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ARTICLE INFO ABSTRACT

Keywords: Solar energy is a promising renewable option to provide energy demands in combination with
Alternative binders conventional energy sources. However, to enhance the integration of renewable energies into the
Alkaline mortars industrial section, it is necessary to employ thermal energy storage media. Among different ther-
Hybrid mortars mal energy storage options, concrete has proven to be a very effective sensible thermal energy

Thermal energy storage
Heat recovery
Experimental analysis

storage solution. However, its main raw material (i.e., the Portland cement), is the cause of huge
CO, emissions to the environment. This study focuses on the design, manufacture, assembly and
experimentation of thermal energy storage blocks made of alternative binders in substitution of
Portland cement: i.e., hybrid materials and alkaline activated materials. The thermal energy stor-
age blocks have been thermally cycled, with a charging temperature of 228 °C and a discharging
temperature of 30 °C, in order to analyze the operational times and temperatures. The results ob-
tained are very promising and comparable to those of the Portland cement system. Charging
times have improved, with the alternative materials achieving temperature increases of up to 4%,
while greater stabilization has been achieved during discharge, with the fluid reaching tempera-
tures up to 6% higher than the reference system. These advancements support efficient, sustain-
able thermal energy storage technologies.

1. Introduction

A large part of the energy required by industry, more than 50%, is thermal energy. According to the International Renewable En-
ergy Agency (IRENA), approximately 60% of heating demand is for industrial processes operating below 250 °C [1]. Nowadays, the
main sources used to provide heat energy are fossil fuels [1,2]; however, due to global warming (associated with greenhouse gas
emissions, where a 40% of the human-related CO, emissions come from burning fossil fuels), the limited sources of fossil fuels (oil
supply is expected to end around 2050 due to high oil consumption) and the increases of the fuel prices [1,2], there is a growing inter-
est in implementing renewable energies, such as solar thermal energy [1,3], to replace conventional sources or at least in reducing
fossil fuel consumption by harnessing all the heat from the industrial process [4,5].

Industry mainly consumes heat energy for process/space heating, steam/hot water generation and product manufacturing [1].
When considering the heating process, a broad temperature range is compromised by thermal energy demand; nevertheless, the ma-
jority of thermal energy used is in the range of 30 °C-250 °C [3,6]. This range includes the temperatures defined as low and medium,
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since low temperature is below 120 °C and medium temperature does not reach 400 °C. High temperature refers to processes that are
over 400 °C [3,6].

Sterilisation, pasteurisation, polymerization, boiling, freezing and cooling, melting, painting, drying, cooking, hydrolysing, desali-
nation, distillation and evaporation or washing and cleaning are common processes that use a low-medium temperature [1,7]. Solar
energy is presented as an attractive renewable source to supply thermal energy to the described industrial processes [7]. For this pur-
pose, there are many solar collectors available, but not all are suitable for process-heat applications. Flat-plate collectors (FPC) are the
most commonly used technologies of solar systems, which in turn are the most traditional equipment. Standard FPC can easily
achieve temperatures of up to 80 °C, but there are already FPC technologies available that can reach temperatures of up to 250 °C [8].
The introduction of highly-selective coatings is one of the causes of these temperature rises [9].

Considering the aforementioned, it is possible to combine traditional process heat generation systems with renewable solar energy
systems. Because of the intermittent source of solar energy (due to night periods as well as cloudy days), the easiest way to success-
fully combine the systems is by introducing thermal energy storage (TES) devices [9]. TES systems are essential for efficient thermal
management due to their ability to dispatch thermal energy even in periods of low or none irradiation, thus correcting the mismatch
between the energy supply and demand [10,11]. In addition the TES systems are not only an indispensable element for solar thermal
applications [11], but also they can be used as a key element for not wasting thermal energy generated in industrial processes from
conventional sources [4,5]. This wasted thermal energy is also called Industrial Waste Heat (IWH), which is thermal energy that ends
up in the environment and is underutilized [12,13]. This energy lost is due to the technical and economic difficulties in applying heat
recovery methods and the mismatch between the energy released and its demand [12], and encompasses from low to high tempera-
tures [13]. TES systems are a tool to recover the IWH, store it and use it when needed, reducing CO, emissions, leading to economic
and energy savings and improving the overall efficiency of the industrial processes [2,12]. There are a variety of TES media that can
be applied depending on temperature, power level and HTF [11]. One of the most common systems for TES, that has been used in
many industrial processes, is storage using liquids. For the processes at low operational temperatures, liquid water is used as the main
sensible heat storage [12,14], but when temperature exceeds 100 °C, non-pressurized liquid water cannot be used as a storage
medium, and the water has to pressurized, with the issues that arise from this. There are other liquid storage media as oil or molten
salts that can be used at higher temperature but count with degradation or high freezing points. To all of this, it is worth to mention
the problems of managing these liquids once their lifetime has ended, and the great environmental impact in case of accident/leakage
[14]. Thus, concrete is presented as a promising sensible heat storage medium that avoids these problems, provides good operational
efficiency and has low investment and maintenance costs [10,15].

As a material, concrete counts with a high specific heat, which is an important key to keep the heat for longer time and allows a re-
duction in the storage volume, and presents good mechanical properties even after the exposure to thermal cycling. However, its ther-
mal conductivity is quite low [16], which is directly related with the heat transfer velocity within the solid. To improve the perfor-
mance of concrete as a TES system, multi-tubular cavities with embedded steel pipes (heat exchangers) are inserted into the concrete
through which the HTF flows [17]. But caution should be exercised in the use of heat exchangers as these steel pipes account for at
least the 50% of the total TES price [18]. For this reason, the block/heat exchanger design needs to be optimized (pipe diameter, num-
ber of pipes, arrangement of the pipes in the block, etc.) to achieve maximum transfer energy without neglecting the economic impact
[19,20]. As it has been observed in previous studies, a triangular arrangement of pipes forming a 30° angle inside the concrete block
optimized the heat transfer rate allowing the material to heat up faster [10]. In addition to the investment costs, the introduction of
steel pipes leads to a reduction in strength, as the interface between the concrete block and the heat exchanger undergoes further
degradation at high temperatures [21,22], therefore, due to the reasons presented above, it is preferable to not have pipes because of
these functional and financial drawbacks.

Returning to the material qualities, concrete's impact on the environment is another drawback that frequently characterizes the
material. Porland cement (PC), the main phase of concrete, is composed by clinker. Clinker production involves high energy con-
sumption and gas emissions. Specifically, PC industry consumes a large sum of fossil fuel (which represents 12-15% of the total en-
ergy consumed in the industry) [23] and emits a large amount of polluting gases, in particular CO,, which is estimated to account for
5-7% of global emissions [24,25]. To address environmental concerns, two alternatives were developed: the alkali-activated materi-
als (AAM), so-called geopolymers, and the hybrid materials (HM).

AAM use aluminosilicate materials (that can be natural minerals or by-products of industrial processes) to fully substitute PC. To
activate those aluminosilicate materials, it is necessary the use of an alkaline solution with high pH that limit the workability in the
construction sector [26,27]. In contrast, the HM alternative is based on a mixture of PC, but in low content (20-30%), with alumi-
nosilicate materials as the main precursor (70-80%). In this case, the aluminosilicate material is activated with soft alkaline salts
(commonly used in a solid state) just in presence of water [28].

Considering the high percentage of thermal energy consumed at low-medium temperature (30 °C to 250 °C), the need to have TES
devices (both to support solar renewable energies when the sun is not available as well as to recover the IWH) and the environmental
drawbacks that PC offers in its manufacture (although it is proving to be an optimal means of storing thermal energy in the form of
sensible heat), this study proposes the fabrication of TES prototypes composed of alternative materials to PC. AAM and HM systems
were manufactured following the principles of the circular economy using blast furnace slag as their main precursor. The use of this
by-product means a significant cost reduction together with environmental improvements, since it is waste from other industry that
otherwise would end up in dumps, and its recycling leads to a decrease in the energy needed in the manufacturing process [23,29].
Replacing PC with low percentages of fly ash, slag, silica fume, and their combinations has been shown to decrease the thermal con-
ductivity of concrete, a crucial property for TES operations [30]. However, some studies have found that these materials, when used
as a complete replacement for PC, perform well at temperatures below 1000 °C [31,32]. Indeed, studies have demonstrated that AAM
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withstand higher operating temperatures and thermal cycles than PC systems, exhibiting higher thermal storage capacity [10,33] and
comparable thermal conductivity [34]. The reaction products formed in AAM can endure temperatures up to 800 °C with minimal
structural degradation of the gel, thus achieving greater thermal stability than the C-S-H phase in traditional cement-based materials
[35]. Additionally, cementitious materials developed from waste have shown fewer phase transitions and excellent thermal proper-
ties after undergoing several thermal cycles [31,34]. A TES prototype using AAM as the solid storage medium demonstrated that the
heat storage capacity of the AAM-based system was 2-3.5 times higher than that of the patented Heatcrete® with a PC-based system
[33]. These findings highlight the potential application of AAM for high-temperature TES in the future.

However, the environmental impact of these alternatives that completely replace PC, AAM, must be considered, as they require
strong alkaline solutions, which also pose significant environmental challenges. Previous studies [15,36] have shown that these solu-
tions have a substantial impact on both the carbon and water footprints. Therefore, exploring other systems, such as HV], is crucial as
their functionality as TES is less documented in the literature. Further research is needed to optimize TES, given that the study of
these alternatives is attracting interest due to the limited number of scientific articles available, with most research focusing primarily
on fire resistance [34,37].

Therefore, in order to check the feasibility and stability of the alternative materials as TES, thermal charging/discharging cycles
between 30 °C and 228 °C were performed, using air as HTF. The effects on these mortars at these temperature ranges highly de-
manded by the industry are unknown, as the materials have not been investigated computationally or experimentally before. The
flow rate of the HTF was monitored by a volume flow meter before passing it through a prototype TES that was fabricated for this
study. In order to measure the temperature evolution within the TES block during the heating/cooling processes, thermocouples were
placed in the block of all systems. In addition to acquiring the mass loss evolution along the block, the mass of the block before and af-
ter 8 thermal cycles was measured to study how temperature influences this parameter. Mass loss in these temperature ranges is di-
rectly related to water evaporation [37,38]. This evaporation of the water trapped in the pores influences the thermal conductivity of
the material since, as only air remains in the pores, the heat transfer given inside the block decreases due to the low conductivity of
the dry air [39]. These acquired data provide information about the operational times of materials such as TES. In this way, it can be
seen how fast the materials heat up during the charging process and how long it will be possible to supply energy to the HTF without
the source being available during the discharging. All these results have been collected for a reference system made of PC and for its
two alternatives, AAM and HM systems, in order to be compared.

2. Experimental procedure

2.1. Mortar selection

Three types of mortars were performed: a reference sample, made of PC and referred as PC; an AAM, made of an industrial by-
product (a blast furnace slag) referred as SLAG, and a HM, composed of a mixture of the two aforementioned binder materials and re-
ferred as HSLAG. The selection of these mortars was decided in consequence of previous studies, where the alternative materials were
shown to be comparable or even better than PC according to different properties.

2.1.1. Mechanical properties

Previous studies using high temperatures with more critical thermal cycles (20 series from 200 °C to 400 °C or exposure to temper-
atures up to 500 °C) for the application of these mortars as TES in concentrated solar power (CSP) thermal plants [10,15] have experi-
mentally demonstrated that SLAG mortar presents the best mechanical performance. As this system was manufactured using sodium
silicate, the C-A-S-H gel (generated from the slag) has a high cohesion and compaction due to the silicon added in the solution
[26,40]. Thanks to this behavior, the compressive strength value of the SLAG remains almost constant after thermal exposure, de-
creasing by only 5% (which means a +80% of improvement compared to PC). As for HSLAG, it was found that after the thermal treat-
ment, a reaction took place in the material that generated new binders [41] that conferred a higher compressive strength, increasing
its value by +6% compared to the reference PC system.

2.1.2. Thermal properties

In addition to good mechanical performance, in terms of thermal properties, both alternative materials have been shown to be
comparable to PC [15,39,42]. Regarding the thermal conductivity and the specific heat capacity, they are greatly affected (like the
mechanical strengths) by porosity and cracks [16], affected into the material by heat treatments. Pores and cracks can hinder the
propagation of phonons at atomistic scale, resulting in the interruption of heat transfer within the material [43,44]. Other factors im-
pacting thermal properties under temperature exposure include chemical reactions, particle size, material bonding, moisture content,
crystallinity, and aging [45]. Taking into account these effects in thermal properties, it was studied how the thermal conductivity as
well as the specific heat of the materials was affected by temperature [10], finding that alternative binder systems offer promising re-
sults. In particular, SLAG improved its thermal conductivity compared to PC by 16%. Both SLAG and HSLAG demonstrated substan-
tial improvements in specific heat, which is directly related to energy storage, by 46% and 21%, respectively. By studying both ther-
mal properties, porosity and density (both at room temperature [39] and after cycling [10]), it has been possible to simulate heat
transfer problems using ANSYS Fluent or FEM simulation. These simulations predict the experimental behavior of the materials. Thus,
due to previous experience, in this research study we have chosen the reference system as well as the AAM and HM systems to com-
pare and obtain a real behavior of these materials as TES.

In the present work, the temperature study range, due to the experimental equipment and the objective of this research, is now be-
tween 30 °C and 228 °C in order to experimentally study their viability as TES of process heat. Previous simulations conducted at dif-
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ferent temperature ranges indicated that these alternative materials performed better than the PC system [10,39], particularly at
higher temperatures (up to 400 °C), where PC suffered significant degradation. However, the behavior of these materials at lower
temperatures remains unknown due to a lack of both computational and experimental studies. The study of these materials has not
been done either computationally or experimentally for lower temperature ranges, so it is not known how the systems will be af-
fected. In addition, it should be noted that none of the simulations already published have taken into account the transformation
processes that the material undergoes during the heating/cooling cycles, such as shrinkage/expansion of the aggregates/binder
[46-48], evaporation of water, mass loss of the aggregates [49], decomposition of the gels and components [47,50-52], among oth-
ers. All these factors affecting the heat transfer in the material and its use as a TES, have been determinant to carry out an experimen-
tal test to determine the stability of the systems, the heating/cooling times, and the stored energy in each system.

2.1.3. Life cycle assessment

Although the environmental impact of the materials does not influence their performance as TES, it is important to note that the
previous life cycle assessments (LCA) that have been carried out on these alternative materials resulted in significant improvements in
both carbon and water footprints compared to the reference PC mortar. These assessments demonstrated over a 100% reduction in
CO,, emissions and up to a 40% reduction in water consumption [15,36].

2.2. Materials

For the manufacture of these three mortars (PC, SLAG and HSLAG), the two binders used were Portland cement I 42.5R, supplied
by the company “Cementos Portland Valderrivas”, and the blast furnace slag from ENSIDESA (Avilés, Spain). Their chemical composi-
tion are shown in Table 1: both contain high contents of CaO, SiO5 and Al,0s.

2.3. Samples preparation
For the preparation of the mortars, the UNE EN 196-1 [53] standard was followed. The following mixtures were prepared.

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

e SLAG mortar: blast furnace slag and aggregate (sand) (wt. 1:3 ratio) were used. A commercial solution of sodium silicate
(waterglass) diluted with water and NaOH to achieve a SiO,/Na,O ratio equal to 0.8 was used to activate the mixture.

e HSLAG mortar: 77.5 wt% of slag and 17.5 wt% of CEM I 42.5R. In addition, the HM systems contain a soft alkaline activator,
specifically, 5 wt% of Na,SO,4 was added to accelerate the hydration process that it is produced with water [54]. This percentage
addition of Na,SO4 was determined to be optimal based on previous studies [34,39]. These systems were also prepared with a
precursor/aggregate (sand) ratio of 1:3 wt%.

To provide the same workability in all systems, the liquid/solid (L/S) ratios were varied following the UNE EN 1015-6 standard
[55]. Table 2 shows the exact quantities of each component to manufacture the different systems. The mortar was poured into a rec-
tangular mould (140 x 160 X 40 mm?) after the mixing in an automatic laboratory mixer (five molds were used for each storage
system). To improve the mortar distribution in the rectangular mould, the Proeti automatic compactor was used according to the UNE
196-3 standard [56]. Then, the specimens were cured during 28 days in a humid climate container (99% relative humidity), at room
temperature (22 °C) before they were tested.

2.4. Prototype fabrication

The TES block, called system, is composed by five slabs of mortar. Geometry and dimensions (mm) of those slabs are shown in Fig.
1. As ducts through which the HTF flows, it was decided to make prototypes with cylindrical passages avoiding the use of steel pipes,
since, as mentioned above, they have significant economic and functional disadvantages. According to a prior study [10], a 12 mm di-
ameter of the cylindrical passages, or hollows, is optimal for an HTF to flow through to transfer or absorb the heat. It was demon-
strated that a triangular pipe distribution increases the system efficiency, being the heating of blocks faster than a square distribution.
For this reason, the cylindrical passages in the slabs are arranged in a triangle way.

Table 1

Chemical composition of the raw materials (%wt) by XRF.
Y%wt CaO Sio, Al,04 MgO Fe,03 SO, Na,O K,0 *Lol
PC CEM I 42.5R 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 12.750 0.38 1.75 <0.010 0.27 2.10

*Lol: loss on ignition.

Table 2
Mortar preparation.
Nomenclature Raw material (g) Addition L/S Water (g) Activator solution (g) Aggregate (g)
PC 450-PC - 0.50 225-H,0 - 1350-S
SLAG 450-SLAG - 0.55 - 247.5-Na,SiO5 Solution 1350-S
HSLAG 348.75-SLAG 78.75-PC 5% Na,SO, 0.46 207-H,0 - 1350-S
22.5-Na,S0,
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Fig. 1. Plans of the slabs.

In order to manufacture the mortar slabs, the elements described in Fig. 2 (a) are used. Slab 1, unlike the others, contains a gap of
20 mm in height. To create this hole, instead of a 10 mm steel plate, two steel plates were overlapped together inside the mould (ele-
ments described in the lower part of Fig. 2 (a)). The 20 mm high hole is used to insert stainless steel wool to distribute the incoming
air into the block homogeneously, avoiding a preferred air path. After pouring the mortar in the final assembly (Fig. 2 (b)), a thermo-
couple is inserted into each slab 10 mm from the surface to collect temperature data during the charging and discharging processes.
To properly demould the mortars, leaving the passages free, the cylinders were rotated during the setting process to prevent the adhe-
sion of the cementitious material. After 24 h, the slab was extracted from the mould and was introduced in the humid climate for cur-
ing. The resulting slabs can be seen in Fig. 2 (c).

The distribution of holes is different in slabs 1, 3 and 5 compared to slabs 2 and 4. This is due to the fact that when the slabs are
overlapped, the HTF (air in this case) does not just travel through a pipe with a linear inlet and outlet, increasing the contact area, the
air turbulence and therefore, the heat transfer. The sequence of the slabs to form the TES system can be seen in Fig. 3.

To form the TES block, slabs were joined (following the order shown in Fig. 3) using a silicone sealant that resists high tempera-
tures and stays flexible.

By this block assembly, the study of the thermal equilibrium between two bodies in contact is made possible. Fig. 4 illustrates how
the block's temperature and the air flow's temperature will change as the charging cycle begins. In the charging process represented in
Fig. 4, it can be seen how both elements (system and air) reach thermal equilibrium after an infinite time. In short, two bodies in equi-
librium with a third are in equilibrium with each other (zeroth law of thermodynamics established by Ralph H. Fowler [57]). In this
case study, the thermal equilibrium is reached when the two bodies equalize their initially different temperatures, due to the heat
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Fig. 2. (a) Assembly of the mould (b) Production of the slabs (c) Cured slabs.
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N, (OPEN) N, (CLOSED)

N, (CLOSED) N, (OPEN) —T(0) +T(°C)
CHARGING PROCESS

i B E Nt

Air (in) =228 °C
I T T T T T I
to(s) tos ()

Air heating I | Air intake

SYSTEM SYSTEM

w

Fig. 4. Evolution of system and air flow temperatures during the charging process up to infinite time.

transfer from one body to the other. The air inlet temperature is fixed at 228 °C during the whole process. Since the incoming air is at
228 °C and the TES system is initially at room temperature (30 °C), the air gives up its energy to the system to heat it up. As air enters
from the bottom, slab 1 is the first slab to absorb the heat. As a result, the air flow temperature will drop after crossing slab 1. How-
ever, after passing slab 1, the air will still have a higher temperature than slab 2, so the second slab will also heat up (although not as
fast in the beginning as slab 1). The subsequent layers exhibit the same behavior. As the lower slabs reach higher temperatures, the air
at the bottom will no longer give up as much heat as it did at the beginning of the test (there is a decrease in thermal inertia). Thus, af-
ter passing through the initial slabs, the air will hold a higher temperature which will heat the subsequent slabs, i.e. the air flow re-
mains warmer at greater inlet distances. Finally, as can be seen in Fig. 4, for an infinite time, all the thermocouples (both those placed
in the system (T; to Ts) and the thermocouple controlling the temperature of the air flow at the outlet (T,,)) will end up measuring
the same temperature (thermal equilibrium). This same behavior would be repeated in a discharging cycle, but in that process, as the
air enters cold (30 °C) and the system is hot (228 °C), it is the TES system that would release its heat to the air, heating it. In this case,
as the lower slabs come into contact with the cold air first, they will cool down faster than the upper slabs. This is because the air will
have increased its temperature by the time it reaches the top of the TES block as it is absorbing the heat provided by the system during
its travel. Thermal equilibrium would be reached in the discharge process when both elements (TES system and air flow) have a tem-
perature of 30 °C.

In the study case, the test does not last an infinite time due to the limitations of the experiment (i.e., the air heater does not have a
PID temperature controller). In this way, both the charging and discharging cycles, run for 3.5 h (enough time to stabilize the first
slab temperature). This means that a complete test lasts 7 h (25,200 s). Fig. 5 represents how the system and air flow change their
temperature during the test (charging and discharging processes). In this case, due to the time, thermal equilibrium could not be com-
pleted, but it can be observed how as the slabs heat up, the hot air is able to travel further. The same behavior occurs for the cooling
stage; once the first slabs have cooled down (they are in contact with the HTF first), the air does not absorb the heat at the beginning
of the system and is able to stay for a longer distance at a lower temperature to cool down the upper block. Shorter system charging
times combined with a longer system discharge period that allows the system to retain heat and transfer it to the HTF are the most
ideal conditions for the process [42].
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Fig. 5. Evolution of system and air flow temperatures during charging and discharging of the real experiment.

2.5. Equipment and procedure

The schematic overlapping of slabs is shown in Fig. 6, which also shows the experimental set-up where the control volume that is
taken as a reference for the study is also specified. In addition to the TES block, this control volume has an aluminum plate, stainless
steel wool that has been placed into the first slabs's 20 mm gap as previously indicated, two needle valves that control the direction of
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Fig. 6. Cross-section of the prototype: assembly of the five slabs with their respective control thermocouples. The block is thermally insulated with rockwool.
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air flow and their connections. In this way, as it can be seen in Fig. 6, the air flow does not only affect the cementitious block, but also
the other components described. That means that the thermal energy supplied will not only heat the cementitious system, but it is
possible to make a comparison between materials as all three have the same assembly.

The air heating system and data collection (Fig. 7) were assembled in addition to the control volume. The Watlow Fluent device is
used to heat the air. This heater, for operational requirement, must operate with a minimum air flow of 50 L/min, in order to reach
the maximum air temperature. The flow rate was therefore set at 50 L/min, measured with a volume flowmeter connected to the air
line. With the heater well insulated, the maximum air flow temperature that could be reached was 228 °C. Therefore, this tempera-
ture was defined as the inlet air temperature (Tj,) in the charging cycles for all the experiments.

Finally, the block is placed on the aluminum plate on top of the structure. This aluminum plate has a passage for connecting the
heater (see Fig. 6). The link between the mortar slabs and the block is joined to the aluminum sheet using a specific high temperature
silicone sealant. This is done for two reasons: i) to promote the airtightness of the system by generating a better contact (air can only
travel through the passages of the block) and ii) because, in addition, it has been seen that a horizontal structure made of graphite or
aluminum provides greater heat transfer [49].

Once the equipment is assembled, thermal cycles were performed. First, for the charging process, the central valve (N5) shown in
Fig. 6 is closed while the side valve (N;) is open. This is done at the beginning of the process until the heater reaches the desired tem-
perature and can heat the air to 228 °C. Once the charging temperature is reached (temperature is checked with the control thermo-
couple (Tjy)), the position of both valves is changed to direct the flow of 50 L/min into the system. Thus, the side valve is closed (N;)
and the central valve is opened (N,), as shown in Fig. 6, to allow hot air into the block, at this moment the charging cycle starts. At the
end of the charging cycle, the discharging process starts by setting the temperature of the air heater to 30 °C. The air-cooling time is
negligible compared to the total test time, as with the Tj, thermocouple, it was found that the air flow reached the cooling tempera-
ture in about 30 s.

The charging/discharging procedure is repeated for 8 cycles, which is when it is observed that the temperature of slab 1 of each
material remains stable (as the temperature has not changed from the previous cycle 7). Furthermore, conducting 8 thermal cycles of
exposure provides insights into the degradation of the material. It should be noted that mechanical and thermal properties are pre-
dominantly affected after the first cycle. These thermal cycling studies are particularly interesting because there is little literature ad-
dressing the effects of thermal cycling on cementitious materials intended for use in TES applications [34,58].

Charging/discharging temperatures make it possible to study the range where thermal energy is most consumed (between 30 °C
and 250 °C [3]). Charging and discharging cycles of 3.5 h (12,600 s) are performed (i.e. the complete study duration is 7 h). This test
time is set because it is enough for the first slab to reach a steady state as its temperature does not present remarkable variation with
time i.e. the variation of the slab temperature over time converges to zero value (see Fig. 8). For the last cycle, the time when slab 1, of
each system, reaches the greatest temperature variation is between seconds 40 and 50 of the test. At the end of the test, the derivative
maintains its value around 0, which indicates that the slab cannot reach a higher temperature.

During the 7 h (25,200 s) of the test, data is taken every 5 s using LabVIEW 2019 software. Data collection is obtained thanks to
the Ni 9210 acquisition cards, whose offset error is + 20 pV maximum, where the 6 thermocouples, each with a tolerance of +1.5 °C,
are connected (5 belonging to each mortar slab - Ty, Ty, T3, T4 and Ts - and 1 measuring the temperature of the air coming out through
one of the cylindrical passages (T,y)). The position of the thermocouples is shown in Fig. 6 represented by the red dots.

In addition to the measurement of the temperature variation, the whole block was weighed to note the mass before exposure to
temperature. This value, together with the weight of the block after the thermal treatment, will give the mass loss of each system.

Flowmeter
power supply

Isolated needle valves Heater control
thermocouple
Structure to support
the thermal energy
storage block

Air heater
insulated by
rockwool

Air inlet to {
Data acquisition heater Flnwmeter_
cards Air heater

controller

Fig. 7. Air heating and data collection system.
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Fig. 8. Temperature and its derivative as a function of test time for slab 1 of each system in the last cycle performed (cycle number 8).

3. Results

3.1. Stability of systems against heating/cooling cycles

In addition to setting how long the test should last (Fig. 8), the number of cycles required for slab 1 of each system to stabilize was
determined.

This number of cycles was the same for all the systems: i.e., 8 cycles. Fig. 9 shows the temperature evolution of the slab 1 of the
three materials. All the mortars follow the same trend, as the cycles pass, they manage to reach a higher temperature after 3.5 h of
charging until cycle 8 is performed, where the charging and discharging curve is almost the same as in cycle 7. This phenomenon oc-
curs because in the first cycles the thermal energy is not only used to heat the material but also to evaporate the water trapped in the
pores or chemically bound in the cementitious materials. Due to evaporation of the water, there is a mass loss that can be seen in Fig.
10. This mass loss is related to previous studies where PC is the system that loses the most mass in these temperature ranges, followed
by SLAG and finally HSLAG. Comparing the percentage of mass loss of the alternative systems with the PC, the alternative systems
lose around 15% less mass.

Consequently, the steepest increase between cycle 1 and 8 is reached by the PC system in both the charging and discharging
process. Specifically, the PC curve of cycle 8 with respect to the first cycle suffers an increase of more than 10% for the final charge
temperature and 13% for the final discharge temperature, while in the case of the SLAG it is more of 5% in the case of heating and suf-
fers a decrease of almost 1% in the discharge process (Table 4). Regarding the HSLAG system, there are two increases for both the fi-
nal charge and discharge temperature of more than 5% and 2%, respectively (Table 4). This can be seen graphically in Fig. 9 (where
only the stabilization of the first slab after the thermal cycles is taken into account) and Fig. 11 (where the 5 slabs are compared as
well as the air outlet temperature for cycle 1 and 8). It should be noted that the change in temperatures achieved between cycle 1 and
cycle 8 after heating is a direct and primary consequence of the stabilization of the systems after water evaporation. However, it
should be noted that in the three mortars, as seen in Fig. 11, the data collection in cycle 8 started with higher slab temperatures. The
higher initial temperature is due to conducting the tests in a minimally warmer environment. However, the room temperature varied
by at most 2 °C, neglecting its ultimate effects on the maximum temperature reached. Also, quantitatively, Table 3 shows the final
charging (at 12,600 s) and discharging (at 25,200 s) temperature values, and Table 4 calculates the percentage increase/decrease of
cycle 8 with respect to cycle 1 for each mortar.

PC uses more thermal energy in the first cycles, compared to SLAG or HSLAG, in evaporating the trapped water (as it has a greater
amount of water than the other systems due to its greater porosity [10,15,39], as has been verified in Fig. 10 with the mass loss) than
in heating up, for this reason the final curve is further away from the first cycles (see Figs. 9 and 11). The steeper curve is also notice-
able in the cooling process for PC as the material can spend more time at a higher temperature giving up its heat to the air (as it has
heated up more). On the other hand, this behavior does not occur in the alternative materials since the discharge curve remains al-
most stable by having a minimum increase or even a lower temperature in the last cycle compared to the first as mentioned in the per-
centages previously provided. This is due to the lower porosity of the alternative systems. As the alternative systems have fewer pores
compared to PC, these mortars do not retain as much water. The water has a higher thermal conductivity than the air in the pores
once the water has evaporated (see also [39,59,60]), so after the water has been removed, the alternative systems are able to conduct
heat faster, giving up more energy to the HTF as they do not have as much porosity as PC. In addition to the voids generated by the
elimination of water in the pores, the defects generated by exposure to temperature must be taken into account. Thermal stress leads
to a deformation in the material between the aggregates and the binder, which produces the formation and propagation of cracks
from the pores [46]. In this case, due to the thermal cycles, the materials are going to be affected by the expansion/contraction phe-
nomena; where the aggregate expands during the heating, while the binder shrinks, leading to the generation of cracks [48]. On this
point, the reference sample is more disadvantaged because the C-S-H gel is more incompatible with the aggregates than the C-A-S-H
gel, as its thermal expansion coefficient is further away from that of the C-A-S-H gel with sand [61].
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Fig. 9. Slab 1 evolution during the 8 cycles.

It is known that the thermal conductivity is mainly linked to the porosity/cracks found in the materials, however, there are also
other factors that affect this thermal property such as the crystallinity of the raw materials. Thus, in previous studies, it was seen that
the Portland cement raw material has a higher crystallinity than the blast furnace slag, so that the propagation of phonons is inter-
rupted by the grain boundaries, decreasing heat transfer [39]. However, although the temperature difference in the discharge curve
between cycle 1 and cycle 8 is minimal in the alternative materials and does not increase as in the case of PC, most of the tempera-
tures measured by the thermocouples in the alternative materials are higher than in the case of PC (Table 3). The improvement of the
alternative systems with respect to the PC for both cycle 1 and cycle 8 can be seen in Table 5.

Precisely, it is seen in Table 5 that the percentage increase in the final temperatures is greater in cycle 1 than in cycle 8 when com-
paring the alternative systems with the PC reference block. For example, for the slab 1 in the charging process, both alternative sys-
tems offer about 5% more increase in cycle 1 compared to cycle 8. As explained above, this is because the PC initially uses the thermal
energy to evaporate the water instead of heating up like the alternative systems. When slab 1 of the systems stabilizes in cycle 8, we
can observe that both alternative systems offer a higher temperature (Table 3) in slab 1 both at the end of charging and discharging
processes. Specifically, in the case of the heating process, an improvement of more than 3% is obtained in the case of the SLAG and
more than 4% in the case of the HSLAG for the slab number 1. Regarding discharge, although it may seem that the alternative systems
would transfer their energy more quickly to the HTF (as they offer shorter warm-up times during charging), the reality is that they
take longer to cool down, as they have stored more energy predictably. Thus, the final discharge temperature at slab 1 is more than
1% for SLAG and 0.22% for HSLAG when compared to the PC reference system.
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Fig. 10. Mass loss percentage after the 8 thermal cycles.

This means that during heating, the alternative materials heat up faster than the reference PC mortar and, during cooling, they can
store thermal energy for a longer time by maintaining a high temperature while heating the HTF. Both phenomena can be seen graph-
ically in Fig. 12.

It can be appreciated in Table 5 that, looking at the outlet air temperature, it is observed that the HTF acquires a higher tempera-
ture when passing through the alternative systems (at the end of heating, it gets about 5% warmer in the case of SLAG and almost 2%
warmer for HSLAG compared to PC and, at the end of cooling, the air gets a temperature compared to PC of more than 6% in the case
of SLAG and almost 4% for HSLAG). Faster operational warm-up times as well as higher discharge stability indicate greater efficiency
of alternative materials such as TES.

This behavior can also be seen considering the temperature changes of all the slabs, as well as the temperature of the air at the out-
let, with respect to the first slab (Table 6). At the end of the charging process, at 12,600 s, it is observed how the alternative systems
present a greater temperature difference with respect to their first slab. This is because when the air has passed through the first plate,
it has given up more heat in the alternative systems than in the PC. In other words, the alternative systems absorbed more thermal en-
ergy (heat) after the HTF passed through the first slab in order to reach thermal equilibrium. Thus, when the air reaches the successive
slabs, it is cooler (as seen in Fig. 5) than in the case of the PC. Even though the HTF is cooler, the alternative systems still capture the
heat given off by the air more quickly and in greater quantity, so that, as previously seen in the tables and figures, the PC is the system
that reaches a lower temperature compared to the other two systems. As for the discharge, as can be seen in Table 6, the values of the
alternative systems are also higher compared to those of the PC. This indicates that the slabs of the alternative systems cool down
more slowly. Both the AAM and the HM can transfer their heat to the cold air and heat it for a longer time, causing it to reach a higher
temperature at the outlet of the system at the end of the discharge process. These results suggest both a higher heat transfer in the al-
ternative systems and a greater heat preservation (less material is required to store the same amount of energy), as demonstrated in
previous studies using computational modelling and simulation [39,42].

In short, the results indicate that the alternatives are very comparable to the PC and even offer shorter charging times as well as
greater stability during discharge by holding heat longer and increase the time of release it to the air due to their higher stored energy.
This charging process behavior increases the system's efficiency by reducing operating times and heating the system to higher temper-
atures, thus achieving a higher sensible heat storage [62,63]. In addition, the fact that the alternative (greener) materials keep their
heat longer in cooling indicates that they have stored more thermal energy. Achieving higher storage means that fewer blocks are
needed to store a certain amount of energy, thus saving costs, resources and space [10].

4. Conclusions

After the design, manufacturing, assembly, and testing of the cementitious blocks in a temperature range of 30-228 °C after 8 ther-
mal cycles, it can be stated that alternative (greener) materials are very comparable to Portland cement reference system in terms of
thermal energy storage. Additionally, they can even offer shorter charging times (thereby improving the system’s efficiency), as they
heat up more quickly. For example, the first slab of the alternative systems shows an approximate 4% increase in temperature after
the last charging cycle compared to the Portland cement reference system. In addition, alkali-activated and hybrid materials are capa-
ble of heating the heat transfer fluid to a higher temperature and for a longer time, when compared to Portland cement cementitious
material. Consequently, considering the air flow temperature at the outlet after the discharge process in the final cycle, there is a tem-
perature increase of 3.65% for the hybrid material and 6.42% for the alkali-activated material. This enhanced stability indicates
greater thermal energy storage by alternative systems, which translates into cost, resource and space savings. The operational perfor-
mance is strongly influenced by porosity, which affects both mechanical and thermal properties. The reference Portland cement sys-
tem compared to the alternative systems leads to a higher mass loss (around 15%) after exposure to temperature. In the temperature
ranges that have been investigated in this study, their mass loss is attributed only to water evaporation, which is higher in the Port-
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Fig. 11. Comparison between the heating/cooling curves of cycle 1 and cycle 8 of the three systems.

land cement block as it has more porosity where more water is trapped. Therefore, as we have seen, the Portland cement system uses
thermal energy in the first cycles to carry out an evaporation process, instead of heating up, while the alternative systems do not use
so much heat to evaporate the water but rather to heat up. The results obtained reveal that alternative systems are very promising for
use as thermal energy storage. On the other hand, Portland cement system, while proving to be a good thermal energy storage solid
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Table 3
Final temperatures after charging (at 12,600 s) and discharging (at 25,200 s) for each of the systems in cycle 1 (first one) and cycle 8 (last one).
PC
Cycle 1 Cycle 8
T (°C) (12,600 5) T (°C) (25,200 5) T (°C) (12,600 5) T (°C) (25,200 5)
SLAB 1 (Ty) 153.22 29.01 169.71 32.81
SLAB 2 (T,) 134.21 30.88 161.87 34.73
SLAB 3 (T3) 114.09 33.17 148.46 37.23
SLAB 4 (T,) 99.84 35.15 136.72 39.37
SLAB 5 (Ts) 82.88 35.24 113.85 39.42
Air Flow (Tout) 87.35 34.64 122.43 38.99
SLAG
Cycle 1 Cycle 8
T (°C) (12,600 s) T (°C) (25,200 s) T (°C) (12,600 s) T (°C) (25,200 s)
SLAB 1 (T;) 166.05 33.62 175.56 33.31
SLAB 2 (T,) 145.36 36.02 164.77 35.69
SLAB 3 (T3) 123.75 39.30 151.91 38.83
SLAB 4 (T,) 107.42 41.83 135.87 41.56
SLAB 5 (Ts) 90.92 41.62 112.38 41.33
Air Flow (Tout) 104.12 41.63 128.67 41.49
HSLAG
Cycle 1 Cycle 8
T (°C) (12,600 s) T (°C) (25,200 s) T (°C) (12,600 s) T (°C) (25,200 s)
SLAB 1 (T;) 167.51 32.19 177.02 32.88
SLAB 2 (T,) 132.73 35.40 157.58 35.30
SLAB 3 (T3) 125.83 37.44 154.57 37.09
SLAB 4 (T,) 108.18 40.56 136.58 40.65
SLAB 5 (T5) 89.20 40.33 110.56 41.19
Air Flow (Tout) 99.48 40.00 124.71 40.41

Table 4
Percentage change in charge and discharge temperatures of cycle 8 compared to cycle 1.
PC SLAG HSLAG
Cycle 8 compared to Cycle 1 (%) Cycle 8 compared to Cycle 1 (%) Cycle 8 compared to Cycle 1 (%)
(12,600 s) (25,200 s) (12,600 s) (25,200 s) (12,600 s) (25,200 s)
SLAB 1 (Ty) +10.77 +13.09 +5.72 -0.93 +5.68 +2.12
SLAB 2 (T,) +20.61 +12.49 +13.36 —-0.93 +18.71 —-0.29
SLAB 3 (T3) +30.13 +12.22 +22.75 -1.20 +22.83 —-0.94
SLAB 4 (T,) +36.94 +12.00 +26.48 —-0.63 +26.26 +0.22
SLAB 5 (T5) +37.37 +11.87 +23.60 -0.70 +23.94 +2.13
Air Flow (Tout) +40.16 +12.56 +23.58 -0.33 +25.36 +1.04
Table 5
Percentage changes in the final charge and discharge temperatures of the alternative materials compared to PC.
SLAG HSLAG
Cycle 1 compared to PC (%) Cycle 8 compared to PC (%) Cycle 1 compared to PC (%) Cycle 8 compared to PC (%)
(12,600 s) (25,200 s) (12,600 s) (25,200 s) (12,600 s) (25,200 s) (12,600 s) (25,200 s)
SLAB 1 (Ty) +8.38 +15.90 +3.44 +1.53 +9.33 +10.98 +4.31 +0.22
SLAB 2 (Ty) +8.30 +16.66 +1.79 +2.74 -1.10 +14.65 —2.65 +1.63
SLAB 3 (T5) +8.47 +18.47 +2.32 +4.31 +10.30 +12.87 +4.11 -0.37
SLAB 4 (T,) +7.59 +18.99 -0.63 +5.57 +8.35 +15.40 -0.10 +3.26
SLAB 5 (Ts) +9.71 +18.10 -1.29 +4.84 +7.64 +14.45 -2.89 +4.48
Air Flow (Tout) +19.19 +20.18 +5.09 +6.42 +13.88 +15.47 +1.86 +3.65
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Fig. 12. Temperature evolution (a) at slab 1 during charging (b) of the air flow during discharging.

Table 6
Temperature change percentages of the slabs (2, 3, 4, 5) and the air outlet with respect to the first plate.

PC SLAG HSLAG

Temperature change with respect to slab 1 in ~ Temperature change with respect to slab 1 in ~ Temperature change with respect to slab 1 in

cycle 8 (%) cycle 8 (%) cycle 8 (%)

(12,600 s) (25,200 s) (12,600 s) (25,200 s) (12,600 s) (25,200 s)
SLAB1(T) - - - - - -
SLAB 2 (T,) -4.62 +5.88 -6.14 +7.14 -10.99 +7.37
SLAB 3 (T5) -12.52 +13.48 -13.47 +16.59 -12.69 +12.82
SLAB 4 (T,)  -19.44 +20.01 —-22.61 +24.79 —22.84 +23.66
SLAB5 (T5)  —32.92 +20.17 -35.99 +24.09 —-37.55 +25.28
Air Flow —27.86 +18.85 -26.71 +24.58 —-29.55 +22.93

(Tout)

medium, brings with it serious environmental impacts. Therefore, there is a need to make way for new materials that, in addition to
offering operational improvements in terms of energy efficiency, allow decarbonisation using industrial by-products.
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