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Two of these concrete storage modules were tested at the Center forreotpr &hd
Hydrogen Research in Stuttgart, Germany. Figure 2.2 shows the prototypsteoncdules

installed at the center’s laboratory.

Fig. 2.2. Concrete test modules installed in laboratory (Herrmann and Keaey, 2002).
The results obtained from the laboratory experiment confirmed the predictechpmrte of
the system and prompted the development of a large scale project in whichetectiremmal
energy storage system was integrated into a concentrating solar powgmp{&38. This project
was sponsored by the German Government and was implemented in a parabolic trough test loop
in Spain in 2003 (Laing, 2006). Figure 2.3 shows a schematic of the concrete tmsrggl e

storage integrated into the parabolic trough solar energy power plant system.
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Fig. 2.3. Schematic of a concentrating solar power plant with integrated corete thermal

energy storage (Herrmann and Kearney, 2002).

In this set-up, the HTF flows through the solar field where it is charged to thenomax

allowable operating temperature. It flows through the loop simultaneousbiroipéine concrete

and providing heat to generate steam which is used to feed a steam turbine thassproduc

electricity. The energy stored in the concrete storage medium is then asbdftes during

times of adverse weather conditions, for “dispatchability”, and to provideramglectricity

production.

The goal of a buffer is to provide continued energy during times of reduced solar input
caused by passing clouds which can significantly affect operation of a Q8P lg&rrmann and

Kearney explained that “if regular and substantial cloudiness occurs dvert pariod, turbine

steam conditions and/or flow can degrade enough to force turbine trips if there is no

supplementary thermal source to “ride through” the disturbaridespatchability refers to the
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shifting of the energy stored during periods of high insolation to a later periodhigiter
electricity demand.

The present CSP plant system with solid media thermal storage in Spaie®ptiat
maximum temperature of 7%2(400C). This ceiling on operating temperature is governed by
the type of HTF used and also by the ability of the concrete medium to withstand the
temperatures. The present system uses synthetic oil (Therminod) 3. Therminol
becomes unstable at temperatures beyond7@®CC), thereby limiting the operating
temperature of the CSP plant (Laing et al., 2006). This research prograno aorease the
operating temperature to above #B2500C) by using molten salt (solar salt) as the HTF.

Molten salt is a eutectic mixture of 40% by weight potassium nitrate gkii@ 60% by weight
sodium nitrate (NaNg€) which remains stable at temperatures up to ¥0gB5C). The
concrete storage medium must also withstand temperatures®sf @82'C) and beyond without
significant degradation of its mechanical and thermal properties. Thissedreoperating
temperature will result in a reduction in energy prices perg¥yhand consequently the price
per KWhiectric

An alternative to TES Option A is a thermocline system, referred to herélB&©ption B.
TES Option B is a one-tank system in which both the hot and cold fluid occupy the same tank as
shown in Figure 2.4, resulting in reduced storage tank volume (Pacheco et al., 2001, Kolb and
Hassani, 2006, Yang and Garimella, 2010, Faas, 1983). That is, the use of two separate tanks
which the hot and cold fluids are stored separately, as shown in Figure 2.5, is nedinyeces
Molten salt is relatively expensive ($0.22/Ib) (Kearney, 2002) and in order tcerduicost of
the storage system, the option shown in Figure 2.6 was proposed by Pacheco et al., 2003. In

Figure 2.6, heated molten salt enters the top of the tank which contains a packed badit# qua

12



rock and silica sand as the TES medium. The TES medium is charged and the couleresalt
to the bottom of the tank. This creates a temperature gradient referredtb@anacline, inside
the tank (Pacheco et al., 2001, Kolb and Hassani, 2006, Yang and Garimella, 2010, Faas, 1983).
The thermocline storage system uses less than half the salt thatrisddyua two-tank system
for a required storage capacity and maintaining the thermocline withimthestaital to its
efficient functioning.

Nevertheless, a major technical issue with this system is thermadtratchRepeated
thermal cycles result in the settlement of the quartzite and slleaals they occupy the
increased tank volume during the charging phase. During the dischargingtpbassmpacted
filler material prevents the contraction of the tank walls, thus gengtaityh lateral pressures on
the lower tank wall (Yang and Garimella, 2010, Faas, 1983). This phenomenon, refesred to a
thermal ratcheting, can potentially lead to yielding of the tankswa&line way to address this
problem is to use packed concrete bricks in place of the aggregate filler, aachpirat has

never been investigated.
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Fig. 2.4. Schematic of a thermocline TES system (Pacheco et al., 2003).
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Fig. 2.5. Schematic of a concentrating solar power plant with integrated twiank

molten salt thermal energy storage (Kearney, 2004).
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2.2.2 Concrete Mixtures

According to Tamme et al. (2008yo different storage materials were developed for
deployment in the pilot project in Spain. A castable ceramic based on a bingerseohof
aluminates (AIO3), and iron oxides accumulated as waste material in strip steel production as
the aggregates. Auxiliary materials were incorporated to improve th&bibry of the mixture.
The other storage material was a high strength concrete in which slag esamerged as the
binder, iron oxides as the main aggregate, some fly ash and auxiliary redtenmaprove
workability. Table 2.2 summarizes the properties and costs of both mixtures.

Table 2.2 Properties of tested thermal energy storage materials

Storage Material

Storage Material Properties

High Temperature Concrete Castable Ceramic
Density )
Specific heat (§) at 662F
(Btu/lbn?F) 0.219 0.207
Thermal conductivityK) at
662°F (Btu/ft.h°F) 0.578 0.78
Coefficient of thermal
expansion at 66 (10°%K) 9.30 11.80
Costs
(Slyd) 130 256

1 Btu/lbnfF = 4.1868 J/gK, 1 Btu/ft./F = 1.73 W/mK, 1 Ib/ft= 16.02 kg/mi, 1 y&f = 0.7645

m3

According to Tamme, though the castable ceramic had a higher heat cé@ijyand thermal
conductivity (35%) than the high temperature concrete, the concrete was chomesels its
lower cost, higher strengths and easier handling of the fresh mixture.

This research will focused on HSC of various binder (cementitious matepa$) #nd
combinations, combined with different types of aggregates. Cementitiousanatiinclude

portland cement, silica fume, fly ash and calcium aluminate cement. Atgtgges will
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include limestone, sandstone, granite and siliceous sand. High strength coasreb®sen for
this research for two main reasons. Firstly, there is a significant impeotemthe interfacial
transition zone (ITZ) phase of HSC compared to NSC. The ITZ refers to the zoeehéhe
coarse aggregates and the cement paste of a concrete mixture. In thisezens,a higher
localized w/cm which makes the hardened concrete more porous within the ITA @heht
Monteiro, 2006). Additionally, after curing micro cracks are present wil@inTZ, these micro
cracks can easily propagate when concrete is exposed to elevated t@repékdthta and
Monteiro, 2006). Improvement in the ITZ will be beneficial to the long-term g&tabflthe
concrete storage medium. Secondly, there is a reduction in the void spaces of H@af@ddm
NSC. This reduction in voids will increase matrix density which wdilitate heat transfer.
2.2.3 Concrete Design Criteria and Concerns

Key issues for the development and proper functioning of concrete as a sokdshoegle
material are its thermo-physical properties such as densityfispeat capacity, thermal
conductivity, coefficient of thermal expansion (CTE), cyclic stabditgl cost. A high heat
capacity, which is the product of the concrete’s mass and its specific Hesgdute the storage
volume and insulation requirements. A high thermal conductivity decreases theghargi
discharging time of the storage medium and reduces the number of heat exxhéngeiso
important that the concrete’s CTE matches the CTE of the embeddedaroetatiuits or heat
exchangers. By achieving this, the probability of a reduction in the heat tramsfespbecause
of a gap developing between the heat exchanger and the concrete is reducgdnafgdboth
the concrete and the metallic heat exchanger should contract and expand in unison so as to avoid
the development of major cracks in the storage medium. To ensure that the stdarage uni

performs well throughout its design life, concrete must be resistant to nunezousltcycles.
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Explosive spalling of the concrete during the initial heating is another majagrconthe
factors contributing to this phenomenon and ways to avoid it are discussed sepafeelyon

2.4.4.

2.3 Thermal Properties of Concrete
2.3.1 Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) is the change in unit length peedsdgre
temperature change. According to Mehta and Monteiro (2006), selecting an sguidya
low coefficient of thermal expansion is critical for crack prevention in aacparticularly
mass concrete. They explained that the thermal shrinkage strain is depertdentthet
magnitude of temperature change and the coefficient of linear thermal expahsoncrete.
The thermal expansion of the concrete is in turn controlled by the coefficientasftmeemal
expansion of the aggregate, which is the primary constituent of concrete. The @6Elford
cement pastes of varying w/c, mortars (with cement to sand ratio ointt@pacrete mixtures
with different aggregate types are approximately 10, 6.7 and 3.3 to 6:7°% {08, 12 and 6 to
12 x 10%°C), respectively. Commonly used aggregates such as limestones and gabbros have a
CTE of approximately 2.8 x 1%°F (5 x 10%°C) and 6.1 to 6.7 x 1U°F (11 to 12 x 18/°C) for
sandstones, natural gravels and quartzite (Mehta and Monteiro, 2006). In Section 2.2.3, the
importance of controlling concrete’s CTE when used as a TES medium was discussed.
However, the CTE of the HSC mixtures proposed for this research are not known ameheref
the performance of the concrete-stainless steel system will only be kinawgh

experimentation.

18



2.3.2 Specific Heat

Concrete specific heat is the quantity of heat needed to raise the temgefatwnit mass
by one degree. The specific heat of normal weight concrete is not sigthyfiatiected by the
type of aggregate, temperature and other parameters such as total temendéterial
constituents. Typically, concrete specific heat ranges from 0.215 to 0.239n8E(0.9 to 1.0
J/gK) (Neville, 1996). Equation 1 highlights the importance of concrete’s spbetdt as it

relates to thermal energy storage.
Q, = MC AT =VpC AT (1)

In Equation 1, @epresents the amount of energy stored, M represents the mastheC
specific heatp is density, V is volume, antiT is change in temperature. One can see the direct
relationship which exists between the amount of energy stored and the spetifidbvwaver,
because the specific heat of concrete does not vary significantly from onetedgpe to
another, an increase in the amount of energy stored can only be attained by a@ increas
and/or a change in temperaturasy.

2.3.3 Thermal Conductivity

The heat flux transmitted through a unit area of concrete, or any otheraiataier a unit
temperature gradient is termed thermal conductivity. The thermal conguat concrete is
influenced by the mineralogical characteristics of the aggregate ahd byoisture content,
density and temperature of concrete (Neville, 1996). The importance of cantiretenal
conductivity as it relates to its effectiveness as a thermal enemggstmedium was explained
in Section 2.2.3. The variation in thermal conductivity with respect to temperatutiéférent
types of concrete is discussed in Section 2.7. Compared to other materiatslilsteiel and

copper, the thermal conductivity of concrete is low. This is one of the major conctrnsivg
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concrete as a TES medium. In an effort to improve concrete’s thermal cortgudiiferent
combinations of aggregates and steel fibers were used in the mixtures.| Vgjiea of thermal
conductivity for some commonly used aggregates are given in Table 2.3.

Table 2.3 Thermal conductivity values for commonly used aggregates

Aggregates Thermal Conductivity (Btu/ft.h.°F)
Granite 1.00 to 2.30
Limestone 0.728 t0 0.769

Marble 1.20to 1.70
Sandstone 1.06

1 Btu/ft.n’F = 1.73 W/mK
2.3.4 Thermal Diffusivity

Thermal diffusivity is defined as the thermal conductivity divided by the ¢egacity
(product of mass and specific heat). Heat will move more readily through mowitte higher
thermal diffusivity. For normal-weight concrete, the conductivity uswalhtrols the thermal
diffusivity because the density and specific heat do not vary much (Nevillg). 1B9Section
2.2.3, the need for concrete as a TES medium to possess adequate thermal cgnaastivit
discussed. Thermal conductivity and thermal diffusivity are directlyecklaSome typical

values of thermal diffusivity for concrete with different coarse aggesgate given in Table 2.4.
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Table 2.4 Thermal diffusivity values for concrete with different coars aggregates (Mehta
and Monteiro, 2006)

Coarse aggregates fth m?/h

Quartzite 0.058 0.0054
Dolomite 0.051 0.0047
Limestone 0.050 0.0046
Granite 0.043 0.0040
Rhyolite 0.035 0.0033
Basalt 0.032 0.0030

2.4 Effects of Elevated Temperature on Concrete

Many factors control the response of concrete to elevated temperatheesomposition
(cement paste and aggregates) of concrete is one of these factors. The caimanthe
aggregate undergo different levels of transformation and decomposition at destipetrature
ranges dependent on cementitious material and aggregate type. Concretbpigynihe size
of the element and heating rate also influence the behavior of concretle tarhpggratures.
These factors govern the development of internal pressures within the edrarethe gaseous
decomposition products. Concrete behavior at high temperatures may be difficult, if not
impossible, to predict. However, in an attempt to understand how concrete may behave whe
exposed to elevated temperatures, a place to start would be a thorough ahtigsesfects of
high temperatures on its constituent materials.
2.4.1 Cement Paste

According to Petzold and Rohrs (1970), when portland cement paste is subjected to heat
after it has set, it loses its adsorbed and free water (capillary) watartain ranges of
temperature. Subsequently, after passing through an intermediatereatate, new phases

are built; the mineralogical composition of these phases is determinedteyniherature. For
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