation of testing results theowvamentioned key factors must be
simulated as close as possible to the operating ptanditions. In addition, corrosion results
are usually based on corrosion rates but firstlysitnecessary to study the corrosion
processes like uniform corrosion, localized attalgdscaling, thickness of the oxidation layer
and so on, by means of microscopic examinationdalpdr scanning electron microscopy).

Only if no localized attack is detected, (like iitf, dealloying or intergranular attack),

corrosion results based on gravimetric measurensatseliable and accurate. Gain weight
measurements (oxide layer formation) can be usadféo corrosion rates only when the

adherence of oxide layers is proved and high degral spalling process are discarded.
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Corrosion rates based on the weight loss must e a@ely evaluated and the procedure for
removing corrosion products and oxide layers must darefully selected for each
material/environment. Cleaning procedure may besddremical, electrolytic or mechanical
depending on the properties of oxide layers. Amaligerocedure should assure that the
cleaning removes the whole oxide layer formed witraissolution of the metal elements or
other attack. A good practice is to check it by nseaf the cleaning blank specimens.

When a high material oxidation is occurred, optit&asurement of the remained thickness
of abovementioned metallographic specimens maydeel @0 quantify the corrosion rate
based on the depth of attack and to compare it @athosion rate determined by mass loss.
Also, thickness measurement of the oxide layeratieternay be useful to compare material
behaviour on screening tests.

Other post-test examination techniques may prowadeitional information to study the
corrosion process like chemical composition of eXayers and molten salt. Corrosion scale
analyses can be performed using different techsigidepending on the thickness and nature
of oxide layers: SEM EDX, Auger Electron SpectrgsgoElectron Spectroscopy for
Chemical Analysis, and so on.

Finally, chemical analyses of the molten salts&trmediate stops are very useful to study
the chemical composition changes like nitrite fotiorg due to the thermal degradation, or
the solubility of metal element like chromium.

Therefore, corrosion studies are necessary whennmelten salt mixtures are developed or
a temperature increase is searching for TES syshieraddition, the final choice of the

couple structural/storage material must be assesdtddcorrosion tests and taking into
account the total cost of the TES system.

2.3. Corrosion results in nitrate molten salts

The operating temperature is often the primary iclemation regarding the selection of
material for a specific component. Corrosion steided TES have demonstrated some
behaviour differences between structural mateaals the following range of temperature
are accepted:

- Carbon steels: at temperature below 400°C

- Carbon steels with chromium and molybdenum up @G0

- Stainless steels or nickel base alloys at the Bigieenperature.

Carbon steels are the first candidate for the caomapts of the TES system when the
operation temperature allows its use due to itsekiwcost. Corrosion studies have
demonstrated that the metal loss rate of theserialatare acceptable for tank construction
although depends strongly on the temperature andah quality, especially on the chloride
content. These materials are protected againsbrami€orrosion in molten salts due to the
formation of pseudo-protective iron oxide layer.
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At low temperatures corrosion rates of A36 carbteels measured by metal losses, are
around 1- #m/year tested at 316°C in air [Goods 1994]. Thisasion rate increase at
operating condition with inert gas and high tempeea Corrosion rate of carbon steel under
real operating condition is detailed in the follagisection of this deliverable.

At elevated temperatures, nitrate ions decomposg@aggirise to nitrite ions and oxygen.
These strong oxidizing species combined with higierating temperatures plus salt
impurities generate propitious conditions for cerom acceleration of stainless steels (SS).
In this context, it is crucial to evaluate the osion resistance and lifetime of stainless
steels to optimize the material selection sincé fladure could lead to severe damage of the
CSP plants operation.

Due to the high operating temperature, austenimiess steels have been identified as
especially suitable materials in the storage syqauer 2013b] [Dorcheh 2016] [Goods
2004]. Low alloy steels often reveal insufficierdrmsion behaviour [Fernandez 2012].
From the literature, the Solar Salt is compatiblthv@16, 304 and 347 austenitic stainless
steels, with metal losses less which vary betwdwm t4-15 m/year [Pacheco 2002b]
[Goods 1994]. Additionally, corrosion studies hal®wn that AISI 347 and AISI 321 had
very little oxidation for 400 and 500 °C, being tbarosion rates of AISI 347 consistently
lower in comparison to AISI 321 by 40-50% at tengperes of 600°C and below
[Kruizenga 2014]. Most of the tests available ire tliterature are conducted as static
immersion tests in liquid molten salt over a cerfaeriod of time.

The long-term corrosion tests of AISI 321 SS ineortb evaluate the corrosion process at
550 °C, are presented. This information will bectaiifor predicting the service life of AISI
321 which could be assumed as a good candidateofwstruction of the hot container in
two-tank systems as well as the hot salt pipeljihesore 2010].

Figure 4 shows corrosion curves of different steéela 60 wt.% NaN@ and 40 wt.% of
KNO3 salt mixture at temperatures from 500 to 565 °Qnitustrial grade (“ind”) and

refined grade (“ref”) salt.
400
300 |
200 |
100 |

—»— T91 ind 500°C -~
--4-- T91 ref 500°C ]
—=—T91 ind 565°C ]
F-x-- 437 Nb ind 565°C 4
—+—437 Nb ref 565°C .
Sanicro 25 ind 565°C|
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Figure 4. Weight gain over time in a immersion tdst different temperatures in a 60
wt.% NaNQ and 40 wt.% KN@salt mixture; “ind” indicates industrial grade saland
“ref” refined grade salt. No descaling method wapalied. [Preussner 2016].

DELIVERABLE 7.4 14



STAGE
D7.4 White Paper compatibility of structural maatsiwith storage materials for TES T
E \ EERAN

The ferritic-martensitic chromium steel (T91) shoimsufficient corrosion behaviour, but
demonstrates various effects: a higher corroside védth increasing temperature and a
higher corrosion rate in industrial grade salt cared to the refined grade. Stainless steels
(437Nb and Sanicro 25) indicate considerably lessosion.

In more detail further corrosion results are disedson AISI 321 austenitic steel below
[Uranga D7.3 2016]. The corrosion tests of AISI 3Lpons were performed isothermally
and under static conditions for up to 3000 h at#380°C. Table 2 shows the elemental
composition of the studied austenitic stainlesslste

Table 2. Elemental composition of the AISI 321 staless steel (wt.%)

C Mn Si P Cr Ni Mo Ti Cu Fe
0.030 0.960 0.640 0.027 17.260 9.100 0.490 0.28B200. Balanced

Descaling method was applied according to Inteonali Standard 1SO 17245:2015 to
evaluate the weight loss metallic samples that waskected at different immersion
intervals in solar salt mixture. From the descalath, the corrosion rate (CR) was evaluated
using the following equation:

Equation 1

whereDm is descaled mass loss per unit area (mf)jcm is stainless steel densitysfiss
7.94 g/cml) andt immersiontime (hours).

The small values of weight losses imply that Al81L3vas corroding relatively slowly under
experimental conditions. From Figure 5, it is cleavident that higher short-term corrosion
rates occur during the initial immersion period amdce the initial surface has been
oxidized, the corrosion rates decrease reflectivg dorrosion scale growth. After 3000
hours of immersion, the corrosion rate was founble®.0mm per year.
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Figure 5. Corrosion rate of AlSI 321 coupons expaktor different immersion intervals
at 550 °C [Uranga D7.3 2016].
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By XRD analysis, it was depicted that corrosionleséa composed of multiple crystalline
oxide (FeOs, FeCpO,, F&O4) compounds (Figure 6a). In addition, partial scefapallation

is observed on AISI 321 for exposure times equabmater than 1440 h, Figure 6b.
Spallation of oxide scales on stainless steel sagfanight be explained due to stresses
arising from the coefficient of thermal expansionsmatch of the steel substrate and
corrosion scale during cooling. Furthermore, theaclement of the oxide scales may occur
in-situ due to presence of chloride impuritiesdiag to iron oxides re-growth. Figure 6¢
shows the elemental mapping of Cr, Ni, Fe and Cthiercorrosion scale developed after
3000 h of exposure. According to this figure, tlheeo layer of the corrosion scale is mainly
composed by iron oxides. In the inner layer, ancénment of chromium is verified. Also, at
the corrosion scale| steel substrate interfacé&ehienrichment occurs, that is consequence
of the depletion of chromium from the bulk.

D7.4 White Paper compatibility of structural maatsiwith storage materials for TES
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Figure 6. a) XRD pattern; b) Optical image and tmew SEM images of the oxide scales
formed and c) Semi quantitative line scans and egsponding back scattered image of
AISI 321 after 3000 h immersed in solar salt (soertNEG).

The interrelation between mechanical loads andosore attacks can be tested with slow
strain rate tests (SSRT). Austenitic stainlessistetten exhibit a susceptibility to stress
corrosion cracking (SCC) in corrosive environmesdataining chlorides. SCC is related to
the corrosion of a very local region (e.g. an iniyuor a crack tip) resulting in unexpected
sudden failure of typically ductile metals when esed to a tensile load. A schematic
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drawing of the phenomenon of SCC can be seen iaré&ig left with the help of a stress-
strain curve of a slow strain rate (SSR) tensikt. t&€he premature failure of the sample
exposed to the corrosive medium is depicted.

Figure 7 right displays results of slow strainertgsts of bone shaped tensile test samples
out of 347H tested in air and in nitrate salt eowment (60 wt.% NaN§) 40 wt.% of
KNOg3) [Preussner 2016]. A small effect of the environinean be seen on the
accomplished total strain, however the data on sests is up to now very limited. Only
few tests in salt under superimposed mechanicdlhaae been published.

Figure 7. Schematic curve of SSRT test showing SIB@ corrosive media (left). A
measured curve of 347Nb steel in air and in moltgait [Preussner 2016].

Nearly no data are available for cyclic mechanieats or thermomechanical tests in nitrate
salt environments. However, fatigue is a realiktad case in a TES system due to the daily

heating and cooling of the components that conmwsgalvith an elongation and shrinking of
pipes due to thermal expansion.

Figure 8 shows test results from a low cycle fatigLCF) test of Sanicro 25 tube
specimens with nitrate salt (60 wt.% NajN@O wt.% of KNQ) inside the tubes that are
exposed to a strain amplitude af= 0.65 % anda = 0.4 % (R=-1) respectively [Preussner
2016]. The strain rates used for these tests were 10° 1/s, which lead to test times of 7 h
and 13 h. An additional test, marked with “10x séomin the graph was tested in salt with
A=0.4 % (R=-1) and ; =10"1/s to achieve longer testing times, here 6 dayd, a
promote possible corrosion. With the selected stadlthe relatively short testing times, no
evidence of accelerated crack growth in salt emvivent is evident.
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Figure 8. The steel Sanicro 25 tested in 60 wt.%N\D; and 40 wt.% of KN@salt mixture
at a temperature of 565 °Ce(= 10° 1/s, 10x slower e= 10*1/s, Re= -1).

2.3.1.Conclusions of corrosion results

Based on the results of STAGE-STE project, the igratric methodology combined with
morphological and structural analysis should beldse evaluation of the corrosion process
of the austenitic stainless steels. This approa@specially useful to get information about
the average corrosion rate over long immersionogsriiGervasio 2015]. In addition, it
should be considered the descaled weight loss guoeeaccording to ISO standard method
[ISO 17245], to avoid ambiguities arising from suoé oxides that are not adherent.

Moreover, to assess corrosion mechanisms and irategpedited way, electrochemical
methods such as electrochemical impedance speapps(EIS) and electrochemical
potentiodynamic methods can be implemented (Lal.eR016).

Cyclic voltammetry will be useful to identify reamhs and mechanisms of metallic
components in contact to molten salts. And, stesdie potentiodynamic measurements
allow getting important kinetic parameters suchlatel slope and corrosion rate which is
the instantaneous corrosion current at the congsatential [Gervasio 2015].

Additionally, from EIS technique it will be poss&éto get information of physicochemical
phenomenon that occur at the steel-molten saltfage namely, bulk resistive—capacitive
effects, electrode reactions, adsorption and ddfuprocesseung 2012].

As up to now only very limited data is available @mpossible stress corrosion cracking of
steels in contact with solar salts, combined meiclahand corrosion tests like SSRT and/or
fatigue tests in molten salt should be carried out.
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3. COMMERCIAL PLANTS

3.1. Overview description of the storage system with M&nd two tanks

A thermal storage system allows the continue pigratration during the time of day when
radiation is reduced or after sunset. In this systde solar energy stored during the day
shall be stored in a body of salt in liquid fornhelTES system storage capacity is designed
according to each plant necessity.

The environment in which the thermal energy isedlaronsists of a molten salt mixture with
a weight composition of 60% of NaN@nd 40% of KNQ.

The Thermal Energy Storage System consists ofalfeerfing main elements:

Storage of Cold Salts
- Storage tank of cold molten salts
- Electric heaters submerged in the tank or extemmghting system with
recirculation
- Cold molten salts pumps with electric motors andalde speed drives
- Eductors for the mixing of cold salts

Heat exchangers
- Molten salt heat exchangers

Storage of Hot Salts
- Storage tank of hot molten salts
- Electric heaters submerged in the tank or extemmgdhting system with
recirculation
- Hot molten salt pumps with electric motors and afale speed drives

Drainage system
- Drainage receptacle, to empty the pipes and helaggers (molten salts side)
- Drain Pump or pneumatical system to return thes salthe cold salt tank

Leak Detection System
Nitrogen inerting systems (Parabolic Trough Cotbe®TC Plans)

3.1.1.General overview of the process (PTC)

The molten salts are stored in two tanks. Cold emofialts are stored cold at 290/310 °C in
one tank, depending on the operation. The salthgagh a series of heat exchangers, and
are heated from 290 °C / 310 °C to 385 °C by the HHeat Transfer Fluid), from the Solar
Field, during sunshine hours. The salts heatedB®°€ are stored in another tank, the hot
salts tank, so that the heat energy can be retuonéet HTF during the non-sunshine hours.
In this event, the hot salts are sent to the calid Jank.

The Thermal Storage Capacity will be designed tusefull load Gross Capacity during
the Peak Hours and according to each plant negessit
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During the thermal loading and discharging procestbe transfer of nitrogen from one tank
to another is carried out through a junction mddifzetween the two.

3.1.2.Salts Storage Tanks

The storage tanks of molten salts are verticalnd@is made of carbon steel and are
insulated in order to minimize heat loss throughvlalls and ceiling thereof.

The main elements of the tanks are as follows:

Salts Distribution Ring. Used to receive and dmtte the salts in the receiving tank.
It basically consists of a vertical tube that emtdrough the top of the tank and
reaches the bottom, where there is a ring of tmeesdiameter and is perforated
along its entire length. In this way, the fluid Wie distributed at various points
within the tank.

Mixing Ring. This ring shall be equipped with ortlye cold tank. Its mission is to
homogenize the temperature in the cold salts fah&.molten salts entering the tank
through the roof and are conducted to an innerleaszg and empties in a collector
ring at the bottom of the tank. The collector isiipged with eductors receiving this
mixture.

Nitrogen System. Given the possible presence of,lUE to a ruptured pipe in one
of the heat exchangers, the tanks are rendereidwitarnitrogen.

Electric Heaters. At the bottom of each tank, trevall be electric heaters to replace
the loss of heat through the walls and bottom @mirexternal recirculation system.

Pressure-vacuum safety valves. The tank will beippega with safety valves to
prevent overpressure and to break the vacuum. gspre safety valve shall also be
installed to evacuate the normal flow of excesogén under normal operation.

Ground cooling pipes under the salts tank.

3.1.3.Heat Exchangers

Shell and tube heat exchangers are used to trahsféreat energy contained in the HTF to
the molten salts and thus store the hot salts ®2fG8In the same heat exchange operations,
the salts fused at night or under low insolati@ngfer their thermal energy to the HTF and
cool down, from 385 °C to 290/310 °C.

Oil is the fluid with the highest pressure and itl wirculate through the tubes while the
molten salts will circulate through the shell. Terchangers shall have insulation and
electric heat tracing to prevent the salts froneZieg.

3.1.4.Salts Pumps

To pump the salts from one tank to another verpeahps, installed in the tanks, submerged
in the salts are used.
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Ensure the integrity of the tanks and avoid hesdds in exterior pipes between the tank and
the buried tanks, is a reason to install the puimgige the tanks.

The required number of pumps will be defined acecwdperation ranges, and the pumps
motor will be located on a structure over the tank.

3.1.5.Salts Recirculation

The main purpose of the recirculation system ishtbmogenization of the temperature of
the salts in the cold tank. The recirculation sysenables the salts to recirculate during the
storage waiting hours through the lines and HeathBmgers by means of the manual
operation of one of the cold tank pumps. The retated salts are released into the cold
tank through the bottom via eductors installechi ¢ollector ring.

3.1.6.Drainage System

There will be a drainage tank available which wdllect the drainage of the pipes and heat
exchangers and shall be fitted with a submergeticeépump or a pneumatic system.

3.1.7.HTF and Leak Detection Condensate System

The objectives of the HTF and leak detection cosdensystem are as follows:

Detect a leak as soon as it occurs.
Separate the HTF present in the salts circuit.
Identify the exact location where the leak occurs.

3.1.8.Nitrogen System

A nitrogen supply will be provided for the followgrmain functions:

Maintain the salts storage tanks, hot and colddaakd the drainage tank inert. The
nitrogen atmosphere is necessary to ensure the¢ theno oxygen present in the
event that there is HTF in any of the tanks dua tapture in one of the exchanger
tubes.

Nitrogen supply to the heat exchanger system fertimg and pressurizing the line
and facilitate the pumping of salts from the caldk.

Cooling the pumps of the cold salts storage tarmk, dalts storage tank and the
drainage tank if required.

3.2Material compatibility under real conditions of operation up to 400°C

Material selection for the different equipment aminponents of commercial TES systems
has become a key issue in CSP. In addition, marapatibility in terms of corrosion is
also required. Corrosion phenomena could resulbendeterioration of material properties
compromising its validity for the final applicatidior which they were designed. As the
elimination of corrosion phenomena would not besilga, it is the key to prevent and
mitigate techno-economic issues resulting fromasian.
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The different components of a TES system need tmfianized from metallic alloys
corrosion allowance point of view. Service life goefformance during almost 30 years of
operation and minimization of commercial TES casg, two of the main concerns regarding
steel material optimization.

To deal with these problematics Abengoa plannedié&séyn, construction and evaluation of
a molten salt TES system.

TES-PS10 demonstration plant to test corrosion pedrmance up to 400°C

The TES-PS10 demonstration plant located in th&lcdol Platform near Seville (Spain)
consists of a two-tank indirect TES system usimgi@ure of 60% NaN@and 40% KNQ

by weight close to the eutectic composition (alsdled “Solar Salt’). The plant is
connected to Repow PS10 demonstration plant, dorgisf a 600 m parabolic trough
collector loop using thermal oil as heat transfeidf The storage capacity of TES-PS10 is
8.1 MWhth.

The main objective of TES-PS10 was to build anddet¢ a complete molten salt thermal
energy storage system in a sufficient size to bscalpd for commercial plants. The
demonstration plant was satisfactorily evaluatedhdgu32000 h between years 2009-2012.

Among others, corrosion performance of metallioyslin contact with nitrate salt mixtures
was evaluated. And more precisely, the corrosiafop@ance of carbon steel up to 400 °C
and at different exposure times. The main objectiv@s to simulate real operating
conditions as a commercial-scale TES system coaNé In service.

Therefore, a Corrosion Testing Device (CTD) wadgiesd to evaluate corrosion behaviour
of structural materials inside high temperatureaté salts storage tanks in operation [Ruiz-
Cabanas 2016]. The material selected was the cateeh A516 Gr.70, as it is the typical

carbon steel used in the manufacturing of moltdts séorage tanks in current commercial
plants. Corrosion tests were conducted in thedrk of the TES-PS10 pilot plant (Figure 9)

which maximum operating temperature was 390 °C.

Figure 9. Abengoa TES-PS10 Molten salt demonstration plant ¢eirce: Abengoa)
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The coupon material tested was carbon steel A51B0Gvhich is a structural alloy widely

used in the manufacture of boilers, storage tamids @essure vessel in many industrial
sectors for low and moderate working temperatuteschemical composition is showed in
Table 3 (obtained from ASME Boiler and Pressure séeé<ode, Section Il a: Ferrous
material specifications).

Table 3. Elemental composition carbon steel A516.rG0

Element Precentage [%0]
C <0.31

Si 0.15-0.40

Mn 0.85-1.25

P <0.035

S <0.035

Three different exposure times were selected: 168Q), 4064 h (t2), and 8712 h (t3). In
addition, three different types of corrosion coupdfigure 10) were used: (a) uniform
corrosion coupons, (b) welded coupons, and (c¥siterrosion cracking (SCC) specimens.

The appearance of the corrosion coupons aftemtesti the hot tank of theTES-PS10
demonstration plant is shown in Figure 11.

Figure 10. Types of A516 Gr.70 corrosion couponsysce: Abengoa)
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Figure 11. Corrosion coupons after salts exposu(a) 1680 h, (b) 4064 h, (c) 8712 h,
(d) crevice coupon, (e) SCC coupon (source: Abengoa

There was observed generalized and uniform comosuith a blackish oxide layer
generation, a good resistance to crevice corrosaod, no cracks development over the
welding in the specimens under study.

Corrosion rates values were calculated after tgstiith three descaled uniform corrosion
coupons. Corrosion rates i/year were used due to this is the most interggtarameter
for further corrosion allowances calculation. Ta#lshows corrosion rates associated to the
three exposure times (t1, t2 and t3).

Table 4. Corrosion rates for the three exposure tims

Test Time [h] Corrosion rate [mm/year]
t1: 1680 22.14
t2: 4064 5.46
t3: 8712 2.14

The guide for corrosion weight loss used in theustd/ was adapted to A516 Gr.70
properties (Table 5) to evaluate if this carborelsteas adequate for nitrate salts exposure in
commercial TES systems [Sastri 2007].
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Table 5. Guide for corrosion rates used in the indstry (adapted for A516 Gr.70)

Corrosion rate .
Recommendation

[mm/year]

> 1275 Completely destroyed within days

127 - 1274 Not recommended for service greater thamonth

64 — 126 Not recommended for service greater thgagat

14 - 63 Caution recommended, based on the spapibilication
0.4-13 Recommended for long term service

<03 Recommended for long term service; no corrosioheothan

as result of surface cleaning) was evidenced

A significant decrease of the corrosion rate valuese observed while increasing time
exposure. This performance was indicative of them&dion of protective oxide layers
producing the passivation of the carbon steel.

- Conclusions

The results of TES-PS10 corrosion tests shows ¢hdabon steel A516 Gr.70 has an
excellent corrosion performance in contact withraté salts at 390 °C. Uniform corrosion
rates are recommended for long term service asemapgy in commercial CSP plants where
an estimated life of 25-30 years is consideredoAt®rrosion rates decreases through time
because of the generation of protective oxide ky®r the effect of passivation of the
carbon steel.

These results confirm the suitability of carbores#®b16 Gr.70 as a structural material to be
used in both cold and hot tanks of a two-tank BxhiiTES system using Solar Salt, as it is
the case in all of the storage tanks installed bgmgoa in their commercial CSP plants.

Solana (Figure 12) and KaXu Solar One are two coroisdeexamples. Solana, a 280 MW
parabolic trough plant in commercial operation si2013 and located in Arizona (USA),

uses a 6h two-tank indirect thermal energy stosgtem with 135000 tons of molten salt
inventory. On the other hand, KaXu Solar One pléodated in Pofadder (South Africa),

has 100 MW and a 2.5h two-tank indirect TES systeoperation since March 2015. KaXu

Solar One TES system has an inventory of 22000. tAssthe exposure times for the
corrosion tests described previously are repreteathut not long enough, both plants are
monitored with corrosion testing devices in orderadbtain further long-term corrosion

results in commercial operation.
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Figure 12. Solana solar thermal power plant with datank molten salt storage system
(source: Abengoa)

3.3. Main requirements for structural materials

Based upon the temperatures and type of saltsjda@vn point 3.1 about storage system
conditions, carbon steel and low alloy steel matedan be considered as suitable.
Depending on the chemical composition of the galhposed, corrosion over-thickness shall
be considered.

Regarding requirements for structural materialspamps, piping, tanks and/or valves,

definition of the static and dynamic mechanicalibtes required for each combination of

fluid-structural material shall be required. Chaeaization of each material based on short
and long term testing shall be considered in otol@alidate final properties related to actual
operation conditions.

For this purpose these tests are considered relevahshall be applied as appropriate for
each material. Metallographic for macro and migtagtre examination; tensile stress
values; hardness verification; impact testing; prdatigue at low and high cycle tests will

be proposed. Corrosion tests for specific corrosigpes related to the applicable

manufacturing processes, main type equipment arid panfiguration, e.g, stress corrosion,
pitting, crevice; or minor surface variations ameit impact in cycle properties, shall be
performed.
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Testing Definition:

For each material to be used in main structural pmmrent, testing standards, parameters,
conditions, shall be defined as follows:

Selection of test fluids, environments and condgio

Different manufacturing process of structural matsrshall be tested, e.g.
castings, forgings, rolling materials;

Definition of samples to be tested;

Temperatures, loads and cycling as needed;

Number of test to be carried out;

Acceptance criteria for each type of testing;

Main requirements for structural materials shalldased on the monitoring, analysis and
evaluation of above testing samples.

3.4. Recommendations for inspections

3.4.1.Salts Storage Tanks

Tanks shall be manufactured and inspected in aanoedwith design code requirements; in
most tanks, according to API 650.

The material used for the nitrate salt tanks art cemtainment at temperatures below
400°C shall be carbon steel; with specific mateeguirements as per section 3.3.

All the tanks welding processes, sequences anadtisps will be described in a written
procedure that shall be supported by the correspgnd/elding Qualification procedure
fully in accordance with the design code.

Scope and acceptance criteria of dimensional cbatrihe tank, hardness testing on welds,
non-destructive examination on welds and hydraeksting shall be in accordance with the
applicable design code. Specific Local and/or CguRtegulations shall be also taken into
account.

3.4.2.Heat Exchangers, Salt Pumps, Valves

Heat exchangers, salt pumps, valves and otherc statidynamic equipment shall be
manufactured and tested in accordance with correpg design code; always provided
that local or country regulations are fulfilled.

Materials to be used for mentioned equipment aperatures below 400 °C shall be carbon
steel; with specific material requirements as etien 3.3.

Manufacturing processes and quality control adégitshall be supported by specific
procedures that shall be in accordance with theesponding design code.
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4. NEW DEVELOPMENTS

4.1. Filler materials for thermocline tank storage

The desirable characteristics of filler materiatg thermocline storage tanks may be
summarized as:

) Favourable thermal properties,

i) Filler material rigidity through expected operatiegnperature range,
1)) Chemical compatibility with heat transfer fluid,

Iv) Availability and low-cost

A literature survey of experimental studies empigyipacked bed thermocline energy
storage tanks was conducted to summarize the ralgtersed by various researchers and
tabulate the relevant thermos-physical propertfesagch material, as summarized in Table
6. In most cases, molten solar salt was used akdaetransfer fluid; however this is not

exclusively true for all materials noted.

Table 6. Summary of thermo-physical properties of ammon thermocline filler
materials

Material Go Go k Tmin Trmax
kg/m¥ [kg-K] [MIm3K] [Wim-K] [C] [C] rererence
Reinforced ), 850 1.87 1.5 200 400 [Kuravi 2013]
concrete
N4 2250 1100 2.475 1.3 200  400(Laing 2008]
concrete
High T 2750 916 2519 1 [Laing 2006]
Concrete
. Kuravi 2013
Cast iron 7200 560 4.032 37 200 40Q{5EL S000]
Kuravi 2013,
Cast steel 7800 600 4.68 40 200 70QReL 5000]
Silica fire [Kuravi 2013
ricks 1820 1000 1.82 1.5 200 700 {5et H000
Magnesia [Kuravi 2013
fropi e 3000 1150 3.45 5 200 1200{ e 2000
Castable 55455 ggg 3.031 135 [Laing 2006]
ceramic
NaCl
. 2160 850 1.836 7 200 500 [NREL2000]
(solid)
Alumina =545 ggg 2376 21 >650 [zunf 2011]
porcelain
Graphite 1700 1900 3.23 200 >1500 [Forsberg 2007]
Quartzite 2620 620 1.624 3.4 >650 [Zanganeh2012]
Limestone 2700 670 1.809 2.5 >650 [Zanganeh 012]
Steatite 2680 1068 2.862 2.5 >550 [Hanchen 2011]
Cofalit 3120 860 2.683 2.7 [Py 2009]
Granite 2893 845 2.445 3 [Chang 2014]
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The information in Table 6 may be used to estalilighrange of variation of the parameters
of the filler materials, from a thermal point ofew. To identify the most suitable filler
material, a systematic sensitivity analysis ofttirermocline system must be performed.

The thermocline model developed by Votyakov and @ms [Votyakov 2014] [Votyakov
2015] is used and the thermocline thickness afteoraplete charging is identified as the
metric of interest to be minimized, as it is difgctelated to the tank efficiency. The
thermocline thickness may be evaluated as

Equation 2 . % 4pe . 4pg, RePr
L b, RePr 6(1- ¢)Nu

whered, is the mean diameter of the filler material pdescL is the tank height, is the
porosity, Re, Pr and Nu the Reynolds, Prandtl angshlt number of the heat transfer fluid,

¢ the share of thermal conductivity of the heatg¢fanfluid and s the share of volumetric
heat capacity of the filler material.

The definition of the thermocline thickness capsuia total 9 parameters, which are
considered in a sensitivity analysis, to deducectviiias the largest influence. Theselare
d,, (defined above), volumetric heat capacity of tudfand solid (Cyr, Cp 9, thermal
conductivity of fluid and solidk, k), fluid viscosity () and charging velocityuj. The
parameters and their range of variation invest@jatethe present work are summarized in
Table 7 [Bonanos 2016].

Table 7. Range of parameters investigated in senisity analysis

Parameter Min. Max. Nominal Unit

dy 0.001 0.1 0.01 [m]

L 1 20 10 [m]

0.05 0.5 0.22 [--]

ks 0.01 60 1.0 [W/m-K]

ks 0.1 200 1.0 [W/m-K]

( Co) 1.0 4.5 2.5 [MJ/FRK]

( Cp)s 1.0 5.0 2.5 [MJ/FRK]

t 6 12 9 [hours]
f 0.05 5 0.5 [m?/s]

The thermocline model used allows for the evalumatbthe thermocline thickness through
an algebraic equation, as opposed to differentjabgons typically used in the literature;
thus making the evaluation much faster. The modbelefore is ideal for performing
sensitivity analysis methodologies that typicaltyyron Monte-Carlo statistical methods and
therefore require a very large number of functivaleations.

A one-at-a-time (OAT) screening method was appiedetermine the relative importance
of the input parameters. Morris' method is choseit allows classification of inputs in three
categories: those having negligible effect on thipuot, those with large linear effects but no
interactions and those with nonlinear and/or irdeoa effects [Morris 1991] [looss 2015].
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In this method, the so called elementary effeg)safe evaluated by computing the effect of
a step change,, of the I" model input, where uniformly samples the variable's input
domain. The experiment is repeatetimes to sample different trajectories, resulting in a
computational cost oh = r(p + 1) model evaluations, whegeis the number of input
variables. Then, the elementary effect of tAeariable =1...k)on the"i repetition (i =
1...r), El, is evaluated as

Equation 3 £ = fF(X,-X + DX ) - (%0 X)

: D

After evaluating all elementary effects, their maanad standard deviations may be evaluated
as

Equation 4 17
m==Fl
=1

r;

where the modified version of the mean, using theohute value of the elementary effect, is
used, and

Ye-te)

Mz iz

Equation 5 1 r
Sj =

The mean, j, is a measure of the influence of tleput on the output; the larger the mean
the more the"] input contributes to the dispersion of the outfite standard deviation;,

is a measure of the non-linear and/or interactffects of the ' input: a small j implies a
similar effect on the output along the input ranigegther words the output is independent
of the choice of the value of the parameter [Saé04, looss 2015].

The SAFE toolbox (R1.1, [Pianosi 2015]), implemegtiMorris’ screening technique was

used for the analysis of the thermocline thickn@$se input parameters were assumed to
vary uniformly in the identified range (c.f. Tabi. In the model, r = 1000 elementary

effects where evaluated on a grid with p = 50 Iev8ootstrapping of 100 samples was
applied in order to determine the upper and loweunds of the mean and standard
deviation with a significance level of 5%. From thaalysis, shown in Figure 13, the

following conclusions may be drawn:

Inputs L, ks and (Cy)s have a strong influence with non-linear and/oernattion
effects, since and are of the same order of magnitude.

Inputsd,, ki, , ( Cp)r andu have a moderate influence on the output. Furtiner,
order of importance of the variables may not bantyedetermined, as the mean has
a similar magnitude for these inputs.

Input ¢ has no influence on the model output and may bsidered constant.
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Figure 13. Standard deviation vs. mean of the elentaay effects, as evaluated using
Morris’ screening method.

4.1.1.Recommendations

Of interest to the present study is the stronguérite of the thermo-physical properties of
the solid filler material. A high thermal conducatw(ks) would lead to a larger heat transfer
rate between the fluid and solid, thus minimizihg temperature difference between the
two, whereas a large volumetric heat capacity,) influences the total energy stored and
the charging time. Once the characteristics of thrk have been selected, the outlined
methodology may be used to find the optimal charetics of the filler material to
minimize the thermocline thickness and maximizeagje efficiency.

The selected filler material must survive in a @@rajing environment, being able to
withstand high temperatures and thermal cycling abso in terms of chemical compatibility
with the solar salt (mixture of sodium nitrate apdtassium nitrate). Thermal storage
systems in combination with Rankine cycles are ebtquk to operate at temperatures
between 250 and 550 °C, limited by the molten $adezing thermal decomposition
temperatures. Further, the filler material musinaet to the molten salt heat transfer fluid.

From the listed materials in Table 6, those withoréed maximum operating temperatures
below the high temperature limit of the molten salé rejected. A study from Sandia

National Laboratories [Brosseau 2004], [BrossedlbP@onsidered 17 minerals in terms of

their ability to withstand high temperatures andrthal cycling. Some minerals crumbled

after isothermal exposure to high-temperature modiglts and thus were rejected. Others
deteriorated after a moderate number of thermalesydromising candidates identified

include quartzite rock, silica sand and taconites{dron ore) pellets. Another study reaches
the same conclusion on tested materials, nametygtiatzite rock and taconite are suitable
candidates [Pacheco 2002].

Despite the widespread use of quartzite rock inegrpental studies in the literature, the
thermal characteristics are not optimal. Indeedytlar promising material is Cofalit, a
material recovered from asbestos-containing waf®egs 2009]. Cofalit exhibits higher
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volumetric heat capacity but lower conductivitynhguartzite, so should also be considered
as a promising material.

The final consideration for filler materials is thieancial aspect; materials must be cheap, as
their objective is to offset the high-cost of theah transfer fluid. All identified materials
above are either abundant naturally occurring (gitar silica) or waste by products of other
processes (taconite, Cofalit) and thus are notresipe.

4.1.2.Compatibility with structural materials

Thermal ratcheting may occur over time as the padlel is thermally cycled. A report by
[Libby 2010] discusses this issue for quartzite krogs the filler material, but the
phenomenon is present when there is a volume chahgthe filler material with
temperature. As the quartzite rock filler is cooiedontracts and compacts in the bottom of
the tank. When the tank is reheated the quartaiteat return to its original position. The
guartzite then expands and places pressure ondhe o¥ the tank. Over time this process
could potentially damage the tank [Libby 2010].

Concerns about thermal ratcheting were raised guhe construction and evaluation of the
thermal storage subsystem of Solar One. Thermedss in the tank wall were monitored
with strain gages; however their results sufferednflarge uncertainty in the measurements
of the employed strain gages. Additionally, therth& storage subsystem was only used
sporadically, limiting the thermal cycles the tamknt through [Faas 1983]. Under these
conditions, they report that thermal ratcheting wed an issue in their design. The
mechanical stress issue on the thermocline tankwad later investigated by [Flueckiger
2011] using finite element analysis and analytiegehniques. They investigate the thermal
stresses developed under various tank wall heasfeaboundary conditions and conclude
that the stresses can be accurately predicted raplesianalytical techniques given the
temperature distribution on the tank wall. To avmtcheting, they recommend increasing
the insulation between the insulation between tiler fmaterial and the tank wall
[Flueckiger 2011].

4.2. Concrete based thermal storage

Solid sensible heat storage is an attractive odborhigh-temperature storage applications
regarding investment and maintenance costs. Usimgrete as solid storage material is

most suitable, as it is easy to handle, the majgregates are available all over the world,
and there are no environmentally critical composemhermal energy storage can be done
in liquid medium (molten salts, thermal oil) or solid medium (ceramic, sand bed, rock,

concrete) [Tian 2013], where concrete is a promgigandidate due to its low cost and

because it is easy to prepare and install. It Béa good heat capacity, good mechanical
properties and an appropriate coefficient of thémx@ansion [Emerson 2010], being easily

applicable and suitable for the case study.
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For a material to be viable in a thermal energyagie application, it cannot be very
expensive and has to have a good thermal capé&cibther important parameter in sensible
thermal storage is the rate at which heat canlkeaged or extracted.

In the case of solid materials, concrete and carsntiney are the most studied for thermal
energy storage, because as mentioned above theyalgood thermal conductivity and their
affordable prices. In Table 8 are the main charaties of sensible heat storage of different
materials for its comparison [NREL 2000]. A compan of the characteristics of high

temperature concrete and ceramic is presentedale BgLaing 2006].

Table 8. Main characteristics of solid materials fosensible heat storage [NREL 2000]

TSNS avege MR A Toune Meda Vet

Storage medium densigy conductivity — capacity (I,Jape.lcity kg P kth
Hot Cold  KIM) “awimky  (kilkgk)  (KWhtm?®)  ($kg)  ($/kWhi)

Sand-rock-min. oil 200 300 1700 1.0 1.30 60 0.15 2 4.
Reinforced concrete 200 400 2200 1.5 0.85 100 0.05 1.0
NacCl (solid) 200 500 2160 7.0 0.85 150 0.15 15
Castiron 200 400 7200 37.0 0.56 160 1.00 32.0
Cast steel 200 700 7800 40.0 0.60 450 5.00 60.0
Silica fire bricks 200 700 1820 15 1.00 150 1.00 .07
Magnesia fire 200 1200 3000 5.0 1.15 600 2.00 6.0

Table 9. Properties of materials developed by DLRLaing 2006]

Material Castable ceramic  High T concrete
Density [kg/m] 3500 2750

Specific heat capacity at 350 °C [J/kg K] 886 916
Thermal conductivity at 350 °C [W/m K] 1.35 1.00

Coeff. of thermal expansion at 350 °C fiK] 11.8 9.3

Material strength Low Medium

Crack initiation Hardly no cracks Several cracks

Several studies have been carried out to test etnatorage at high temperature. DLR
showed that concrete is a good solution for thestadage applications due to its relatively
low cost, being necessary to take into accountdtise of pipes and the structural stability of
the whole unit. In order to improve the concreteperties, a new model with the

characteristics presented in Table 9 was studiew. §torage units were also built one with
high temperature concrete and other with ceramitenah with storage capacities of 280
kwhth and 350kWhth respectively [Laing 2006]. Thalgo implemented a second test
module with a storage capacity of 474 kWhth [Lak@08b]. It contained polyethylene

fibbers and operated between 300°C and 400°C rnane370 thermal cycles.

However, concrete as a form of thermal storagegmtessome challenges, such as the need
for a longer material life, a reduction in the costhe heat exchanger and charge / discharge
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problems. Efforts have been made to improve theenatto avoid rupture and increase
thermal conductivity to improve heat transfer [Niast2015].

Depending on the heat transfer fluid chosen, armedastorage system should be designed
and validated in order to optimize the heat trangéeurring both in the charge as well as in
the discharge process. Up to now, concrete stdnagebeen thought to work either with
thermal oil or with steam, however, other fluidghtialso be considered.

Laing have investigated a storage system of hgaoity of 1IMWh consisting of concrete
and PCM storage [Laing 2011], [Laing 2012]. Serssidkeat Storage unit is used during the
preheating/cooling of condensate and superheatiotphg of steam period. However,
Latent Heat Storage unit of PCMs is used duringetvegooration/condensation period. The
geometrical configuration of the rectangular ugsishown in Figure 14.

Figure 14. Prefabricated tube registers being ink¢a in a concrete storage test module at
DLR [Laing 2011].

A storage unit is composed by a piping bundle erdéddvithin concrete for allowing fluid

flow through it. The pipes, in the solution propdds/ DLR [Laing 2006], are parallel one

to the other with axes at a distance ‘da’ and gedraccording to a squared pitch Figure 15,

whereas according to the solution of [Bai 2009¢ytlare arranged following a triangular

pitch Figure 16.

Figure 15. Scheme of the piping bundle according[t@ing 2006]
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Figure 16. Location of the piping bundle with triagular pitch and elementary cell [Bai
2009].
The DLR laboratory has conducted tests on this typdéechnology, both in terms of
materials, as mentioned above, and in terms obpwgnce. The following figure shows an
of such a concrete type storage [Laing 2008b].

Figure 17. Test Module without isolation [Laing 2@b].

Long-term stability of concrete has been provewvan experiments and through strength
measurements up to 500 C. Material parameters #&mage performance have been
validated in a 20-m3 test module with more than @8iins of operation between 200 °C and
400 °C and more than 370 thermal cycles. Long-tahility of concrete has been tested up
to 500 °C in the laboratory. Overall, oven experiteseand strength measurements of the
high-temperature concrete up to 500 °C show thasmass and strength values of the
concrete stabilize after a period of time and nunab¢hermal cycles.

Concrete mixtures

To understand the best concrete mixtures [Emer6@B]Xtudied a selection of mixtures to
which they performed a series of tests. The rebegoal is to investigate the resistance of
concrete at temperatures up to 600 °C, with theative of identifying a concrete mixture

that are suitable for use as a thermal energy ggoraedium in the thermocline energy
storage. The number of mixtures studied was 26candbe seen in the following Figure 18.
These mixtures were batched and tested in a bathotien salt at 585 °C for 500 h. The

samples were also subjected to 30 thermal cyclésele@ 300 °C and 585 °C when

submerged in molten salt. The samples were alded\3d times in air between 300 °C and
600 °C.
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Figure 18. Concrete based Mixture Properties [Emens2013].

All mixtures contained polypropylene (PP) fibbershna diameter of 18m and 12.7 mm in
length for spall or explosion prevention. The fitdevere added to the mixture, with a
dosage of 2Kg/th during the final mixing stage to ensure that thegre adequately
distributed.

The tests conducted measured the Thermal condyctithe Specific heat subject to
Thermal cycling procedure, as well as assessmenbmdérete specimens in direct contact
with molten salt.

A recommendation and opinion taken from the litematis that concrete bricks or plates
made from Mixtures 15 and 16 need to be testelddritermocline Thermal Energy Storage
prototype. These mixtures are inexpensive and gpacific heat and thermal conductivity
are sufficiently high to maintain stored energy &prolonged period and reduce charging
time of the thermal energy storage system.

Another study related to the behaviour of concreigtures was conducted by [Alonso
2016]. In the paper the authors set out to devalupto analyse a new cementitious based
mix that could conduct and store heat at high teatpees, namely, with thermal cycles in
the range 290-550 °C, making it suitable for arfadrstorage system in solar thermal
energy plants. The samples used are a calcium adtencement (CAC), containing 40%
alumina, blended with blast furnace slag (BFS)dotml any risk of early conversion from
hexagonal to cubic hydrated phases before heatidgaimprove thermal performance at
high temperature. A binder mix of 70% CAC + 30% BWS8s selected. The particle size
distribution of both components is included in T&aHl;, the mean particle size of BFS is
three times lower than that of CAC.
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Table 10. Patrticle size distribution, CAC and BFSAlonso 2016]

Particle size distribution Mean patrticle size
10 25 50 75 90 ( m)
CAC 0.71 3.68 9.89 23.34 36.40 15.10
BFS 1.11 2.20 3.74 7.50 17.59 4.19

Mortar samples of 4 x 4 x 16 cm using standardeolis sand (quartz) (1-4 mm), binder-to-
sand ratio of 1/3, water-to-cement ratio of 0.4d4d d% of superplasticizer by cement
weight (sikament-180 naphthalene based) were pedpaith a consistency of 17-18 cm.

For concrete design, two types of aggregates wasad, irom 0 to 12 mm size:

1) Natural aggregates from crash stone, mainly canstt by quartz and calcite and
silicon calcareous aggregate (SCA). The partidessare distributed in quartz sand 0-6
mm and coarse 6-12 mm SCA.

2) Aggregates of industrial waste slag from ore prsicgs (SSA). The patrticle sizes are
distributed in fine sand 0—4 mm, middle size 2—r@,mand coarse size 4-12 mm. This
slag-waste aggregate shows a partially crystaliingcture. Also, variation of 25-40%
in SiO2 content can be observed by energy-disper¥iray microanalysis (EDX);
another main component is Fe203 (40-60%).

Two different concrete dosages were prepared maingathe same type and content of
CAC+BFS binder, but varying the type of aggregdtee name CAC refers to concrete
prepared with 100% of SCA, while the CAC+ idensfieoncrete made with a mix of 75%
SCA+ 25% SSA.

Table 11. Dosage CAC and CAC+ concrete in kgfjAlonso 2016]

SCA SCA SSA SSA SSA SP

Water w/b CAC BFS 0-6 6-12 0-4 4.8 8-12 (%)

CAC 200 0.5 280 120 805 845 - - - 0.8
CAC+ 228 0.57 277 123 698 698 10 149 111 0.8

The samples studied were pre-dried before the expds heating cycles to minimize the
risk of spalling during the first heating cycle.ertdrying protocol was 3 days drying at 105
°C to eliminate most of the free water in the dapyl pores, but without significantly
affecting the hydrated solid phases.

Some results and conclusions that can be drawn tinenstudy observed at the macro-lever
are an alteration of mechanical properties undat bgcles concrete; the mixes are affected
by heating up to 550 °C. The thermal fatigue of tiwacrete is overlapped with the
dehydration processes during the first slow heatecy\However, thermal fatigue is clearly
the main deleterious process in further heat cy@dsswe can conclude by analysing the
mechanical strength.

The damage evolution due to thermal cycles is rposaounced in concretes mixes than in
mortar, probably as a consequence of the higheeggte size (maximum 12 mm), that can
affect the deterioration of concrete under the bgales.
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As part of the conclusions taken by the authorsafdesign of concrete for TES in thermal
plants, the incorporation of mineral admixturesnsgeto be an acceptable solution to
improve the performance of OPC concrete, but fonperatures above 450 °C, CAC
blended with high silica content mineral additiomse more suitable due to its higher
stability after dehydration. All in all, CAC is thmally more stable than OPC and CAC is
more adequate to resist heat cycles for the agggeghiot only the type of aggregate but
also the maximum size is important.

The aggregate/cement paste interface results effette to the aggregate size and shape, so
that limitations on the maximum aggregate size grddtribution should be taken into
consideration in the concrete design.

The use of hybrid aggregates with different therstability, as in present work SCA +
SSA, is an alternative in order to increase thealeix adaptability to thermal stresses. In
order to prevent concrete spalling during the firsating cycle, polypropylene fibbers were
added. Other types of fibbers, more stable at tegiperatures, seem to be more appropriate
to minimize thermal fatigue effect on concreteglikor example, carbon or steel fibbers.

4.2.1 Future Research

Further investigation on the performance of comcristermally cycled in molten salt is
required, future studies should include long teestihg of the selected mixture and an
assessment of the chemical reactions between ¢ermne molten salt. The direct contact
seems not to be feasible, especially at tempesaabeve 450 °C.

Additionally, corrosion behaviour of steel in ditemntact both with concrete and at the
same time with molten salts also needs to be studliedepth, to understand corrosion
velocities at high temperature.

Fatigue behaviour for more than 1000 cycles alsedseo be investigated, in order to
document in what extent, long term cycling wouléeeff overall resistance of the concrete
storage unit.

4.3. Other molten salts for TES systems

There are many different salts with various waysléssify them:

- Acidic, basic, and neutral salts

- Simple, double and complex salts

- Behaviour with water or water content (anhydroudtmeater in melts, salt
hydrates, salt solutions, hygroscopicity)

- Oxygen in the anion or not (oxyanion salts, e.@zNCO;, SQy)

- Salt with fluoride, chloride, bromide... as anidralpgen salts)

- Type of cation (alkali metal, alkaline earth metednsition metal other metals)

- Organic or inorganic salts

- Monoatomic (e.g., NaCl) or polyatomic salts (e.@N®Ds)
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In general there is experience with molteitrate salts from a number of industrial
processes related to the heat treatment of metdihi@at transfer fluid (HTF) usage. At the
time of writing, the major commercial applicatiathe two-tank TES system for sensible
heat storage using the nitrate mixture “Solar S&®search and development focuses on
alternative alkali nitrate salts with adapted nmgjttemperatures not only for sensible TES,
but also for latent heat storage systems.

Since the middle of last century moltéalides are commonly used in many industrial
processes especially those involving electrolysecabse of the high technological
importance of these salts as electrolyte media.ifgiance, the electrolysis of aluminium
occurs commonly following the Hall-Héroult procesgh melts of alumina and cryolite
(Sodium aluminium fluoride salt). In the nucleaeldi, halides salts are employed for the
reprocessing of the spent nuclear. Furthermitweride molten salts are investigated since
several decades in the frame of the nuclear mehéirreactor concept.

Other molten salt examples include the moltanbonate fuel cell (MCFC) development
and the hot corrosion by liqualilphate melts in incinerators.

In future, the utilization of nitrate salts could kestricted by their thermal stability limits, if
higher operation temperatures are required. Folicgipons at higher temperatures, salts
with other anions are examined. These are anhydmeysnion salts (e.g., carbonates) and
halogen salts (e.g., fluorides, chlorides). Thekwisrcurrently limited to theoretical studies,
thermal analysis measurements and laboratory t€stsresearch focuses on different salt
classes:

- Chloride salts [Maksoud 2015]

- Carbonate salts

- Fluoride salts

- Oxide salts / molten glass [Elkin 2014]

4.3.1.Structural materials compatibility

Chloride salts.

Structural materials compatibility[Lai 2007] reviews the corrosion data generatexnf
different chloride salts at temperatures rangiramfr400 to 900 °C for various cast and
wrought alloys. No correlation between corrosivenasd alloying element seems to exist
but high Ni and low carbon content are preferaMereover, it was concluded that the
chloride salt melts were too aggressive to be wsdeldigh temperatures above 700 °C.
[Kruizenga 2012] concludes that increasing theyaiigp elements such as Mo, W, and Co in
Nickel based alloys tended to increase the resistém corrosion, since they can reduce the
solubility of chromium into the chloride salts. Maver, Ta, another refractory metal, was
found to exhibit passivation in chloride salts diwethe formation of a poorly soluble
compound of Cr (Il) and Ta (V) chloride.

Control of corrosion Since the corrosion rates significantly dependh@nconcentration of
oxide/hydroxide impurities in the chloride saltsgiire 2), considerable research effort is
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being made on further treatment on the chloridessalich as controlled salt dehydration,
salt purification, to reduce the corrosive oxidgimpurities in the melts. For instance, it is
reported in [Maksoud 2015] and [Kipouros 2001] tixdien the heating of the salts with
strong hydrophilic MgGlin the dehydration process is carefully perforntéd,irreversible
decomposition side reactions to the corrosive carapts MgOHCI and MgO can be
controlled at a low level. Some techniques to puthe salts have been developed, e.g., by a
chlorinating process (C&IHCI, or some other chlorinating compound [Willigr2006]), or

by reduction of the salt by using active metalshsas Mg [Ambrosek 2011], or saturation of
a salt with a liquid metal (i.e., LiCl with Li mdt@Mishra 2001] [Indacochea 2001]), to
reduce redox potential of the melt.

Carbonate salts

Structural materials compatibilityfCoyle 1985] concludes that compared to chloruts,
carbonate melts are by far less corrosive, and mrused at temperatures of 900°C.
Moreover, it was concluded that Alloys of Ni-Cr-M& (alloy X) and Ni-Ce-Fe-Al are
amongst the best performing but similar to the ©té melts, no correlation between
corrosiveness and alloying element exists to ddésvever, the investigation of carbonates
under atmospheric conditions has been limited a®tliio be investigated more thoroughly
for conditions applicable as TES for CSP [Kruizer#f§d 2], although it has been studied
extensively under Molten Carbonate Fuel Cell (MCIEGhditions, where ullage gases are
high in CQ content.

Control of corrosion Impurities in the form of oxygen and moisture anuch less of an
issue in carbonates [Kruizenga 2012]. However, dldeition of chlorides will cause
accelerated materials degradation. [Zeng 2011] shdwat adding 10 wt.% chloride
impurities can cause ~25% faster of the corrosibr8@SS. Further investigations by
developing rates of corrosion versus impurity conmicion need to be established.

Fluoride salts

Structural materials compatibilityFluoride melts used as nuclear reactor coolasery
corrosive already below 700 °C [Coyle 1985]. HdsteAlloy N is suitable for use in melts
of NaBrF4-NaF up to 600 °C and LiF-BeF up to 700 Below 700 °C other austenitic
steels can be employed but Cr is detrimental inalMiys (while it is not in Fe alloys).
Furthermore, it is recommended to operate fluonats in closed systems under vacuum
or inert gas. Moisture uptake must be avoidedrmuonvent HF formation.

Control of corrosionsimilar as Chloride salts.
Oxide salts / molten glass

Structural materials compatibilityDi Martino 2004a] studied the corrosion of punetals
Fe, Ni, Co, Cr in molten glass at 1050 °C. Amongtdd metals, only chromium is a
passivable material. The passivation is due tofdhmation of a chromium oxide (&Ds)
protective layer at the glass/metal interface. Tihwgas suggested that superalloys used in
molten glass must contain a high chromium leveleist to corrosion. Furthermore, [J. Di
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Martino 2004b] found that nickel and cobalt highrathium superalloys in molten glass are
passivable materials due to the presence of gthiective chromium oxide scale.

Control of corrosionit is well accepted that the most efficient potiien of the alloys in
molten glasses was provided by chromium oxide [[irfvho 2004a] [Di Martino 2004b]
[Petitiean 2014] [Abdullah 2013]. [Petitiean 20l4hvestigated the conditions of
thermodynamic stability (i.e., solubility) of &; by considering the influence of
temperature, basicity, and oxygen partial pressurthe melts. Further investigations by
developing rates of corrosion versus impurity conigion need to be established.

Overall it can be summarized that, aspects of ésteinclude the identification of suitable
salt mixtures, physiochemical property determimgtidehydration processes, impact of the
atmosphere, decomposition mechanisms and corrpsi@momena of such melts.

4.4. Liquid metal

This section focuses on the compatibility of stowal materials with liquid metal or its
eutectic alloys for its use on CSP technologie® 3dction includes the general information
regarding structural material degradation by ligmdtals and specific information of the
structural materials compatibility for the diffeteapplications on CSP technologies.

Liquid metals and their eutectic metallic alloyg @ne of the most promising concepts for
Phase Change Materials (PCM). In addition, liquidtais are being considered for Heat
Transfer Fluid (HTF) with a conceptual design whinbludes sensible heat TES system.
Liquid metals and their metallic alloys are gooddidates due to their high latent heat and
thermal conductivity. However the increase of tperature regime and their own nature
can reduce the compatibility with structural matkrdue to their high aggressiveness
regarding to corrosion and embrittlement.

4.4.1.Material degradation by liquid metals

Liquid metal corrosion occurs mainly by the dissioin of the metallic elements into the
liquid metal and usually the electrochemical reaxti are not so important than other
corrosive medium. Four degradation mechanisms reayphsidered:

- Dissolution: where the container material is literally solvedthe storage metallic
media. Corrosion of structural alloy depends onsthlation rate and the solubility value
of the solid in the liquid metal. The diffusion tie metallic components must be
considered in the two ways: from the container walhe bulk metallic PCM, and also
the penetration from the bulk metallic PCM and tigio the container wall. It is also
worth to mention that the solution of metallic campnts within the metallic
storage/PCM may change his thermophysical properdied its performance may
change as a consequence of the corrosion.

- Formation of corrosion products: that could form a layer that protect the container
material from corrosion, or not.
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- Formation of intermetallic compounds: the molten metal reacts with the container
material, producing intermetallic compounds. Certaolubility of the liquid metal
within the container material is required.

- Liquid metal embrittlement (LME): the embrittlement consists of a loss of ductility
and mechanical strength that leads to crackingfexadly the failure of the container
material. This mechanism is very important to helgd by means of corrosion tests
under tension. A container material may have arelexat chemical compatibility with
the PCM, but also a high tendency to embrittlentkat could lead to serious damage
under working conditions and dramatic safety andnemic consequences in a real
TES systems.

In addition, it should be necessary to consideeotitocess, depending on the application
type, such as: alloying process of metal elemehtkeostructural and metallic alloys; mass
transfer due to temperature or concentration gnastiéeaching or preferential dissolution of
one of the element of structural material that pesduce intergranular attack; liquid metal
penetration into structural material with the fotima of new phases or solid solutions; etc.

4.4.2.Compatibility of structural materials with metallic PCM

In recent years, an important research effort le@s lnedicated to the development of PCM
based on liquid metal and its alloys. The designeat TES systems based on PCMs has to
take into account not only factors concerning tRdvHtself (as the energy storage capacity,
melting point of the alloy, subcooling...) but alsoetcompatibility with the container
materials at the working conditions. It is worth donsider that the cost of the container
material will also have a strong influence on theremic balance of the TES system.

In this sense, a study of the compatibility of elifint container materials with the selected
PCM is a must in every case. This study should isbmd corrosion tests at the working

conditions of the selected PCM, simulating the saomditions that will take place in the

future PCM-based TES system. It is important tosaber that the container material will be

exposed not only to the corrosion attack by thetemolmetals, but also to important

mechanical stress derived from the continuous syalerystallization/liquefaction.

This work introduces some general guidelines ireotd choose the most suitable container
materials for each metallic PCM, but further comwastests are always recommended for
each particular application.

In the following paragraphs, some consideratiommgmamding to compatibility of pure metal
and some of the alloys used as PCMs with the ms®d gontainer materials will be shown.
The working temperature will be the melting poiRowever, a gap of 20 °C above and
below the melting point may be considered in mastes. It is important to notice that at
higher temperatures, other corrosion mechanisniatanplace and this study is not reliable.
The use of metallic alloys and pure metals as PGMsly considered.
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- Compatibility with pure metals

Zinc (mp 419 °C)

- Ferritic steels show corrosion in contact with molten zinc at tengpures higher
than 400 °C. An initial layer iron-zinc protectsetimaterial against corrosion.
However, after long exposure periods, the protectayer may be broken and the
material is exposed to further corrosion. Embmittigt may also take place in the
solid state, at temperatures lower than the melpioigt. AISI 4140 may failure in
the presence of molten zinc at 265 °C by embrigiam

- Carbon steelsmay suffer embrittlement at 370 °C.

- Austenitic steelscan also suffer embrittlement, but those with higile content as
254SMO and Mo/30W are more resistant than AlISIS$6

- Cobalt-based alloysare more resistant than steels.

- Pure nickel and its alloysare rapidly attacked by molten zinc. Inconel 62 a
Hastelloy X have poor resistance to molten zinc.

The performance of the container materials to goroin the presence of molten zinc can
be ordered as follows from higher to lower resistan

Cobalt-based alloys > Fe-Ni-Cr steels > Austersiteels > Ni-based alloys
Magnesium (650 °C)

Nickel reacts rapidly with molten magnesium. Howewen has a low solubility in molten
magnesium. Therefore, ferritic and carbon steety Yaw nickel content are preferred to
austenitic steels. Pure nickel and its alloys (hedphastelloy) are not recommended as
container for molten magnesium. The ferritic stessl steel 430 is used as container for
molten magnesium.

Copper (1084 °C)

Copper is not usually proposed as PCM material tduigs high melting point and cost.
However, it may be part of proposed ternary metaliloys and therefore, some
considerations about compatibility with containeaterials are here exposed.

Intergranular attack may take place in austeniteels (Fe-Ni-Cr) and Ni-based alloys
(Inconel, Hastelloys). Alloys containing nickel an®@t recommended with this material.
Ferritic stainless steel as A430 could be a godmopvith this molten metal.

Aluminium (2470 °C)

Due to its high melting point, pure aluminium wibt probably be used as PCM material.
However, some studies concerning the use of al@ystaining magnesium, zinc and
aluminium as PCMs have been described in litergiisuenio 2015]. T
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The container materials in contact with liquid ailnimm should have:

- Low solubility in liquid aluminium

- The interphase layer should act as a barrier tosidn and be well sticked to the
substrate.

- The interphase layer should be hard and resistazdrtosion/erosion.

Considering these features, the different contaimeterials are analysed and their resistance
to corrosion evaluated:

- Iron-based alloys: the high solubility of iron ituainium and the loss of interfacial
compounds increase the corrosion rate of theserialaten contact with pure
aluminium. The attack is especially dramatic inawymc conditions.

- Nickel-based alloys: Nickel also shows a high siiliybin aluminium. Therefore,
the use of nickel-based alloys should be avoided this PCM material

- Titanium: the low solubility of Ti in molten Al irreases its resistance to corrosion.
Moreover, the elevated hardness of titanium makes rhaterial very resistant to
erosion. The addition of alloying components asM8), Ge, Cu or Li in the liquid
aluminium has a positive effect as it inhibits grewing of the interphase layer.

- Some other alloys containing Cr, Mo, Nb, Y: in parkar, the alloy Nb-30Ti-20W
shows an excellent performance in contact withidiguuminium.

- Alloys FeSi presents good resistance to molten ilusm.

The use of ceramic linings could be a good chaicerotect a container material against
corrosion in contact with molten aluminium. Howevtre resistance of the lining to the
molten metal, especially under dynamic conditions during the cycles of
crystallization/melting of the PCM, must be test€éramic materials as AIN, AD3, SEN4
and sialon could be good candidates as protectikenuc materials.

Refractory materials based on aluminium silicatess aorroded in the presence of molten
aluminium. A deposit of alumina is formed in thefage of the refractory material.

However, in the case of refractory materials basedilicon nitride, the corrosion will
depend on the microstructure. A composite forme&b)4/CSi shows very light corrosion
as an interfacial intermetallic compound layerosried and avoid the progress of corrosion.

- Compatibility with eutectic alloys

Magnesium-Zinc alloy (49%Mg Zn51%)

Carbon and stainless steels may be adequate teeblerucontact with this PCM. However,
it has to be considered that these steels showitiernent in contact with molten zinc.

Magnesium-Zinc-Aluminum alloy (Mg7oZn24.0Als.1)

As shown in literature, stainless steels may bel.ustisuefio 2015] showed that there is no
migration of the components of the PCM to the cioitamaterial or the container material
to the bulk PCMs for these steels.
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Magnesium-Zinc-Aluminum alloy (MgeZneoAl 34)

[Zhang 2006] reported a corrosion velocity of Orih/y in the case of austenitic stainless
steel 304L that maybe considered acceptable. Tine s#ioy with C20 showed a corrosion
velocity of 0.18 mmly.

- Embrittlement in liguid metals

As it was mentioned in previous paragraphs, entdmgnt may play an important role in
the corrosion by molten metals. Attending to thetamer materials:

- Aluminum is embrittled by tin, zinc and liquid mercury.

- Carbon and Cr-stainless steebre embrittled by zinc, tin, cadmium, lead, copper
and lithium

- Stainless steelsre embrittled by zinc, cadmium, aluminium, lead aopper

- Titanium is embrittled by cadmium, mercury and silver

- Nickel is embrittled by zinc, cadmium and mercury

- Copper is embrittled by mercury

4.4.3.Compatibility of materials with Lead and Lead Bismuth Eutectic

A great effort has been performed in the reseasckhk use of lead or lead bismuth eutectic
(LBE) in different technological applications likg¢ Generation nuclear reactors with high
temperatures. This acquired knowledge could besteared to CSP applications because
this heavy liquid metals (HLM) are being consideascHeat Transfer Fluid (HTF) for CSP.
The challenge of increasing plant efficiency can teached with higher operating
temperatures, with a conceptual design which iredudirect sensible heat TES system or
new TES developments [Frazer 2013][Fristch 20156 @dvantage of these liquid metals is
a very efficient heat transfer and a broader ligeitiperature, in the case of LBE with low
melting point (127 °C) and high boiling point (1670). One of the major concerns is the
structural materials selection due to the aggressss of the environment.

Corrosion by liquid metal depends on the solutate and solubility value of the solid metal
into the liquid. The conventional structural madésiundergo a dissolution attack due to the
high solubility of the constituent elements (Ni, €e) of steels in Pb or LBE which depends
strongly on the temperature. In addition, leachtag be observed due to the preferential
dissolution of Ni of stainless steel immersed inB.EShreir 1994]. Although the material
behaviour is quite similar in Pb and LBE, the higkelubility of the main elements of the
alloy in LBE results in higher corrosion rates thatiquid Pb [Zhang 2009].

Structural material protection is based on the f&drom of a thin and adherent oxide layer
which prevents the solubility acting as a barriRussian researchers proposed oxide film
formation on the base metal by oxygen potentiakrobrin environment. Thus, for oxygen
concentrations in the liquid metal below the edpmilim concentration for the formation of
protective layers, the structural steels will suffiessolution attack. Contrary, if the oxygen
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concentration is higher than the necessary, tledssigll experience an oxidation process. In
addition, a high oxygen concentration can oxidieelead alloy with the oxide precipitation.

Corrosion test pointed out that structural matsriaotection by oxide layers formed “in
situ” seems to be feasible, at least up to a afitiemperature. For temperatures higher,
oxide layers formed do not prevent the materialssalution. This critical temperature
depends on the oxygen activity, the material contippsand time [Martin 2004].

Austenitic, martensitic and low alloy steels under@ dissolution process in reductive
environments even at temperatures of 450 °C. Howéwey are suitable to be used in LBE
up to temperature of 500- 550 °C always that enaxgigen is present.

Martensitic steels can be used depending on timedafiion of stable oxide which varies with
the oxygen concentration and temperature. The oxggatent can be as low as®@at.%

up to 450°C, while when the temperature is increéédstween 450-550 °C the value must be
10* wt.%. Upon this critical temperature of 550 °Ce thxide scale is destroyed and
dissolution attack occurred.

Austenitic SS presented protective oxide layer€iolip to 450 °C even with low oxygen
content. At higher temperature, oxygen concentatimust be increased betweer®10*
wt.% which allow the formation of stable oxides [&02004]. The highest temperature for
these alloys is 500 — 550 °C. However, if the oxygentent is not enough for the
protection, the preferential dissolution of nickah produce leaching. The nickel depletion
produces the destabilisation of the austenitic @hass transformation into ferrite
(ferritisation process Figure 19 right).

Figure 19. Austenitic steel AISI 316L tested in kkabismuth under an atmosphere with a
H2/H,0 ratio of 0.03 at 535, 550 and 600 °C (Source CIEW)

Under oxidant conditions, austenitic SS show agbdithaviour that martensitic steel, being
the contrary in reductive environment. Higher Cnaentration of the austenitic stainless
steels promotes the formation of thin protectivadexlayers in oxidant environments,

whereas the nickel content justify the higher disson observed in reductive environments.
Corrosion rate depends on steel composition arsl thiue decreases as the content of
alloying element Cr, Ti, Nb, Al and Si increase @iy 2009]. Although there are several
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studies about conventional structural material$s wtill necessary to pay attention on the
behaviour of corrosion/oxidation of the weld joinfsthese materials [Martin 2011].

For highest temperature regimes, the oxygen coigrabt effective and other mitigation

strategies should be necessary by the use of goainface layers treatments or other
materials bulk alloying with aluminium or silicoAl has shown its potential to protect steel
against corrosion and severe oxidation in contatit ®b alloys, when its concentration in
the surface region is between 4-10 wt.% [Muller400

Different structural materials are considered a@hhiemperatures up to 700 °C such as:
Oxide Dispersion Strengthened (ODS), specially PéGteels, and Alumina Forming
Austenitic (AFA) steels. ODS steels present oxidetigdes (Alumina, yttria) within the
lattice of the material with a significantly highereep strength, high hot strength, thermal
conductivity, oxidation and corrosion resistande, ©n the other hand, AFA alloys contain
Al in the bulk material concentration. The corresi@sistance of both types of materials is
increased due to the formation of a thin and ptte@luminium oxide (AIO3) scale layer
on material surface with better protection and-keHling properties. Corrosion tests of
commercial ODS steels in stagnant lead at 700 %@ kamonstrated excellent corrosion
behaviour, with no signs of dissolution or oxidatién oxygen concentration of 2Gvt.%.
For reductive conditions (10wt.% oxygen) and long exposures some dissolutimmes
appear, although the general corrosion behaviougosd [Soler 2009]. At this high
temperature, a good corrosion resistance is shaweddr different oxygen concentrations
with Cr-ODS martensitic steel containing 3.3-3.8%aAd other minor elements like Zr or
Hf [Takaya 2012].

Silicon addition has also demonstrated improvedosion behaviour of structural materials.
Martensitic steels with 12-18% wt.% Cr presentedaxe protective oxide film when the Si

content is increased up to 2.25% wt.% [Lim 200dJoAFe—12Cr-2Si tested at 700 °C has
shown an excellent behaviour with different oxygencentrations due to formation of

duplex oxide layer with Cr and Si which acts asugion barrier [Short 2013].

Other technical solution for high temperature isdzhon different procedures for the surface
alloying with Al, Si or FeCrAlY which also forms giective oxides of Al. Between these
procedures, the GESA surface alloyed treatmentistsn® melt the deposited layer, using
pulsed electron beams, resulting in a metallic ledndurface layer with alloyed steel
component [Weisenburger 2008]. Corrosion testewitic-martensitic and ODS steels with
surface Al-alloying by GESA process has shown thimétion of protective thin oxide layer
when the aluminium concentration is between 8-2B%irjzel 2006]. This surface treatment
has demonstrated a good protection which enlargesoperating temperature field for
different surface compositions like the depositafna FeCrAlY layer (7 wt.% Al and 9
wt.% of Cr) followed by GESA process [Weisenburgeil].

- Recommendations and open guestions

Lead and LBE are being considered as HTF and T&&gs for different CSP applications.
These liquid metals present very efficient heatdfer but the heat capacities are relatively
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lower than nitrate molten salts and it could perslis use in sensible heat storage [Pacio
2013]. However, the use of these liquid metalsinarease the plant efficiency with higher
operating temperatures, with a conceptual desigichwimcludes direct sensible heat TES
system or new TES developments with them [Fraz&BRBristch 2015].

One disadvantage of liquid metal could be thatcthe is higher than nitrate molten salts. In
addition the metal prizes show strong market flattuns. However, the total cost evaluation
should take into account the entire CSP plant quoe¢ design with a high operation

temperature and efficiency. Different TES developtaeare under study with costs in the
same range than two tanks of molten salts [Fri2@1b].

One of the major concerns for the use of Pb and EBtectic is the compatibility of liquid
metals with structural materials. Materials coroosundergo by the dissolution of the metal
elements of the alloy (Fe, Cr, and mainly Ni) ie treavy liquid metal. The protection of the
structural materials is based on the formationrotgztive oxide layers which impedes the
diffusion of chemical species. Up to temperatures@0 °C, martensitic and austenitic
stainless steel can be protected by the formatiooxwme layers controlling the oxygen
content dissolved in the melt. At high temperaturego 700 °C, the protection is based on
the formation of very stable and corrosion-resistdmmina (AbO3) surface layer. There are
different strategies under study and developmanthi® addition of aluminium like: surface
alloyed techniques (as GESA process) applied téerdifit structural materials or the
development of advanced AFA or ODS steels, or abioation of both solutions.

In addition, there are still open questions regaydo the degradation of the new materials
developed for its use at temperatures higher tB&PC and the corrosion and the behaviour
of its weld joints. Also it is necessary to gaisight into the mechanical properties of the
new materials developments, especially at operatmglitions of CSP technologies.

4.4.4 Critical issues

Liquid metals or metallic eutectic alloys are bestgdied as different applications for TES
system. The advantage of the use of liquid metsldased on the wide options of
temperature regimes (different eutectics as PCMherincrease of plant efficiency by the
high operation temperatures and broader extengiggation range (Pb and LBE).

Regarding the use of liquid metals there are soomsiderations that it is necessary to take
into account in order to select a feasible systeimguliquid metals as storage material:

- Thermophysical propertied\s general rule the liquid metals presents highermal
conductivity but lower heat capacities than mokeits. Therefore, the performance
of liquid metal as storage media for sensible lveald be lower than molten salts.
On the advantage is that the selection of spenmgtallic or eutectic alloy allows
selecting the composition with the melting poinbsd to the temperature range
desirable for PCM applications.

- Safety Some of liquid metals are toxic or flammable, daese of that some uses
imply the implementation of reliable safety measueats

- Cost Techno-economic analyses should be performeadaikito account not only
the cost of the liquid metal or its alloy, but ald® entire TES system (structural
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material, coatings, equipment..). Higher investra@aists can be obtained in the case
of heat exchanger type shell & tubes of molten salhpared with liquid metal
[Nieto 2016]. Moreover, it is necessary to consittean the cost for the metallic
alloys will depend highly on the fluctuations of ket for the metal prices.

- Corrosion of structural materialsAn acceptable corrosion must be checked in order
to assure the lifetime of components. There aralfieetlloys that can be selected
with acceptable corrosion or dissolution low ratessidering the lifetime. In other
cases the benefit of the use of liquid metal matifjuthe use of mitigation measures
against corrosion like the use of appropriate gagewsphere (Pb /LBE) or the
application of specific coatings (Al alloys).

- Mechanical degradatiommay also play an important role in the lifetime tbe
component in special regarding embrittlement dueliqaid metal. Therefore,
specific studies must be performed for each cosigleage/structural materials.
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5. CONCLUSIONS

The main emphasis of this White Paper is on malitrate salt compatibility with structural
materials. Corrosion rates are available for latwoyacorrosion tests, at medium and high
temperature, and Corrosion Testing Device insideage tanks in operation at 400 °C.
However few open data is available of structuratemals degradation based on failure
analyses in commercial plants. Additionally, otlwarrosion tests are necessary to gain
insight the material degradation by nitrate mokatt for its use in CSP plants like: dynamic
corrosion tests, electrochemical techniques (toetstdnd the mechanism) or mechanical
testing (fatigue and stress corrosion cracking).

As corrosion research is an established field émventional power plants, this White Paper
shows that there is growing need of corrosion mete&n the emerging fields of high-
temperature thermal energy storage and concergratilar power. Especially, the challenge
of increasing temperature regime will be joinedthe development of new molten salts
mixtures or other storage materials like liquid at&tIn that case, further corrosion research
is need in order to select and to study the degjaadaf structural material in contact with
more aggressive environments.
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