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New avenues for thermal energy storage (TES) need to be investigated due to the lack of competitiveness of
concentrated solar power (CSP) technologies. Solutions must be found to replace molten salt tanks which have a
major economic impact and are difficult to maintain due to corrosion problems. In this sense, concrete repre-
sented an attractive candidate by proving excellent sensible TES in CSP. However, its main phase, made of
Portland cement (PC), has significant environmental consequences. The production of PC is known to emit high
levels of polluting gases, particularly the CO,. It is estimated to be responsible for between 5% and 7% of the
world’s CO, emissions, making it a major contributor to climate change. This work presents greener cementitious
materials, made of alkaline cements and hybrids cements, to be used as alternative eco-friendly TES media in CSP
plants. An experimental campaign is presented which shows that these eco-efficient materials can have better
mechanical properties, than the ordinary PC mortar, when exposed to high temperatures, in addition, can offer
improvements of their thermal properties (thermal conductivity or specific heat). Second part of the work is
devoted to Finite Element simulations, with the aim to find the best configuration, in terms of selection of
materials and geometry, which are more efficient as TES system. The work is showing the following advance-
ments in CSP technology by using alternative eco-friendly binders: the installation volume can be reduced by
17%, compared to a molten salt tank, while the heat exchanger’s surface area can be resized by 29%, compared
to the reference system using PC. These improvements enable wider variations in CSP operational efficiency and
dynamic capabilities and represent important progress towards developing more efficient and sustainable CSP
technologies.

1. Introduction source (e.g., wind, sun, etc.) which specially causes a mismatch between

the energy supply and demand. One way to mitigate this problem is

In the last Climate Change Conference (COP27), it was agreed the
acceleration of actions related to reduce the CO, emissions, the removal
of inefficient fossil subsidies and the promotion of renewable energies
[1]. Renewable energies allow a significant reduction of CO; by avoid-
ing the use of fossil fuels. However, even though there has been a growth
of these technologies, renewable energies must need an improvement in
their energy efficiency due to the transient variability of the energy
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through a smart usage of energy storage systems that lead to important
cost savings [2-7]. Due to climate change and air pollution, as well as to
compliance with legislative regulations and specific credits for “green”
electricity, there is an increasing interest in thermal energy storage
(TES) for concentrated solar power (CSP) plants. Their implementation
leads to an increase in the annual contribution of solar-based renew-
ables, an improvement in the efficiency of the plants and a reduction of
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the levelized cost of energy (LCOE) [8].

It is important to focus on the solar annual contribution since CSP
technologies are not competitive technologies even in the sunniest lo-
cations from an economical and efficiency point of view. Their costs are
determined, among other things, by the TES systems currently in use,
which classically consist of two metal tanks tank filled up with molten
salts. The combination of the molten nitrates (mainly used as heat
transfer fluid-HTF, made of NaNOs in 60 wt.% and KNOs3 in 40 wt.%
mix, commonly known as Solar Salt) with metal tanks generates a sys-
tem with high cost due to the need of use of highly-expensive Ni-based
superalloys, or austenitic stainless steels, to avoid corrosion problems
[9]. In addition to the expensive materials used for the tanks, there are
other aspects that need to be improved: the high risk of solidification due
to the high freezing point of molten salts, a relatively small temperature
difference between the hot and cold fluid in the TES, which decreases
the dynamics of the CSP plants, and losses in the solar field due to the
high outlet temperature, resulting in more expensive pipes and materials
[3]. However, not only operational characteristics must be considered; it
has been observed that the steel installation (tanks and piping circuit),
together with the molten salts, account for 69.3% of total CO3 emissions
in a CSP plant. Focusing only on the TES medium, it is described that for
1 kg of molten salts produced, >6.5 kg of CO2 are emitted [10].

For these reasons, new TES systems are being studied to boost CSP
plants. Specifically, cheaper TES (which can reduce the cost of the TES
system by at least 35%) to guarantee the future success of CSP tech-
nologies are worth to be investigated [11,12]. Thermal energy can be
stored in three ways: by sensible heat storage, latent heat storage and
chemical heat storage. Sensible heat storage is the simplest one [4,6],
and very attractive in terms of investment and maintenance costs [13].
In this context, one of the most attractive solid which provides a viable
option to operate as TES in this way is concrete [14-16]. Concrete is
chosen because of its low cost, high availability, and ease of production.
It is a material that has high specific heat, so it keeps heat for longer time
and allows to reduce the storage volume. In addition, it has good me-
chanical properties and can maintain them after it’s exposed to thermal
cycles. However, its main disadvantage is related to its quite low thermal
conductivity, which is the main reason why large heat exchangers (with
high investment cost) are required to transfer the thermal energy to/
from HTF. As it can be seen in Fig. 1, concrete-based heat exchangers are
based on metal tubes which are embedded in the concrete to let the HTF
flows through them transferring its heat to the concrete (during the
charging process) and taking the heat from the concrete (during the
discharging process). The tubes are made of steel whose coefficient of
thermal expansion (CTE) is similar to that of concrete, which allows the
TES system to maintain high cycling stability over a long period of time
[3,13,17].

CSP concrete was tested on a large-scale using blocks with embedded
steel pipes to study its feasibility [14], resulting in good mechanical
properties after exposure to 500 °C, and also after thermal cycles in the
range of 200 °C to 400 °C, typical operational temperatures for this
cementitious materials [5]. These described temperatures, although
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Fig. 1. Operation of a CSP plant with sensible heat storage based on a concrete
block with embedded steel-based pipes.
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commonly used in the application, represent the maximum limit that the
concrete can face. In the case of molten salts, it is true that this limitation
does not exist, since, for example, nitrate salts are capable of reaching
almost 600 °C [5]. Even though the operational temperature limit is
lower, it has been concluded that concrete really fits as a TES system as it
can offer high power levels during the discharge, due to the integrity
exhibited when a large temperature difference is established between
the block and the HTF [15]. It is demonstrated in literature that con-
crete, as a sensible storage, shows an improvement in the overall per-
formance of CSP technology when compared to the conventional two-
tank, indirect, molten salt TES [16]. Concrete proves to be a fully scal-
able technology that can be installed anywhere [18]. Its viability as TES
system has already been tested also on small-scale in the laboratory or by
using Finite Element Method (FEM) analysis and CFD codes by several
researchers [8,13,19-30].

Computational modelling allows an easy optimization of TES blocks
without spending material resources and time on designing complex
experiments. FEM allows pre-calculations and design objectives that can
indicate which system offers the best thermal behavior (determining
materials, geometry and arrangement of the pipes in the block, number
of heat exchangers) for its subsequent fabrication [19,30]. TES designs
must be carefully optimized to provide storage and release operating
times compatible with commercial applications [20]. Another technical
point of view to be taken into account is the amount of stored energy in
the block and also, the one that can be supplied [11], since the stored
thermal energy is the main key to determine the viability of a system
such as TES [23]. The efficiency of the storage unit can be improved by
increasing the operational temperatures, which can be optimized ac-
cording to the used materials [23]. Block efficiency has to take into
account not only the operational parameters, but also costs, since, as it
was explained before, CSP technology could be not as competitive from
an economic point of view [9].

The costs of a sensible heat storage depend on the material, the cost
for the space and the enclosure for the TES (as both molten salts and
cementitious materials need to be located in an insulated container to
prevent heat losses), and the heat exchangers (embedded pipes)
[11,16,31]. Among these three elements, embedded metal tubes stand
out or their higher cost [13,21-23], which can account for >50% of the
total TES price [11]. An improvement in the performance of the block
has been demonstrated by inserting multiple heat exchangers (pipes)
into the TES [26,32] but its optimization should always be considered
(pipe diameter, number of pipes, arrangement of the pipes in the block,
etc.) in order to achieve maximum transfer energy (heat exchangers
have a greatly influence in charging/discharging times) without
neglecting the economic impact [8,21,27,28]. Another way to save
costs, in addition to the heat exchanger optimization, is based on finding
the way to reduce the TES installation space by getting a block material
that can store more energy [23].

In this context, concrete is very convenient because of its low price,
besides of its good skills to be a promising TES media in CSP as TES.
However, the fabrication of its main raw material, Portland cement (PC),
has a high and negative environmental impact. PC industry contributes
detrimentally to the environment since consumes a large sum of fossil
fuel, being 12-15% circa of the total industrial energy consumption
[33]. In addition, polluting gases are emitted during PC production,
accounting the cement industry for 5-7% of the CO; global emissions (it
is estimated that for every ton manufactured of PC, up to one ton of CO4
is emitted) [34,35]. Thus, in ecological terms, it is not an alternative to
molten salts. In addition, it has also been found that concrete has a high
water footprint impact since water is an element which is needed in
almost every step of its production [36].

Because of those disadvantages, two alternatives were developed:
the use of alkali-activated materials (AAM), so-called geopolymers, and
the hybrid materials (HM).

AAM can fully substitute PC using aluminosilicate materials (that can
be natural minerals or by-products of industrial processes). They need to
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be activated with high pH alkaline solutions that limit the workability in
the construction sector [37,38]. To avoid that type of activators, HM
emerged. HM reduces the amount of PC as it is employed in a low
content (20-30%). Then, the main precursor, as in the case of the AAM,
is an aluminosilicate material (70-80%) which is activated with soft
alkaline salts (commonly used in a solid state) just in presence of water
[39]. A significant cost reduction together with environmental im-
provements can be achieved when by-products are used in cementitious
materials, since are waste from other industries that otherwise would
end up in dumps, and their recycling leads to a decrease in the energy
needed in the manufacturing process [33,40-44]. By-products can be
used not only as a part of the binder (substituting PC) but also, as a part
of the aggregate, substituting the natural aggregate (NA) (sand), to
avoid abiotic depletion, eutrophication, acidification [45] and CO5
emissions [46], among other environmental problems.

Considered the serious environmental drawbacks of PC and sand
mentioned above, this study proposes the development of new alterna-
tives to continue exploring the advantages of construction materials as
TES media employed in CSP plants. Thus, AAM and HM systems were
manufactured following the principles of the circular economy using
waste and industrial by-products.

Numerical and experimental studies have been carried out to test
their feasibility as a TES. Thermal cycles were performed to test the
stability of the mortars between 200 °C and 400 °C, as the operational
temperatures in parabolic trough collectors (the most common CSP
technology in the 95% of the cases) vary from 290 °C to 390 °C and also,
because concrete as sensible heat storage has been shown to be stable in
these temperature ranges [5,8,17]. After 20 thermal cycles, mechanical
properties were studied by compression tests. Then, density, specific
heat and thermal conductivity of the materials were measured to use
them as input parameters in a FEM simulation. The numerical tests were
done to optimize firstly the design of the blocks (obtaining a system that
provides a faster heating [13]) and then, to study which mortar has a
better operational performance in a CSP, considering technical and
economic variables. The comparison between systems was made
considering a stored energy of 1100 MWh, which is the energy stored
today in tanks of molten salts in a 50 MWel parabolic trough power plant
of ANDASOL (taking into account full charge and discharge cycles, i.e.
during 7.5 h of storage) [14].

2. Experimental procedure
2.1. Materials

Three types of mortars were performed (a reference sample, made of
and referred as PC; an AAM, referred as SLAG, and a HM, referred as
HSLAG). For them, two binders were used: Portland cement I 42.5R,
supplied by the company “Cementos Portland Valderrivas”, and an in-
dustrial by-product, a blast furnace slag from ENSIDESA (Avilés, Spain).
Sand (S) was substituted in percentage by weight with glass waste (GW)
from “Ecovidrio” (Ajalvir, Spain). The particle size of the used GW was
under 2 mm to resemble the material that was replaced. To achieve that
particle size, GW was ground by using a cross beater mill.

The chemical compositions of the different raw materials (Portland
cement and blast furnace slag) and the recycled aggregate (GW) are
shown in Table 1, where it can be observed that the content of CaO, SiO,
and AlyOs is the majority in PC and SLAG. Regarding the GW, its main
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component is SiOs.
2.2. Sample preparation

All mortars have been prepared under the UNE EN 196-1 [47]
standard:

e PC mortar: Portland cement CEM I 42.5R and aggregate (ratio 1:3
respectively) hydrate just in presence of water.

e SLAG mortar: blast furnace slag and aggregate (1,3 ratio) were used.
It was activated with a commercial solution of sodium silicate
(waterglass) that was diluted with water and NaOH to achieve a
Si05/Nay0 ratio equal to 0.8.

e HSLAG mortar: the mix is based on a 77.5% weight of slag and 17.5%
weight of CEM I 42.5R. In addition, the HM systems contain a soft
alkaline activator, specifically, 5% of NapSO4 was added to accel-
erate the hydration process that it is produced with water [48]. These
systems were also prepared with a precursor/aggregate ratio of 1:3.

The NA (sand) was substituted by glass waste (GW) as previous
studies demonstrated its high impact on the water footprint [36]. The
substitution of sand by GW in weight percentage was 25%, 50%, 75%
and 100%. To provide the same workability in all systems, the liquid/
solid (L/S) ratios were varied following the UNE EN 1015-6 standard
[49]. Table 2 shows the exact quantities of each component to manu-
facture the different systems. The mortar was poured into rectangular
molds (4 x 4 x 16 cm) after the mixing in an automatic laboratory
mixer. To improve the mortar distribution in the rectangular mold, the
Proeti automatic compactor was used according to the UNE 196-3
standard [50]. The mortars were then cured for 28 days in a humid
climate container (99% relative humidity) at room temperature (22 °C)
before they were tested.

2.3. Equipment and procedure

To study the viability of the materials as TES, thermal cycles were
performed between 200 °C and 400 °C with heating/cooling ramps of
6 °C/min to ensure high thermal stress under real condition [7]. The
minimum and maximum temperature (200 °C or 400 °C) were main-
tained for 40 min to ensure temperature homogeneity at all points of the
mortar [51]. The temperature range was selected because these are the
optimum temperatures at which concrete can operate [5,17] and also,
because CSP technology usually operates between 290 °C and 390 °C
[8]. The exposure was defined at 20 cycles because the decrease in
mechanical properties compared to those obtained after the first thermal
cycle (when water evaporates and can lead to crack formation and thus
to an increase in porosity [52]) was not significant and also, because
there is very little information in the literature on the effects of thermal
cycling on cementitious materials to be used as TES [7]. Given the
critical process of water evaporation, a previous heat treatment was
carried out to slowly remove the water to avoid the spalling phenome-
non. The samples were subjected to a heating ramp at 2 °C/min and
were exposed to 100 °C during 24 h [53].

Then, different tests were carried out on untreated samples and those
exposed to 20 cycles:

Table 1

Chemical composition of the raw materials (wt.%) by XRF.
wt.% CaO Si0y Al,03 MgO Fe,03 SO3 NaO K20 LoI”
Portland cement 61.94 21.28 6.45 <0.003 2.53 5.87 <0.012 1.01 2.35
Blast furnace slag 35.73 36.15 11.75 12.75 0.38 1.75 <0.010 0.27 2.10
GW 11.75 70.71 2.05 1.17 0.52 - 11.71 1.08 0.83

2 Lol loss on ignition.
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Table 2

Mortar preparation.

Journal of Energy Storage 71 (2023) 108076

Nomenclature Raw material (g) Addition L/S Water (g) Activator solution (g) Aggregate (g)
PC 100 S 450-PC - 0.50 225-H,0 - 1350-S
PC75S 450-PC - 0.57 256.5-H,0 - 1012.5-S
337.7-GW
PC50S 450-PC - 0.60 270-H;0 - 675-S
675-GW
PC25S 450-PC - 0.62 279-H,0 - 337.7-S
1012.5-GW
PC 100 GW 450-PC - 0.64 288-H,0 - 1350-GW
SLAG 100 S 450-SLAG - 0.55 - 247.5-Na,SiO3 Solution 1350-S
SLAG 75 S 450-SLAG - 0.54 - 243- 1012.5-S
Na,SiO3 Solution 337.7-GW
SLAG 50 S 450-SLAG - 0.65 - 292.5-Na,SiO3 Solution 675-S
675-GW
SLAG 25 S 450-SLAG - 0.73 - 328.5-Na,SiO3 Solution 337.7-S
1012.5-GW
SLAG 100 GW 450-SLAG - 0.76 - 342- 1350-GW
Na,SiO3 Solution
HSLAG 100 S 348.75-SLAG; 78.75-PC; 5% NaySO4 0.46 207-H;0 - 1350-S
22.5-NayS04
HSLAG 75 S 348.75-SLAG; 78.75-PC; 5% NaSO4 0.48 216-H,0 - 1012.5-S
22.5-NaySO4 337.7-GW
HSLAG 50 S 348.75-SLAG; 78.75-PC; 5% NaSO4 0.51 229.5-H,0 - 675-S
22.5-NayS04 675-GW
HSLAG 25 S 348.75-SLAG; 78.75-PC; 5% NaSO4 0.55 247.5-H,0 - 337.7-S
22.5-NayS04 1012.5-GW
HSLAG 100 GW 348.75-SLAG; 78.75-PC; 5% NaSO4 0.58 261-H,0 - 1350-GW

22.5-NayS0y4

e Microtest universal testing machine, with the 200 kN load cell to
register the necessary force to cause the compression failure of the
mortar, was used to carry out the compression tests. Five repetitions
were carried out for each type of mortar.

e MP-2 Thermal Conductivity Measurement Platform, using the TLS
50 mm sensor was used to measure the thermal conductivities (ten
repetitions per mortar) before and after the exposure of mortars to

(@)
il

§

N~
1

/
.
o

009

oos

007}

0.08

0.08

o 002

004

006 oos o

(®)

o

002

oo

thermal cycles. To be able to insert the sensor, the mortars were
previously drilled with a vertical drill.
o Specific heat of the mortars was analyzed by differential scanning
calorimeter (DSC) equipment, model 822 (Mettler Toledo GmbH,
Greifensee, Switzerland). Mortars were ground and 15 mg powder
were placed into aluminum crucibles of 40 pl. Samples were heated
in the temperature range of 0—400 °C and nitrogen (35 ml/min flow)
was used as purge gas. Two ramps were performed from 0 to 400 °C
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Fig. 2. (a) (b) (c) Unit cell arrangements with their main parameters. (d) (e) (f) Geometry and considered mesh studied in the simulation: (a, d) Square arrangement
with a 90° angle; (b, e) Triangular distribution with an angle of 45°; (c, f) Triangular distribution with an angle of 30°.
The blue area represents the points that provide the average temperature of the quarter of the block. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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to calculate Cp after the complete evaporation of water. The heating
rate was established at 10 °C/min and liquid nitrogen was used to
cool the samples. Three different measurements were carried out to
obtain an average.

e ACCUPYC 1330 helium pycnometer (Micromeritics, Norcross, GA,
USA) was used to measure the theoretical density (p) with gas
displacement. Bulk density (pp) was calculated by Archimedes prin-
ciple following the UNE-EN 993-1:2018 standard [54]. With theo-
retical and bulk densities (three measurements of each one in the
different mortars), total porosities (n;) were calculated using Eq. (1):

pt—pb

7t (%) = o 100 @

3. Finite element modelling

To investigate the charging/discharging behavior of the mortars,
numerical simulations based on FEM were carried out. These simula-
tions considered a unit cell, which is representative of the minimum
portion of a TES block geometry when repeated in both the x and y axes.
The three classic arrangements of the unit cell that were considered in a
heat exchanger [55] are shown in Fig. 2 a—c. They represent i) the square
arrangement with a 90° angle, ii) the triangular distribution with an
angle of 45° and iii) the triangular distribution with an angle of 30°.

The unit cell makes it possible to study the optimal and most efficient
arrangement of pipes, together with their diameter and pitch. This
portion is representing a 2D section taken out from a 3 x 3 x 21(x, y, z)
m® mortar block, whose dimensions follow the size of previous studies
[14]. Thanks to the symmetry, the average temperature given by a
quarter of the block (represented in blue in Fig. 2 a—c) was studied.

The unit cell is adiabatic at its borders, meaning there is no heat
exchange with the surroundings. This is due to the periodic behavior of
all adjacent cells, where there is no heat exchange between them. Then,
the block is heated by a HTF that flows through the pipes at a charging
temperature of 390 °C. The problem is simplified by assuming that the
wall of the pipe is directly at 390 °C (no internal flow considerations are
made). In the opposite case (the discharge case) the temperature of the
pipe is 290 °C.

3.1. Governing equation

Following the basic equations that describe a heat conduction
problem and based on the Enthalpy and Apparent Calorific Capacity
Method (ACCM), which is the most widely used method for solving TES
processes in cement-based materials [56], Eq. (2) is obtained to describe
the temperature field T in the domain Q of Fig. 3

(a)

NE
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P oY1) = g, @

subject to the boundary conditions (B.C.)

Dirichlet B.C. : T = T,,;Vx € 0Q7 and ¢ > 0, (3b)
Neumann B.C.: —kVT.n =0Vx € dQ, and ¢ > 0, (30)
and initial condition

T=T,WxecQandt=0, (3d)

being t the time, k the effective thermal conductivity tensor of the ma-
terial (depending on the position vector x of the considered body Q), q
the possible source term, V. and V the divergence and gradient tensorial
operators, respectively, T,,q the charging or discharging temperature (i.
e., 390 or 290 °C, respectively), n the unit vector normal to and pointing
outwards 0Q,, and Ty the initial temperature of the block equal to
290 °G, if the unit cell is to be heat, or the maximum heating tempera-
ture reached for each distribution (almost 390 °C), if the discharging
process is carried out.

In this work, the heat transfer problem only considers a sensible-
based process and assumes a constant value of heat capacity p.c..

3.2. FEM discretization

The temperature field T in the domain Q of Fig. 3 is discretized in the
finite element domain assuming the interpolation strategy (Eq. (4))

T =N-T-V(T) = V(N-T), 4

where N = [hy,hy,...,h,] is the set collecting the shape functions, and T=
[Ty, Ts, ..., T,1" the nodal temperatures (unknown) of a mesh having n
nodes.

Using a standard (Galerkin) FEM, the set T is the solution of the
algebraic system of equations (discretized version of the problem of Eqgs.
(2) + (30))

CT+KT=F,+F, =0, )

being C and K the global constitutive matrices (capacity and conduc-
tivity, respectively), while Fo and F; the assembled global vectors,
whose values are zero since no heat sources neither non-zero Neumann
boundary condition are considered in this study, and T is the set con-
taining the time derivative of the nodal temperatures on the global
reference system (for more details regarding the solution of the FEM

(®)

Adiabatic

= [sothermal temperature (Twall):
390 °C during the charging process
290 °C during the discharging process

Fig. 3. (a) Domain of analysis (b) Study area conditions.
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problem, see for instance the book of Zienkiewicz and Taylor on the
basics of FEM [57]).

3.3. Time integration

Let us discretize the time domain [0, ty] in N time steps [t,, thi1],
with:

0=ty <t <t, <ty <.. <ty <Ly, 6)

being ty the total time. Then, by using the finite difference approx-
imation of time-derivative for T:

T, =T,
“T, by <1<ty =ty + AL @)

T =
Now, by applying the theta-method for time integration, Eq. (5) at
the time instant t,.y = 0t,,1 + (1 — 9)t, takes the form:

Tu - Tn
e T KT =0, (€)

Cio
with  Thig = T(thss) =
Kno = K(Tn+9)~

By adopting the backward Euler scheme, which has 1st order accu-
racy and is unconditionally stable, & = 1 and it is obtained the following
system:

OTni1 + (1 —60)Tn, Cnio=C(Tnip) and

Tl K T =0 ©

The above FEM formulation was implemented in MATLAB R2021a.
To achieve reliable results, a mesh was optimized by dividing the unit
cell into square elements (see Fig. 2 d-f). The x- and y-axis side were
divided into 100 elements (10,000 squares generate the mesh), and it
was adopted a time step of 600 s being the total time (ty) 7.5 h. The
optimization was carried out based on previous studies [19]. Finally, the
computational time required to run the model is approximately 9 min on
a laptop with 16 GB RAM and an Intel(R) Core(TM) i7-8565U processor.

Cn+1

4. Results
4.1. Mechanical properties
After 28 days of curing, compression strength tests were carried out

on the three base systems (i.e., PC, SLAG and HSLAG mortars) with the
different percentages of sand substitution by GW as it can be seen in

80 B

I = SLAG

70 EJHSLAG

60

40+
304

20+

Compressive strength (MPa)

100 S 758 508 258

100 GW
Sand substitution by glass waste (wt.%)

Fig. 4. Compressive strengths of the three different systems varying the sand
substitution (wt.%) by GW. The vertical bars indicate the range between the
minimum and the maximum value (among five repetition tests).
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Fig. 4. The results show that when the content of GW is increased, the
bond between the binder and the aggregate is weaker, resulting in lower
compressive strength values [58]. Moreover, as the GW is increased, the
mixture needs a higher L/S ratio which introduces more porosity in the
material, making it less resistant [59], as well as less conductive (Section
4.2).

The best performance is achieved by the SLAG 100 S system (without
sand substitution) which reaches a compressive strength value up to 67
MPa. This value, compared to the one obtained by the reference PC 100
S mortar, allows an improvement of 64%. This rise is due to the presence
of silicon in the alkaline solution: a high cohesion and compaction of the
main reaction product (C-A-S-H gel, because slag is used) is produced
when the silicon is added using sodium silicate [37,60]. This enhanced
behavior, as result of the highly amounts of cohesive gel, let the intro-
duction of 25% by weight of GW replacing the sand in the AAM system
(SLAG 75 S system). SLAG 75 S mortar obtains a compressive strength
value of 41 MPa, which is equal to that obtained in the reference PC
system without GW (namely, PC 100 S).

A reduction of only 13% is obtained if the HSLAG 100 S system is
used instead of the PC 100 S mortar, as it obtains a value of 35 MPa.
HSLAG 100 S mortar provides the lowest compressive strength due to its
main reaction products, however, its value is comparable to that of the
reference system. This result is given by its main reaction products that
are mixtures of C-S-H gels (produced by the amount of PC of 17.5%) and
C-A-S-H gel (produced by the 77.5 wt.% of slag in composition). The
mixture of gels is not as consistency as the C-S-H gel present in the PC
100 S mortar. This is because in the reference sample a 100% of PC is
used in contrast to the 17.5% employed in the HSLAG 100 S. Regarding
the C-A-S-H gel, the one present in the hybrid system, is less cohesive
than that of the AAM because no silica-rich solution is added.

Then, the four mortars which present the highest mechanical per-
formance (i.e., PC 100 S, SLAG 100 S, SLAG 75 S, and HSLAG 100 S)
were exposed to 20 thermal cycles between 200 °C and 400 °C to test
their thermal stability for the use as TES. The mechanical behavior
before (without treatment — WT) and after the exposure to thermal cy-
cles is shown in Fig. 5.

It can be observed that the SLAG 100 S system keeps almost constant
after thermal stress, decreasing its mechanical behavior by only 5%,
thanks to the aforementioned C-A-S-H gel. The SLAG 75 S system shows
the most drastic decline with a 25% reduction. The damage is produced
due to the weak bond between aggregate and binder caused by in-
compatibility [61] and the continuous expansion of the aggregate dur-
ing heating while the binder shrinks [62]. After the SLAG 75 S mortar,
the reference PC 100 S mortar is the most affected by the thermal
treatment, reducing its mechanical properties by 13%. The C-S-H pro-
duced in the reference sample is not as cohesive as the C-A-S-H gel of the
SLAG 100 S, leading to a worse behavior against thermal cycles. Spe-
cifically, after 20 thermal cycles, SLAG 100 S has a compressive strength
value 80% higher than PC 100 S. The HSLAG 100 S performance follows
a trend contrary to that of other systems. The HM system improves its
mechanical behavior by 6% after 20 cycles. This fact is produced
because 28 days of curing is not enough time for the slag to precipitate/
hydrate and form its main reaction products only in presence of water
and a soft solid activator. Thus, when the mortar is heated, a reactivity in
the HSLAG 100 S system is produced [44] leading to a 6% improvement
in compressive strength compared to the PC 100 S sample after 20
cycles.

To understand the drop in the mechanical properties, porosity was
also studied. Pores act like stress concentrators through which cracks
tend to nucleate [63]. Cracks are produced due to shrinkage between the
aggregate and the binder generated by the elevated temperature [64].
This phenomenon can be observed in Fig. 5, where an increase in
porosity can be seen after thermal cycles and, consequently, the me-
chanical properties decrease. An exception is observed in the HSLAG
100 S, where the mechanical properties are influenced by the equilib-
rium between the reaction and the formation of the main hydration
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Fig. 5. Compressive strength and total porosity of selected systems before thermal treatment and after exposure to 20 thermal cycles. The vertical bars indicate the

range between the minimum and the maximum value (among five repetition tests).

products (due to the application of heat) and the expansion/contraction
of the aggregate/binder.

Porosity was calculated by using the difference between the theo-
retical and bulk densities values (Table 3). The theoretical densities
increase or keep almost constant due to the shrinkage produced in the
mortars after the thermal treatment.

4.2. Thermal properties

As shown in Fig. 6, after thermal treatments, a number of reactions
and transformations take place which influence not only the mechanical
properties but also the thermal properties, as the specific heat and
thermal conductivity are affected [3].

Thermal conductivity is mainly affected by porosity. Pores hinder the
propagation of phonons at atomistic scale, resulting in the interruption
of heat transfer within the material [65,66]. But there are other prop-
erties that already affect this physical property such as the diameter of
the particles, the bonding materials, the moisture content, the crystal-
linity of the material or the aging [67].

Before the thermal cycles, PC 100 S and SLAG 100 S samples show
the highest thermal conductivity values (2.4 W/(m-K) and 2.5 W/(m-K),
respectively). In the case of the SLAG 75 S mortar, due to the in-
compatibility between the binder and the aggregates, a reduction of
36% is obtained when compared to the reference PC sample. The ther-
mal conductivity value of the HSLAG 100 S is 13% lower than that of the
PC 100 S, this is due to its lower consistency of its main reaction

Table 3
Theoretical (pt) and bulk (pb) densities.
WT 20 cycles
pt (g/cm®) pb (g/em®) pt (g/cm?) pb (g/cm®)
PC100S 2.51 2.20 2.61 2.20
SLAG 100 S 2.43 2.30 2.42 2.21
SLAG 75 S 2.41 213 2.44 2.11
HSLAG 100 S 2.51 2.22 2.61 2.22

products, already discussed in the previous section.

The thermal conductivity value of the SLAG 100 S system is 16%
higher than that of the PC reference sample after exposure to 20 thermal
cycles. In the case of the SLAG 75 S mortar, its thermal conductivity
value is slightly lower (only 3% less) compared to the PC 100 S. Thermal
conductivity values of the AAM systems are affected by 71% in the case
of the SLAG 100 S and 60% in the case of the SLAG 75 S. The reference
mortar is also affected by thermal stress, its value decrease compared to
its untreated sample by 74%. The most affected thermal conductivity
occurs in the HSLAG 100 S mortar, which obtains a reduction of 84%
compared to the untreated sample. This again demonstrates the higher
cohesiveness of the C-A-S-H gel compared to the C-S-H gel.

As with the mechanical behavior, the drop in thermal conductivity
values is attributed to the porosity. The pores act as barriers to the
propagation of phonons, thereby impacting heat transfer within the
material. [19] After thermal cycles and exposure to high temperature,
porosity increases in all systems due to expansion and contraction pro-
cesses within the material. [64] Fig. 6 provides clearly evidence of the
inverse relationship between porosity and thermal conductivity, where
an increase of the porosity leads to a decrease in thermal conductivity.

The specific heat is the other important thermal property that must
be consider, because, together with the mass of the material and the
operational temperatures, it determines the amount of energy that can
be stored in a block. Thermal cycles also strongly influence the
maximum energy that can be stored in a material. This is due to the mass
losses that occur during the heat treatment (i.e., evaporation of water,
mass loss of the aggregates [14], decomposition of the gels and com-
ponents [61,68-70], among others). The mass loss directly affects the
specific heat. The most affected sample after 20 thermal cycles is the
SLAG 75 S, which reduces its capacity from its untreated sample by 79%
due to the aggregate expansion and the binder shrinkage [62] and due to
the weak bond between the aggregate and the binder caused by in-
compatibility [61]. PC 100 S system follows the SLAG 75 S reducing its
specific heat compared to its untreated sample by approximately 44%.
Then, SLAG 100 S reduced its value by only 17% and HSLAG 100 S by
about 29%.
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Fig. 6. Specific heat, thermal conductivity, and total porosity values of mortars without thermal treatment and after exposure to 20 thermal cycles. The vertical bars
indicate the range between the minimum and the maximum value. For each property a different nu number of measurements were carried out, which are indicated in

the experimental procedure.

It should be stress that, if the alternatives are compared to the PC
100 S system after the exposure to 20 cycles, there is an improvement in
thermal storage capacity of >46% if the SLAG 100 S was used and
almost 21% in the case of the HSLAG 100 S system. These major im-
provements coupled with the great impact of thermal cycles on the
mechanical properties of the PC 100 S system, demonstrate again the
possibility of using the alternative materials as TES in the CSP plants.

4.3. Finite element simulation

The parameters that were varied in the simulation were:

Pipe arrangement: the most common configurations were analyzed.
Triangular distribution with an angle of 30° and 45° between the
center of the pipes, and square arrangement with an angle of 90°.
These distributions can be seen in Fig. 2.

Pipe diameter: two typical/standard outer diameters of an exchanger
were chosen; 12.7 mm and 25.4 mm. To calculate the total surface of
the tubes, a pipe thickness of 2 mm was considered.

Number of pipes: the tubes were arranged in a 2-dimensional section
of 3 x 3 m%, where the distance between the centers (pitch) was
varied. The section contains the maximum number of pipes accord-
ing to the pitch.

Pitch: the study was carried out for a pipe center distance of 70, 80,
90, 100, 100, 110, 110, 120, 130, 134, (based on a previous study to
compare the results [14]), 140, 150, 150, 200, 300 and 400 mm.
Material: bulk density, specific heat, and thermal conductivity of the
four mortars that were exposed to 20 thermal cycles were included in
the study to test the heat transfer phenomenon produced in the
material. Those parameters are shown in Table 4.

To find a distribution that allows increasing operational tempera-
tures (Tmax and Tmin) in Eq. (10) to improve the system efficiency by
achieving higher sensible heat storage [23], the parameters mentioned
before were varied. An increase in the thermal storage leads to a
decrease in the number of blocks needed, which results in saving of
costs, resources, and space. Thermal storage depends on the material of
the block (as well as on the operational temperatures) as can be seen in
Eq. (10), which is directly dependent on the specific heat. A high specific

Table 4
Thermal conductivity, specific heat and bulk density values required for the
simulation.

Thermal conductivity, Specific heat, Cp, in the Bulk density,
k, (W/(m x K)) after range of 290-390 °C (J/ pb, (g/cms)
20 thermal cycles (kg x K)) after 20 after 20 thermal
thermal cycles cycles
PC100S  0.62 953 2.20
SLAG 0.72 1397 2.21
100 S
SLAG 0.60 359 2.11
758
HSLAG 0.33 1152 2.22
100 S

heat reduces the storage volume too. Construction materials commonly
have a high specific heat but usually exhibit low thermal conductivities,
therefore large heat exchanger surfaces are needed, as high thermal
conductivity increases the dynamics in the system [13]:

Tmax

0= m Cp(T)dT

Tmin

10)

In order to know which arrangement provides the highest heating of
the system in the shortest time, the same pitch (e.g., 100 mm) was
chosen and simulations were carried out using the PC 100 S reference
mortar after 20 thermal cycles to do the comparison among pipe dis-
tributions. Also, the diameter of the pipes was changed using the most
common dimensions, 12.7 and 25.4 mm. Thus, the minimum unit cell
colored in red in the 3 x 3 m? section was modelled as shown in Fig. 7.

After running the simulations, the fastest heating (as well as cooling)
is obtained for the triangular distribution at an angle of 30° and with a
diameter of 25.4 mm. This result was the expected because the contact
area between tubes and block is larger and, consequently, there is less
mass of mortar to be heated/cooled. With a 30° triangular distribution,
the total number of tubes immersed in the section is 1003, i.e., 103 more
tubes compared to the square distribution and 79 more tubes compared
to the triangular distribution at an angle of 45°. Obviously, the surface
area is also increased when the tube diameter rises. Thus, with a tube
diameter of 25.4 mm, the TES is transferred faster from the tube to the
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Arrangement = 90 °
Diameter =25.4 mm
Number of tubes =900
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Number of tubes =924

Pitch =100 mm

Arrangement = 30 °
Diameter =25.4 mm
Number of tubes = 1003

Pitch =100 mm

Fig. 7. Unit cells marked in red in the 3 x 3 m? sections for each of the chosen distributions. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

block (or vice versa in the discharge process of cooling) than with a tube
diameter of 12.7 mm.

If we compare the systems with the same diameter (Fig. 8), let’s say
25.4 mm, after 2 h of heating, if the square distribution with a 90° angle
is used instead of the 30° triangular distribution, the heat transfer is
reduced by 1.8%, while if the 45° triangular distribution is used, it is
reduced by 1.6%. The heat transfer rate lies in the larger contact area of
the triangular distribution with a 30° angle, because, if we look at Fig. 8,

we can see that the number of tubes (NT) is higher for this tube
configuration. This difference is greater after 2 h of charging if we
compared the two different diameters using the same arrangement. For
example, taking the 30° triangular distribution, the heat transfer is 4.4%
faster if we use a diameter of 25.4 mm instead of 12.7 mm. This per-
centage decreases after a complete heating cycle, because after 7.5 h of
storage, the temperature difference between the two systems is only
0.41%.
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Fig. 8. Heating/cooling curves for different tube distributions with diameter variation. Pitch remains constant (100 mm).

Considering the higher temperature variation (leading to a greater
stored energy as seen in Eq. (10)) reached by the 30° triangular system,
and the small difference when the diameter was changed, the pitch was
varied in the 30° triangular arrangement for both, the 12.7 mm and 25.4
mm diameters. The results for those geometries can be found in the
Supplementary data section. The most optimal systems are chosen in
order to make a discussion (systems highlighted in Tables 5, 6 and 7 of
the Supplementary data section). Two restrictions were consider to
choose the systems: for a load of 290 °C to 390 °C during 7.5 h of storage,
the mortar must heat up to at least 380 °C (10 °C below the load tem-
perature) and, in addition, its total volume to store at least 1100 MWh
(meaning the capacity for a 50 MWel parabolic trough power plant of
the ANDASOL-type [14]) is at most 30% higher than the current volume

- Volume of the TESsystems
27000

of the common Solar Salt (16,011 m3 [71]). The systems which were
selected can be seen for example in Fig. 9, where a comparison of the
required volume to store 1100 MWh is made among the TES systems.
Since a 30° triangular arrangement with a diameter of 25.4 mm results
in a large heat exchanger surface area (element with the greatest eco-
nomic impact), simulations were carried out keeping the 25.4 mm
diameter, but choosing a square distribution to reduce the total number
of tubes in the block.

- Volume of the TES systems

Fig. 9 shows the required volume of the selected systems to store at
least 1100 MWh. None of the blocks made with SLAG 75 S mortar are
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Fig. 9. Comparison of the volume required to store at least 1100 MWh (m®).
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taken into account because of its minimum volume required to store
1100 MWh for the three designs (a 30° triangular distribution with both
diameters and a square distribution with a diameter of 25.4 mm) was
>230% larger than the volume required for Solar Salt, which generates a
high economic impact as it requires a large space for the installation of
the TES in the CSP plant.

In contrast, the other alkali-activated system (SLAG 100 S) is the only
one that, regardless the pitch, provides a volume decrease compared to
Solar Salt. Specifically, when 30° triangular distribution, outer diameter
of 12.7 mm and pitch of 80 mm are used in this material, 17% can be
saved on the volume required for the TES installation. Even if the block
design of the SLAG 100 S with a larger volume (30° triangular
arrangement, 134 mm pitch and 25.4 mm diameter) was chosen, a
volume saving of almost 8% could be achieved. If the minimum volume
of the SLAG 100 S is compared to that of PC 100 S, 32% of space is saved.
Even if the maximum volume of the SLAG 100 S system is compared to
the minimum volume capable of being obtained by the PC 100 S, an
improvement of >24% is obtained by the AAM mortar without GW.

In the case of the PC 100 S reference system, its minimum volume is
obtained when combining a 30° triangular arrangement, diameter of
12.7 mm and a pitch of 90 mm, however, this system design requires
almost 22% more volume than a TES system based on molten salts.

Although the use of HSLAG 100 S increases the volume, there is only
an increase in volume compared to Solar Salt of >1% if the 30° trian-
gular distribution with diameter 12.7 mm and pitch 70 mm is used.
When comparing the minimum volume of this alternative mortar with
the minimum volume of the reference sample (PC 100 S), there is an
improvement of almost 17% when HSLAG 100 S is used. With this
alternative, there is also an improvement of almost 8% if its block design
with the highest volume is compared to the block of PC 100 S with the
minimum volume.

- Total surface area of the heat exchanger

In addition to the TES volume, the total surface area of the heat
exchanger must be considered due to the greatest economic impact of
this element.

As Fig. 10 shows, while the pitch is increased in the same distribu-
tion, the total pipe surface decreases (fewer number of tubes in the
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block). For example, in a 30° triangular arrangement with a diameter of
12.7 mm, in the case of the reference sample, if the pitch increases from
90 mm to 110 mm, a saving of >30% is achieved. By varying the pitch,
the greatest savings in the total pipe surface is obtained using a square
distribution, with a diameter of 25.4 mm where the cementitious ma-
terial is HSLAG 100 S. Specifically, there is a decrease if a pitch of 100
mm is used instead of 80 mm of almost 35%.

Another way to achieve large material savings is to reduce the
diameter from 25.4 mm to 12.7 mm. This fact can be shown taking the
same pitch (110 mm), the same material (such as SLAG 100 S) and the
same pipe arrangement (30° triangular). The comparison shows that a
reduction of >210% can be achieved. However, the most commonly
used diameters in this application are not smaller than 20 mm [24,72].

It can be observed in Fig. 10 that there is only one block design that
considers a total area under 100,000 m>. This is the SLAG 100 S block,
with triangular tube arrangement at an angle of 30°, with a pitch of 110
mm and a diameter of 12.7 mm. This result, compared to the PC 100 S
system which has the smallest tube surface (D = 12,7 mm, Pitch = 110
mm, 30° triangular distribution), offers almost 29% material savings.
Moreover, if the pitch was reduced to 100 mm in the SLAG 100 S,
compared to the PC 100 S with the smaller tube surface, savings of
almost 21% can be achieved. If the pitch of the AAM is further reduced
to 90 mm, compared to the PC 100 S with minimum tube surface, a
saving of almost 1% is obtained.

Considering the other alternative material, HSLAG 100 S system, the
minimum tube surface is also achieved with a diameter of 12.7 mm but
with a pitch of 90 mm. This option, compared to the PC 100 S with the
minimum surface area, increases the total pipe surface (<30%). These
results prove once again the feasibility of using alternative materials to
PC as TES.

- Temperature increase/decrease

As it was mentioned before, the efficiency of TES is directly related to
the operational temperatures (if the operational temperatures are
increased, then, also the efficiency) [23]. The heat transfer rate is strictly
linked to the material. Fig. 11 shows how the mortars increase/decrease
their temperature during the charging/discharging process.

After a full charge cycle (7.5 h of warm-up), the difference between
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the temperature variations of each selected system is not too large (after
that long period, a stationary point is almost reached in all systems).
Specifically, the highest temperature variation is given by the SLAG 100
S with a diameter of 12.7 mm, a pitch of 80 mm and a 30° triangular pipe
distribution (which increases its temperature by 99.65 °C) while the
lowest temperature increase comes from the SLAG 100 S with a diameter
of 25.4 mm, a pitch of 134 mm and a 30° triangular pipe distribution (it
has an increment of 90.22 °C). So, there is only a difference of 9.42 °C
between the system with the highest heat transfer rate and the system

12
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with the lowest one.

Although after a complete cycle of 7.5 h the temperature increase is
very similar in all systems (see Fig. 11 (a)), it is worth mentioning that,
although there is a 21% reduction of the total pipe surface (smaller
contact area), as it has been already discussed above, if the SLAG 100 S
with a 12.7 mm of diameter, a pitch of 100 mm and a 30° triangular
distribution is chosen instead of the PC 100 S sample with the minimum
heat exchanger surface (D = 12,7 mm, Pitch = 110 mm, 30° triangular
distribution), the AAM system heats up after 7.5 h by about 1% more.
Furthermore, reducing the pitch to 90 mm in the SLAG 100 S (D = 12,7
mm, 30° triangular distribution) results in a decrease in the total tube
area compared to the PC 100 S with minimum tube surface of almost 1%
and in a higher heating of the block (3% more) after 7.5 h. This dem-
onstrates that not only an increase in the contact surface between the
heat exchanger and the material provides a higher heating of the system
also, the material of the TES is strongly related to the temperatures
which can be reached. It exists a trade-off between the amount of energy
stored and the efficiency of the charge process [28]. The better results of
the SLAG 100 S system over the PC 100 S are because the AAM system
counts with a higher thermal conductivity, so it increases the operating
temperatures (higher heat transfer rate) and also, due to its high specific
heat (>46% of the value of that of the PC 100 S), more energy can be
stored in fewer blocks, which leads to material savings (cementitious
materials and heat exchangers) and a reduction of the installation space.
The performance of the SLAG 100 S as TES demonstrates what previous
studies have confirmed, that a high heat capacity reduces the storage
volume (less space needed) and a high thermal conductivity increases
the dynamics in the system [13].

Considering the balance between operational temperatures and large
investments caused by the tubes, if the HSLAG 100 S block which has the
smallest contact surface (D = 12.7 mm, Pitch = 90 mm and a 30°
triangular arrangement) is chosen, its temperature variation after the
complete charging compared to the PC 100 S with the smallest surface is
only 5% lower. This means that the HSLAG 100 S mortar also performs
well and is comparable to the reference system.

Regarding the cooling process, it is important that the material keeps
the heat inside for as many hours as possible to provide the HTF with
heat when the source is not available. Also, it is important to have a slow
and controlled cooling to avoid or minimize interfacial and external
microcracks that may occur in the cementitious material [29]. Thus, in
Fig. 11(b), the systems that present the better behavior are those which
count with a lower temperature drop. It can be seen that the only sys-
tems with a decay lower than 85 °C are both alternative systems. Spe-
cifically, even though the SLAG 100 S with a diameter of 25.4 mm, a
pitch of 134 mm and a 30° triangular pipe arrangement was the one that
reaches the lowest temperature after the charging process (90.22 °C), it
keeps its heat for a longer time resulting in a slower cooling of the block.
So finally, after 7.5 h of cooling, it reduces its temperature from
380.22 °C (temperature reached after 7.5 h of heating) to 298.82 °C.
This implies the lowest decay, just 81.40 °C. Following the previous
system, the HSLAG 100 S block with a diameter of 12.7 mm, a pitch of
90 mm and a 30° triangular arrangement counts with a temperature
drop of 81.65 °C. The lowest cooling by the reference sample (PC 100 S)
occurs with a design diameter of 25.4 mm, a pitch of 134 mm and a 30°
triangular arrangement. Its temperature drop is of 89.38 °C, which
means that it cools down by >8% compared to the alternative mortars
(provides less service when the source is not available).

After a complete charging/discharging cycle (7.5 h), a quasi-steady-
state regime where the temperature does not change is reached. So, in
order to have a better understanding of the behavior of the materials, the
mortars were compared in the middle of the heating and cooling ramps
(after 4 h) where the curve is steeper (this can be seen for example in
Fig. 8). The variation of temperature and the stored energy after 4 h of
charging/discharging process are shown in Tables 8/9 attached in the
Supplementary data section.

Also, in Fig. 11(c), a comparison of the temperature variation after 4
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h of heating can be seen. The design which heats up faster is the block
made of SLAG 100 S with a diameter of 12.7 mm, a pitch of 80 mm and a
30° triangular distribution. It reaches a temperature increase of
95.24 °C. This design is followed by two blocks of the reference sample:
the PC 100 S system with a diameter of 25.4 mm, a pitch of 100 mm and
a square arrangement (that reaches a temperature increase of 94.25 °C)
and the PC 100 S with a diameter of 12.7 mm, pitch of 90 mm and a 30°
triangular arrangement (which increases its temperature by 93.66 °C).
The main disadvantage of the reference sample is that, although it
reaches very similar temperatures to the SLAG 100 S (D = 12.7 mm,
Pitch = 80 mm, 30° triangular distribution), in the first case (D = 25.4
mm, Pitch = 100 mm, square arrangement) it has a larger heat
exchanger surface, almost 85%, and in the second case (D = 12.7 mm,
Pitch = 90 mm, 30° triangular distribution), it exceeds the pipe surface
by >16%. This means that, in case the source is not available during a
complete cycle (7.5 h), the SLAG 100 S system (D = 12.7 mm, Pitch = 80
mm, 30° triangular distribution) would store more energy given its
higher heating rate, providing a cheaper solution than the one offered by
PC 100 S due to the smaller heat exchanger surface required. After the
mentioned systems, then, the HSLAG 100 S provides a temperature
increment of 91.87 °C (using a diameter of 25.4 mm, a pitch of 80 mm
and a square distribution) and 91.36 °C (using a diameter of 12.7 mm, a
pitch of 70 mm and a 30° triangular distribution). This last configuration
has a heat exchanger surface saving of >14% compared to the PC 100 S

(a)
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system which offers the higher heating rate.

As previously described, it is also important to consider slow cooling
to keep the stored thermal energy longer (parameter discussed in the
next point). In Fig. 11(d), after 4 h of discharging, the alternative sys-
tems show the lowest temperature decrease, as happened after 7.5 h of
cooling. Specifically, SLAG 100 S (D = 25.4 mm, Pitch = 134 mm and a
30° triangular distribution) shows the smallest reduction (63.78 °C)
followed by HSLAG 100 S (D = 12.7 mm, Pitch = 90 mm and a 30°
triangular distribution) with a drop of 63.91 °C. Then, among the PC
100 S systems, the block design with a diameter pipe of 25.4 mm, pitch
of 134 and 30° triangular arrangement, achieves a drop temperature of
73.98 (almost 14% more cooling than alternatives).

It has become clear that the important thing is to achieve a fast
charging and a slow discharge, but always keeping the largest amount of
stored energy.

- Stored energy

The number of blocks required for each system was calculated
considering a storage of at least 1100 MWh (target stored energy). An
integer number of blocks was set for each system as can be seen in Ta-
bles 5, 6 and 7. For this reason, it does not make sense to compare the
maximum stored energy of mortars after 7.5 h, since the results are
almost the same for all mortars. However, a good comparison for this
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parameter among all the systems can be made during the heating and
cooling processes (after 4 h) because, as we have seen in the previous
section, the temperature variations are not the same and this affects the
stored energy as seen in Eq. (10). The stored energy comparison after 4 h
can be observed in Fig. 12.

As it was expected, since the system with the highest thermal con-
ductivity leads to the greatest temperature variation, as well as the
system with the highest specific heat allows high TES, the SLAG 100 S
with a diameter of 12.7 mm, a pitch of 80 mm and a 30° triangular
distribution is able to store more energy than the rest. Specifically, after
4 h, it harvests 1056 MWh. Then, the PC 100 S system with a diameter of
25.4 mm, a pitch of 100 mm and a square arrangement stores 1044 MWh
and the PC 100 S with a diameter of 12.7 mm, pitch of 90 mm and a 30°
triangular arrangement, 1043 MWh. The difference between the refer-
ence system and the SLAG 100 S (D = 12.7 mm, Pitch = 80 mm and a 30°
triangular distribution) is the number of blocks needed to store at least
1100 MWh: 36 more in the first case (D = 25.4 mm, Pitch = 100 mm and
square arrangement) and 33 more in the second (D = 12.7 mm, Pitch =
90 mm and a 30° triangular distribution). More in detail, after 4 h, the
first mentioned PC 100 S system needs 46% more mass than the SLAG
100 S (D = 12.7 mm, Pitch = 80 mm, 30° triangular arrangement) to
store 1044 MWh (12 MWh less) while, the second system requires a 47%
more mass compared to the alternative to store 1043 MWh (13 MWh
less).

Then, the results for the HSLAG 100 S mortars are lower but fully
comparable and useful for the application. HSLAG 100 S with diameter
of 25.4 mm, a pitch of 80 mm and square distribution stores 1031 MWh
and HSLAG 100 S with diameter of 12.7 mm, a pitch of 70 mm and 30°
triangular distribution stores 1024 MWh. The PC 100 S system that
stores more energy (1044 MWh after 4 h) needed less mortar (mass)
compared to the PC 100 S with a diameter of 12.7 mm, pitch of 90 mm
and a 30° triangular arrangement, but still needs slightly >16% mass
compared to the HSLAG 100 S systems.

Focusing on the stored TES after 4 h of discharge, the results show
that, although the SLAG 100 S with 25.4 mm diameter, 134 mm pitch
and 30° triangular distribution shows the lowest temperature decay, it is
not the mortar that maintains the highest energy after 4 h of cooling. The
system that maintains the highest energy (324 MWh) is the HSLAG 100 S
with 12.7 mm diameter and 90 mm pitch. This is because it loses its heat
very slow due to its low thermal conductivity. Next, with 323 MWh and
314 MWh, two SLAG 100 S systems succeed the previous HSLAG 100 S:
the one described above (D = 25.4 mm, Pitch = 134 mm and 30°
triangular distribution) and the system with a diameter of 12.7 mm,
pitch of 110 mm and triangular distribution with a 30° angle,
respectively.

It is important to highlight that the performance of the SLAG 100 S
block (D = 12.7 mm, Pitch = 110 mm and 30° triangular distribution)
because it proves once again its great advantages for a CSP plant. Among
all the systems, it has the smallest heat exchanger surface area (it is the
cheapest as it does not require as many tubes), it is one of the mortars
which maintains the energy for a longer period, its maximum temper-
ature reached after a complete cycle is not even 9% below the fastest
heating system (SLAG 100 S with a diameter of 12.7 mm, pitch of 80 mm
and triangular distribution with an angle of 30°) and it provides a
reduction of >10% compared to the typical Solar Salt.

Concerning the reference sample, after 4 h of discharging (when the
cycle has 3.5 h left to run), none of the designed block manages to
maintain an energy of 300 MWh. The PC 100 S mortar which maintains
energy better is that with a diameter of 25.4 mm, a pitch of 134 mm and
a 30° distribution stores, after 4 h of cooling, reaches 241 MWh: at this
point of the cycle has less energy than the alternatives mentioned
(>23%).

As final comment, it can be stated that all the parameters obtained
from the Finite Element Simulation indicate that the alternative mortars
are very good options to work as TES systems in CSP plants. In fact,
different designs show an improvement over the reference PC 100 S
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material.
5. Conclusions

After the experimental and the computational studies, it can be
stated that:

e The high cohesion of the C-A-S-H gel provides better mechanical
properties to the alkali-activates systems. SLAG 100 S system keeps
almost constant its strength after the exposure to 20 thermal cycles,
between 200 °C and 400 °C, providing an 80% higher resistance
compared to the reference PC 100 S system. In the case of the SLAG
75 S system, without any thermal treatment, it achieves the same
resistance as the PC 100 S. However, after 20 cycles, the compressive
strength of the SLAG 75 S decreases by 12% compared to the PC 100
S.

e The damage of the HSLAG 100 S system, under treatments of thermal
cycles, is not as big as in the other systems, specifically, when it is
exposed to the thermal treatment it outperforms the PC 100 S in 6%.
Porosity influences both mechanical and thermal properties because
air cavities cause a detriment in both aspects. For this reason,
porosity is a property that must be considered if a material is going to
be used as TES medium. Lower porosity improves the use of
cementitious materials as TES. The SLAG 100 S system has the lowest
porosity values before and after thermal cycling.

The exposure of a material to thermal cycles also affects thermal

properties. The alternatives offer similar thermal conductivities to

PC 100 S. In particular, the SLAG 100 S system, operating in cycles as

it would do it in CSP technology, improves the thermal conductivity

after exposure by 16% compared to PC. In the case of the specific
heat, the high values (measured via DSC tests) of the SLAG 100 S and

HSLAG 100 S after 20 thermal cycles allow an increase in stored

energy compared to the reference mortar. Energy storage capacity is

improved over that of the PC 100 S by >46%, using the SLAG 100 S,

and by around 21% for the HSLAG 100 S.

e FEM simulations allowed to describe which typical geometry
increased the temperature variation in order to achieve higher effi-
ciency in the TES system. The highest temperature rise (after 2 h of
heating increases heat transfer by >1.6% compared to the other two
configurations) is achieved with a system that arranges the tubes in a
triangular distribution with an angle of 30°.

e The only mortar capable of reducing the volume of the typical Solar
Salt, while storing the same energy (1100 MWh), is the SLAG 100 S.
Volume savings of 17% can be achieved. Comparing this alternative
with the reference sample, a decrease in volume of 32% can be ob-
tained. The volume of the other alternative, HSLAG system, is com-
parable to that of molten salt, with the right design, only 1% more
can be achieved compared to the Solar Salt. Comparing the minimum
volume of the HSLAG 100 S mortar with the minimum volume of the
PC 100 S system, there is an improvement of almost 17% when the
alternative is used.

e The main way to save the cost in a TES system is to reduce the contact

surface of the heat exchangers. This can be achieved by reducing the

diameter of the pipes, increasing the pitch, or using materials with
high specific heat (to store more energy) and high thermal conduc-
tivity (to increase the dynamics of the CSP plants). Thus, the SLAG

100 S mortar is the most efficient system, reducing the total pipe

surface by up to 29% compared to the reference material.

To choose the most optimal TES system is important to consider: an

optimal heat transfer rate, a small volume of the system to save space

and the smallest pipe surface to minimize economic impact.

Considering all these parameters, the SLAG 100 S system with a

diameter of 12.7 mm, pitch of 110 mm and triangular distribution

with a 30° angle seems to be the most suitable for the application.

Although PC is currently proving to be a promising material to use it
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as TES, this study has found that its alternative materials, hybrid and
alkali-activated materials, can offer greater efficiency for operation in
CSP plants, as they provide better mechanical and thermal performance.
Therefore, alternative materials to PC systems can be considered for use
as TES media opening new gates towards use of renewable energies.
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