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Abstract

Ordinary Portland concrete nowadays represents a viable and cheap option
as a thermal energy storage (TES) medium in concentrated solar power (CSP)
technologies. Current TES CSP applications are typically based on molten salt
tanks which are very expensive and suffer from high corrosion problems. Con-
trarily, concrete presents series of pro such as: simplicity, quite good sensible TES,
high availability, easy fabrication, good mechanical properties (even after the ex-
posure to high temperature), and finally, a thermal expansion coeflicient near to
that of steel, minimizing problems related to the interface between the cementi-
tious material and the heat exchangers (commonly made of steel). In this context,
a correct design of the TES medium, composed of the cementitious material
(Cementitious materials are nanoscale materials) and the heat exchangers (pipes),
plays a key role in both the performance impact as well as on the overall costs of
the CSP device. Therefore, it is necessary to optimize TES systems by varying all
variables providing the best performance: i.e., number of tubes, their arrangement
in the block, as well as the correct selection of the employed cement-based ma-
terial. To achieve an optimized configuration and design, a finite-clement-based
approach is implemented for simulation purposes. In these simulations, the num-
ber of pipes and their arrangement were varied and, in addition, different al-
ternative mortars to ordinary Portland cement were manufactured and used as
input parameters. The alternatives prove to be more efficient than TES as. They
reduce the volume of the molten salt tank by 17% and the surface area of the heat
exchanger by 29% (high-cost savings) compared to the PC (Portland cement)

reference system.
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Introduction

The lack of competitiveness shown by CSP plants, because of their high eco-
nomic impact, makes it necessary to find new solutions to minimize (construction
and/or maintenance) costs.

To increase the encourage of the CSP as a renewable energy, not only in
the electricity generation sector, but also in the industry demand of heat for
processes, the TES is a relevant key to explore, improve and optimize. There are
many different options to storage the solar energy: sensible energy storage, latent
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energy storage or thermochemical energy storage, being the
sensible energy storage the most extended technology in the
industry due to their easy and cheap operation, however, this
technology is not free of uncertainty and challenges to be
solved. Nowadays, in the CSP plants for electricity production,
the TES is made by sensible energy storage via metal tanks
which are filled up with molten salts. To prevent corrosion from
molten nitrates, tanks are made of expensive materials such
as Ni-based superalloys or austenitic stainless steel. However,
corrosion is still an open issue in the field, compromising the
safety of the plants within 30 years [1]. Thus, it is interesting
to find new solutions to boost CSP plants that can improve
their operational aspects and save costs. The sensible storage
is the simplest way [2, 3], in where concrete is found to be
a viable TES system [4, 5]. In Laing et al. [5], it was proven
that concrete can be exposed to thermal cycles, from 200 °C
to 400 °C (typical operational temperatures used in the most
common CSP technology as parabolic trough collectors,
thus concluding that it can operate on a commercial scale. In
CSP systems, concrete undergoes repeated cycles of heating
and cooling with the use of the energy provided by the heat
transfer fluid flowing through embedded steel pipes (heat
exchangers), which transfers and/or absorbs heat as it moves
through the block. The heat exchangers have the greatest
impact on the economy [6], as they can reach more than 50%
of the cost of the TES [7], so it is important to optimize the
transfer area of the TES to reduce costs. Costs can be reduced
by enhancing the blocK’s performance through optimizing
its geometry and incorporating multiple pipes into the TES
device [8, 9], to optimize the transfer area. This process should
always consider the proper choice of pipe diameter, number of
pipes and their arrangement in the block to get the maximum
transfer of energy: heat exchangers have a greatly influence in
charging/discharging times, without neglecting the economic
impact [6, 10].

Another way to save costs, in addition to the heat
exchanger optimization, is to reduce the TES installation space
by getting a block material that can store more energy [11]
per volume unit. Recent studies have demonstrated the good
performance (from a mechanical, thermal, and environmental
point of view) of alternative cementitious materials for use as
TES [12, 13]. Particularly, alkali-activated materials (AAM)
and hybrid materials (HM) were developed, to cut-back the
high environmental impact produced by the main raw material
of the concrete: PC. PC negatively impacts the environment
due to its high consumption of fossil fuels: e.g., it is responsible
of 12 - 15% of the total industrial energy consumption [14]
and emits different polluting gases, among them 7 - 9% of
the CO, global emissions [15]. To minimize those problems,
AAM can fully substitute PC using aluminosilicates which
are activated with high pH alkaline solutions, that limit the
workability in the construction sector [16]. To avoid these
types of activators, HM emerged, which substitute partially
PC as these materials are used in a low content (20 - 30%) and
the aluminosilicate material is now activated with soft alkaline
salts just in presence of water [17]. Aluminosilicate materials
can come from a natural resource or be waste from other
industries (by-products) [12]. By-products can be used as a

part of the binder but also, in substitutions of aggregate and
sands, to avoid abiotic depletion, eutrophication, acidification
[18] and CO, emissions [19] among other environmental
problems.

In view of the above, this study proposes the development
of new alternative mortars as TES systems in CSP plants.
For this purpose, the mechanical and thermal properties of
the materials were studied after the exposure to 20 thermal
cycles (between 200 °C and 400 °C and vice versa). With
this characterization, a finite element model (FEM) has been
implemented to study which mortar offers a better thermal
performance (rapid heat-up and prolonged discharge) in a
CSP plant by previously optimizing the geometry of the block
and modifying the parameters of the heat exchanger.

Experimentation

Characterization methods

Three mortars were manufactured: a reference mix (la-
belled as PC) composed of PC; an AAM (SLAG) composed
of blast furnace slag that was activated with a commercial
sodium silicate (SiO,/Na,O = 0.8); and a HM referred as
HSLAG, composed of 77.5% of blast furnace slag, 17.5% of
PC, and a soft alkaline activator, Na,SO,, that was added by
5% to accelerate the hydration process [20]. To reduce the wa-
ter footprint [21], the natural aggregate (sand) was substitut-
ed by glass waste (GW). Mortars were cured for 28 days in
a humid climate container (99% relative humidity) at room
temperature (22 °C). Then, to study the viability of the ma-
terials as TES, thermal cycles were performed between 200
°C and 400 °C, since these are the optimum temperatures at
which concrete can operate [22] and because CSP technology
usually operates between 290 °C and 390 °C [10]. Heating/
cooling ramps of 6 °C/min to ensure high thermal stress were
used [23]. To analyze the untreated samples and the ones ex-
posed to 20 cycles, compression tests were carried out (five
samples of 4 x 4 x 16 cm for each type of mortar) to study
the mechanical properties by using Microtest universal testing
machine, with 200 kN load cell to register the necessary force
to cause the failure of the mortar. Density was also measured
(three repetitions), being an input in the simulation and to cal-
culate the porosity of the samples, as this property affects both
mechanical and thermal values. ACCUPYC 1330 helium
pycnometer with gas displacement (Micromeritics, Norcross,
GA, USA) was used to determine the theoretical density (p,).
Bulk density (p,) was calculated by Archimedes principle (see
UNE-EN 993-1:2018 standard). With both densities, total
porosities () were calculated. To also solve the heat transfer
problem within the mortar, thermal conductivity and specific
heat of the materials were measured by using MP-2 Thermal
Conductivity Measurement Platform (with the TLS 50 mm
sensor — ten measurements) and differential scanning calorim-
eter (equipment model 822, Mettler Toledo GmbH, Greif-
ensee, Switzerland) (three repetitions per mortar), respectively.

Finite element model

FEM simulations were performed in MATLAB R2021a
to study the heating/cooling processes of the blocks during
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thermal cycles. To simplify the geometry, the minimum
symmetrical portion (unit cell) of the block was modeled.
This cell is taken out from a 3 x 3 x 21 m® mortar block.
Three typical configurations of a heat exchanger [24] were
represented (Figure 1) to find out which distribution allows
an increase of the operational temperatures to improve the
system efficiency and achieve higher sensible heat storage [11].
'The block operates adiabatically and is heated by a HTF that
flows within the pipes at a charging temperature of 390 "C
during 7.5 h. The problem is simplified by assuming that the
wall of the pipe is at 390 °C (no internal fluid interactions are
considered). For the discharging phase (7.5 h), the temperature
of the pipe is 290 °C. To achieve reliable results, the mesh was
optimized by dividing the unit cell into 100 elements (10,000
squares generate the mesh). The optimization was carried out
based on previous studies [12].
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Figure 1: (a), (b), and (c) Unit cell arrangements with their main

parameters. (d), (e), and (f) Geometry and considered mesh studied in
the simulation: (a and d) Square arrangement with a 90° angle; (b and
e) Triangular distribution with an angle of 45% (c and 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.

Basic equations and assumptions

The heat transfer problem considers a conduction-only
phenomenon, solved by equation (Eq. 1).

oT
pe.—-=V.(kV(T))=4q.(T) M
Being % the thermal conductivity and V - and V
the divergence and gradient operators, respectively. The
temperature field 7"is discretized in the FE domain assuming

interpolation strategy (Eq. 2).
T=N.T—>V(T)=V(N.T) )

Where ¥=[h.h...h,] is the vector collecting the shape functions,
while 7=[7.%...7,] the nodal temperatures of the iso-paramet-
ric FE having 7 nodes. The first derivative with respect to time
t of Eq. (2) can be expressed as (Eq. 3):

ar _ 4T _\ . 3)
dt dt

Then, Eq. (4) in the FE domain is used to analyze the heat

transfer problem:

C.T+K“.T=F+F @

Where,
= I . N'p,c, NdQ (Capacity matrix operator),
= I QVN’kVNdQ (Conductivity matrix operator),
Fy=| _N'Q, d (Heat load due to heat sources), and
= |  N'q,dT, (Heat load due to heat flow)

Where, Q_is the rate of heat source and ¢, the heat flow, while
the boundary surface (Neumann or natural) conditions of the
considered FE is denoted by I'n having a volume Q. By us-
ing the classical assembling procedures for the FE analyses in
structural problems, Eq. (5) can be obtained.

C.T+K.T=F,+F )

Where, C and K are the global constitutive matrices, while
FQ and Fq the assembled global vectors whose values are zero
(no heat sources are considered). Then, T is the vector of the
nodal temperatures on the global reference system. Finally, for
the integration in time of Eq. (5), recourse is made of a Back-
ward-Euler (implicit) time stepping characterized by uncon-

ditional convergence.

Results and Discussion
Mechanical properties characterization

After replacing the sand with GW in different percentages,
compression tests were carried out. The results show that the
introduction of GW decreases the mechanical properties due
to the weak bonding between the binder and the aggregate
[25] and because GW demands a higher liquid/solid (L/S)
ratio which generates more porosity [26]. After those tests,
the mortars with the best performance were selected: the three
basic systems (PC 100S, SLAG 1008, and HSLAG 100S) and
the AAM mortar with a 25% wt. of GW (SLAG 75S). The
AAM system was the only one that allowed the introduction
of GW without affecting the strength of the material too much
(SLAGY75 shows a resistance equal to that of the reference
PC sample). This is produced thanks to the high cohesion
and compaction of the main reaction product (C-A-S-H gel
because slag is used) that is produced when silicon is added

using sodium silicate [27, 28].

Specifically, as shown in figure 2, the basic AAM mortar
(SLAG 100S) without any thermal treatment (W'T) reaches
a compressive strength value up to 67 MPa, which is an
improvement over the reference mortar PC 100 S of 64%.
Continuing to focus on the systems without temperature
exposure, although the GW reduces the mechanical properties,
the SLAG 75S mortar achieves a strength value of 41 MPa
which is equal to that obtained in the reference PC system
without GW (PC 100S). In the case of the HSLAG 1008,
a reduction of only 13% compared to the PC 100S mortar is
achieved, reaching a compressive strength value of 35 MPa.
'This lowest value is due to its main reaction products, which

are a mixture of C-S-H gel (produced by the amount of PC
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Figure 2: Compressive strength and total porosity of selected systems
before thermal treatment and after exposure to 20 thermal cycles.

(17.5%)) and a C-A-S-H gel (produced by the 77.5% wt. of
slag in the composition). The mixture of gels is not as consistent
as the C-S-H gel present in the PC 100S mortar, this is due
to the percentages of PC used: 100% of PC in the reference
versus 17.5% employed in the HSLAG 100S. Moreover, the
C-A-S-H gel of the hybrid system is less cohesive than that of
the AAM, since no silica-rich solution is added.

Then, to test the thermal stability of mortars as TES
systems, their compressive strength was measured after their
exposure to 20 thermal cycles between 200 °C and 400 °C. As
can be seen in figure 2, SLAG 100S shows a constant behavior
after thermal stress, decreasing its mechanical resistance by
only 5% due to the C-A-S-H gel. On the contrary, SLAG
75S suffers the most, with a 25% reduction, due to the weak
bond between aggregate and binder caused by incompatibility
[29], and the continuous expansion of the aggregate during
heating (while the binder shrinks [30]) causes further damage
to this system. The second largest reduction comes from the
PC 100S, with a drop of 13%. The C-S-H produced in the
reference sample is not as cohesive as the C-A-S-H gel of the
SLAG 100S. HSLAG 1008, on the other hand, improves its
mechanical behavior by 6% after 20 cycles because its exposure
to temperature causes reactivity in the material that provides a
6% improvement over PC 100S after 20 cycles. Hydration of
HSLAG 100 S with water and with a very small percentage
of activator (only 5%), leads to low mechanical performance
after 28 days of curing, however, heat treatments have been
shown to accelerate the reactivity in the material generating
new reaction products that add consistency [31].

The decrease in mechanical properties is related to
porosity and cracks produced due to shrinkage after the
thermal treatment [32]. Excluding the HSLAG 1008, which
is influenced by the equilibrium between the reaction and the
formation of the main hydration products mentioned before,
it can be seen how porosity increases after thermal cycles and
how mechanical properties in the systems decrease.

Thermal properties characterization

After thermal cycles, the thermal properties are also
affected. Specifically, thermal conductivity depends mainly
on the porosity so, after the temperature exposure, there
is a decrease in the thermal conductivity values. Without
treatment (WT in figure 3), PC 100S and SLAG 100S
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Figure 3: Specific heat, thermal conductivity, and total porosity values of

mortars without thermal treatment and after exposure to 20 thermal cycles.

show the highest thermal conductivity values. Due to the
incompatibility between the binder and the aggregates, SLAG
758 has a thermal conductivity 36% lower than the reference
sample. Regarding the HSLAG 10085, the lower consistency
of its main reaction products leads to a 13% lower thermal
conductivity value in comparison to PC 100S. When samples
are exposed to thermal cycles, there is a 16% of improvement
in the thermal conductivity of the SLAG 100S over the PC
100S, while SLAG 75S reduces its thermal conductivity
(compared to the PC 100S) by only 3%. Compared to the
untreated systems, SLAG 100S is affected by 71%, SLAG
75S decreases compared to its untreated sample by 60%, PC
100S by 74% and HSLAG 100S by 849%. These reductions
again demonstrate the higher cohesiveness of the C-A-S-H
gel compared to the C-S-H gel.

Specific heat is also important to stress as it determines
the amount of energy that can be stored in a block together
with the mass of the material and the operating temperatures.
Stored energy is also affected after thermal cycling due to
mass losses (evaporation of water, mass loss of the aggregates
[5], decomposition of the gels and components [29]). After
thermal cycles, SLAG 75S reduces its capacity (from its
untreated sample) by 79% due to the aggregate expansion
and the binder shrinkage [30], and due also to the weak
bond between the aggregate and the binder caused by
incompatibility [29]. The next most affected material is the
PC 100S with a reduction compared to its untreated sample
of about 44%. Next, HSLAG 100S was affected by about 29%
and SLAG 100S by only 17%. Compared to the PC 100S
system after the exposure to 20 cycles, it should be noted that
there is an improvement in the thermal storage capacity of
more than 46%, if the SLAG 1008 is used, and of almost 21%
if the HSLAG 100S is considered. As seen in the mechanical
properties section, thermal stress has a greater impact on the
PC 100S system. This demonstrates again the possibility of
using alternative materials like TES in the CSP plants.

Finite element simulations

As can be seen in figure 1, the parameters that were varied
in the simulation were:

e Pipe distribution: Triangular arrangements with angles
of 30° and 45° between the center of the pipes, and square
arrangement with an angle of 90°.
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e Pipe diameter: Two typical exchanger diameters were
used (12.7 and 25.4 mm).

e Number of pipes: The tubes were arranged in a
2-dimensional section of 3 x 3 m? The section contains
the maximum number of pipes according to the pitch.

e Pitch: Pipe center distance of 70, 80, 90, 100, 110, 120,
130, 134, 140, 150, 200, 300, and 400 mm.

It was first analysed which distribution provided the fast-
est heating by keeping the pitch and diameter constant. The
results show that the triangular distribution with an angle of
30° offers greater system dynamics. Then, using this distri-
bution, the pitch and the outer diameters were varied as de-
scribed previously. The chosen geometry configurations were
those which, for a load of 290 °C to 390 °C during 7.5 h of
storage, heat up to at least 380 °C (10 °C below the load tem-
perature) and their total volume to store at least 1100 MWh
(capacity for a 50 MWh parabolic trough power plant of the
ANDASOQOL-type [5]) is at most 30% higher than the current

volume of common Solar Salt (16011 m?).

Since the minimum volume required by the SLAG 758 to
store 1100 MWh is 230% higher than that of the Solar Salt,
this system was rejected. In contrast, the SLAG 100S mortar
is the only one that provides a smaller volume than the Solar
Salt (Figure 4a) as it can save more than 17% of volume when
using an outer diameter of 12.7 mm and a pitch of 80 mm.
In the PC 100S system, even if the smaller volume configu-
ration (diameter 12.7 mm and pitch 90 mm) is used, the salt
volume is still exceeded by 22%. Although the use of HSLAG
100S increases the volume, choosing the distribution with di-
ameter 12.7 and pitch 70, there is only an increase in volume
compared to Solar Salt of more than 1%. So, comparing the
minimum volume of cementitious materials with the PC 100S
mortar, SLAG 100S provides a volume decrease of 32%, while
HSLAG 100S of almost 17%.

In addition to the TES volume, it is important to con-
sider the surface area of the heat exchanger, as these embed-
ded metal tubes account for more than 50% of the total TES
price [7]. As figure 4b demonstrated, the diameter reduction
(25.4 to 12.7 mm) leads to large material savings. Among all
the systems, the only configuration that considers a total area

under 100000 m? is the SLAG 100S with a pitch of 110 mm
and a diameter of 12.7 mm. This result compared to the PC
100S system, which has the smallest tube surface (D = 12.7
mm, Pitch = 110 mm), offers almost 29% material savings.
Even when the pitch was reduced to 100 mm in the SLAG
100S, compared to the PC 100S with the smaller tube surface,
savings of almost 21% are achieved and the SLAG 100S block
heats up after 7.5 h by about 1% more. Further, reducing the
pitch to 90 mm, in the AAM system, results in a decrease in
the total tube area compared to the PC 100S with minimum
tube surface of almost 1% and in a higher heating of the block
(3% more) after 7.5 h. For the 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 1008, increases the minimum surface area less than 30%.
These results prove once again the feasibility of using alterna-
tive materials to PC as TES.

Conclusions

After the experimental and the computational studies, the
following concluding remarks can be itemized:

¢ Regarding mechanical performance, thanks to the high
cohesion of the C-A-S-H gel the AAM systems pres-
ent better mechanical properties. In particular, SLAG
100S system keeps almost constant its strength after the
exposure to 20 thermal cycles between 200 °C and 400
°C, providing an 80% improvement compared to the PC
100S. In the case of the HSLAG 1008, it improves its
compressive strength over the PC 100S by 6%.

¢ Porosity must be taken into account if a material is going
to be used as a TES medium, as it has influence in both
mechanical and thermal properties. Air cavities cause
detriment in both aspects.

e Alternative systems offer similar thermal conductivity
values to PC 100S. Moreover, the SLAG 100S system
improves the thermal conductivity after exposure by 16%
compared to PC 1008.

e SLAG 100S and HSLAG 100S systems improve the en-
ergy storage capacity compared to that of PC 100S by
more than 46% and around 21%, respectively, after ther-
mal cycles.
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e SLAG 1008 is the only mortar that can replace Solar Salt
by decreasing the total volume without affecting the 1100
MWh of storage. Compared to the PC 1008, this alter-
native offers up to 3 different combinations that reduce
both the total volume and the exchanger surface, which is
the most expensive part of the TES block.
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