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ARTICLE INFO ABSTRACT
Keywords: Currently, there is great awareness of the increase in energy consumption, dependence on fossil fuels, and
Thermal energy storage (TES) greenhouse gas emissions, particularly CO,. One of the largest sources of carbon dioxide emissions is the cement
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Mechanical activation

Limestone calcined clay cement (LC>)
Life cycle assessment (LCA)

and concrete industry, which has been growing in recent years. Therefore, it is necessary to implement measures
to limit the global pollution caused by this sector. Furthermore, with the development of renewable energies,
there is a growing need to develop batteries and materials that allow to store this energy for later use. Therefore,
the main objective of this study is the development of ternary blended cements (LC?), in which clinker is partially
replaced by thermally and mechanically activated kaolinitic clay, to be implemented as a thermal storage ma-
terial in CSP plants. The development of the alternative cements was carried out in the laboratory and a full
characterization was performed to evaluate their physical, mechanical, and thermal properties. In addition, a
comparison of these properties with Portland cements was performed, to evaluate whether the characteristics
presented met the required needs. Therefore, LC® cements have affordable energy storage capacity to be
implemented as TES media. In addition, LC3 cements have the same storage capacity as OPC, and it is maintained
after aging test. Finally, an LCA was performed to quantify and evaluate the reductions provided by LG in terms
sustainability reduction impact in the environment to be using this alternative cement in comparison with the
common one. The results showed that both the mechanical and thermal properties of the cements are in line with
the expected values and allow their use as TES materials regarding the energy storage capacity, energy density
and energy performance by achieving and environmental impact reduction up to 22,6 %. Therefore, this study
confirms that L.C% cement is more sustainable cements that significantly reduce CO; eq. emissions (up to 24 %
reduction).

transformed into heat that is stored in a material (e.g. molten salts or
solid particles) [4]. This type of power plant has several advantages,
such as the simplicity of energy handling (transport, and storage) and
the reduction of energy dependence, especially in less developed
countries [5]. One of the TES systems that has been studied in recent
years is the concrete unit used as TES media. Concrete is an inexpensive
material that is easy to obtain and design. It can withstand high tem-
peratures and is highly resistant to corrosion. In addition, cement does
not require being inside a container like other TES systems [5,6].

The first concrete storage prototype was tested at the Plataforma
Solar de Almeria (Spain) during 2003-2004, a project approved by the
German government and carried out by the German Aerospace Center
[7]. Subsequently, another concrete storage project was carried out by
them (DLR) in Stuttgart (Germany), focusing on the cost reduction [8].
In recent years, the Plataforma Solar de Almeria has been working on a
project called E-CRETE PROJECT (Energy storage solutions based on

1. Introduction

Currently, there is significant concern about the increase in energy
consumption, dependence on fossil fuels, and greenhouse gas (GHG)
emissions, especially carbon dioxide (CO3) [1]. As a result, countries are
increasingly aware of the need to reduce this effect and are developing
government policies accordingly. Likewise, different international
treaties have been appearing, which aim to set up common environ-
mental objectives for the different countries, such as the Paris Agree-
ment [2] and the European Green Pact of the year 2019. This Pact aims
to reduce the 55 % greenhouse gas emissions by 2030 and achieve
climate neutrality by 2050 [3]. In addition, the increased implementa-
tion of renewable energies brought with it the need to develop storage
materials to store this energy. An example is the use of CSP plants with a
thermal energy storage (TES) system. In this way, the solar energy is
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Glossary

G Heat capacity

CSP Concentrated Solar Power

GHG Greenhouse gas

k Thermal conductivity

Lc® Limestone Calcined Clay Cement
LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Inventory Analysis
MA Mechanically Activated kaolin
MK Metakaolin (Thermally Activated kaolin)

OPC Ordinary Portland Cement

PC Portland Cement

SCMs Supplementary Cementitious Materials
SP Superplasticiser

TES Thermal Energy Storage

w/b water/binder

YSZ Yttria-stabilized zirconium oxide
Pbulk Bulk density

Preal Real density

Pe Volumetric heat capacity

[ Compressive strength

@ Porosity

CONCRETE) [9]. This research is based on using concrete that increases
thermal performance and durability as a TES unit. The idea is to convert
the laboratory results [10-12] to a more practical scale, integrating
them into applications for power generation, industrial energy recovery
and thermal plants. In addition, there are the Zhangbei and Zhangjiakou
CSP plants in China (50 MW) where TES concrete units were introduced
to provide 14 h storage [13]. Moreover, in 2018 CADE started the ED-
ITOR CSP project with solid-TES system [14]. In this project, they have
been supplying process steam continuously to the KEAN soft drinks
factory in Limassol (Cyprus).

However, one of the main disadvantages of the use of concrete as a
material for TES applications is that it is one of the world's largest
sources of CO5 emissions [15]. In 2020, 14 billion cubic meters (bcm) of
concrete and 4.2 billion tons of cement were produced, which could lead
to a total of 3.8 Gt of CO3 in 2050 if no measures are implemented [16].
These associated emissions come mainly from the COy emissions
generated during the calcination of limestone (CaCO3) to produce
clinker (mainly composed of Ca0O), the base material in Portland cement
(PC). In addition, there are emissions associated with the burning of
fossil fuels necessary to achieve the high temperature required for the
kilns (1400-1500 °C). Therefore, there are direct scope 1 emissions
classified under the Greenhouse Gas Protocol [17]. To address this main
issue, there are several solutions to reduce the environmental impact of
cement and, consequently, of concrete. One of the options lies in the
partial substitution of clinker by other more sustainable materials
(supplementary cementitious materials, SCMs), such as clay. Thereby, in
this work, kaolin will be used to substitute clinker, mainly due to its
kaolinite content which has been studied for its reactivity and pozzo-
lanic behavior to replace cement [18,19]. However, these properties
depend on the composition of the mineral, the activation conditions, and
the grain size of the final product [20,21]. If the activation is performed
thermally, calcined kaolinite forms metakaolinite, changing from a
crystalline material to an amorphous structure with good properties as
SCM [20]. With the combination of calcined clay and limestone as SCMs,
a ternary blended cement known as limestone calcined clay cement
(LC®) is obtained, with comparable or superior performance to PC.

The temperature at which the highest reactivity occurs is within the
range of 600 °C to 850 °C for 1 hto 12 h [18,19]. Similar transformations
that activated kaolin undergoes thermally, can also be undergone me-
chanically. The mechanical kaolin activation is performed using
grinding equipment such as ball or roller mills. In addition, grinding
must achieve an extremely high fineness of the material to increase its
reactivity and facilitate its use as a clinker replacement [22].

This work aims to develop and characterize ternary blended cements
to reduce the environmental impact of concrete TES systems in CSP
plants. To fulfil this objective, a study of the physicochemical, me-
chanical, and thermal properties of blended cements produced with
thermally and mechanically activated kaolin and limestone was carried
out. In addition, a Life Cycle Assessment (LCA) was also performed to
evaluate the environmental impact and sustainability of these materials.

2. Materials and methods
2.1. Materials

The clay used in this project was high-purity commercial kaolin (82
wt% of kaolinite) provided by Minerals i Derivats, S.A. (Spain), and had
to be activated. This activation was carried out thermally and mechan-
ically to compare the cements obtained with both processes.

The clinker used was provided by Cementos Molins, S.A. It was
crushed into small pieces in a jaw crusher and ground in a ring mill for 6
min at 700 rpm. Samples of 100-120 g were used to ensure a good grind.
Once ground, the clinker was sieved on an 80 pm nominal aperture
sieve.

Portland cement was supplied by Cementos Molins, S.A. Two types
were used: DRAGON cement, with limestone type CEM II/B-L of resis-
tance category 32.5 N and DRAGON SR cement of medium-high final
resistance, type CEM 1. Type D consists of 70 % clinker and 30 %
limestone and type SR consists of 94 % clinker and 6 % limestone.

Commercial gypsum and limestone were supplied by LABKEM
(Labbox, Spain), with purities of >99 % and > 98.5 %, respectively.

2.2. Kaolin activation methodology

Thermal activation was carried out in a muffle furnace. Samples of
80 g of kaolin were introduced and calcined at 800 °C for 1 h to obtain
metakaolin (MK). For this purpose, a heating ramp was programmed,
from room temperature to 300 °C with a heating rate of 2.5 °C/min and
from 300 °C to 800 °C at 5 °C/min. After one hour at this temperature in
the furnace, the samples were cooled down to room temperature. In this
way, the samples spent 4 and a half hours in the muffle furnace. Me-
chanical activation was carried out to obtain mechanically activated
(MA) kaolin in a PM 400 planetary ball mill (RETSCH) for 1 h at 300
rpm. Yttria-stabilized zirconium oxide (YSZ) 500 ml jars were used and
160 YSZ balls per jar were introduced. The mass ratio of kaolin/balls was
1/20, based on the preliminary test to fill 20 % of the volume of the jars.

2.3. Cement preparation methodology

For the preparation of PC and LC3, samples of 100 g of cement were
made with the following formulation (Table 1). Four types of cement
were prepared: a) LC® with thermally activated kaolin (MK), b) LC® with
mechanically activated kaolin (MA), c) Portland D, and d) Portland SR.
In addition, to use the same amount of water for all four cements, a
polycarboxylate ether-based superplasticiser (SP) provided by CHRYSO
was added to the LC3s since clay absorbs a lot of water. In this way, the
same water/binder ratio (w/b) was used, where the binder is the total
mass of solid materials. Similarly, the amount of PS is also calculated
from the total mass of solid materials.

The mixing procedure was the same for LC3s as for PCs (Fig. 1). First,
the solids were weighed and mixed, and the water was separated for
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Table 1
Mix designs of the different cements considered in this study.
Cement type Solid Materials (wt%) Liquid
Materials
Clinker  Kaolin CaCO3; Gypsum w/b SP
(%)
Thermal
activation 50 30 15 5 0.40 0.90
3 (MK)
Le Mechanical
activation 50 30 15 5 0.40 0.55
(MA)
pC Portland D 70 - 30 - 0.40 -
Portland SR 94 - 6 - 040 -

each sample. For mechanically activated kaolin, 70 % of the corre-
sponding water was weighed in one beaker and 30 % in another beaker
with 0.55 % SP. For metakaolin, 80 % of the corresponding water was
weighed in one beaker and 20 % with 0.90 % SP in another beaker.
Subsequently, the solids were mixed for 2 min until a homogeneous
mixture was obtained. Water was added and mixed at low speed to
impregnate the entire solid for 2 min and the rest of the water with the
SP was added and mixed at high speed for 2.5 min. However, for D and
SR Portland cement, the addition of SP was not necessary, so water was
added at once. In this case, 100 g of each type of cement (Portland D and
SR) were weighed, having the composition specified in Table 1. Once
finished, 2.5 cm molds were filled, and air was removed to avoid pore
formation. For curing, the samples were sealed in a plastic bag for 24 h.
Finally, the demolded cements were left to cure in the climatic chamber
at 20 °C and 95 % relative humidity for 28 days. A total of six samples of
each type of cement were prepared.

2.3.1. Aging
The cement samples were aged in a muffle furnace to study thermal

MK
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fatigue behavior. For this purpose, the cement samples were heated in a
furnace at 350 °C for 500 h. After this time, DSC and compression tests
were performed again after the aging test.

2.4. Characterization

The characterization techniques used in this study are divided ac-
cording to determine the physicochemical, mechanical, and thermal
properties of the materials. Notice that the samples were aged in an oven
at 350 °C to compare their properties before and after.

2.4.1. Mechanical and physicochemical properties

2.4.1.1. Compressive strength test. The compressive strength (¢.) was
performed on both LC® and PC samples. It was carried out in an Inco-
tecnic universal testing machine, according to EN 196-1 standard, in
which compressive stresses were applied until they broke.

2.4.1.2. Densities and porosity. The bulk density (ppyix) was calculated
for each sample using the weight and the volume. Five weighings were
carried out on each sample (six samples for each type of cement), and all
sides of each sample were measured three times with a calliper. The
AccuPyc 1330 helium Pycnometer was used to measure the real density
(prea1)- This, from a fixed volume of helium, whose density is known, is
able to determine the density of the sample from Archimedes' principle.
From the displaced volume and the weighed mass, the pycnometer
determined the density for LC® and both Portland cements. To ensure
that all the pores were accessible to the intrusion of the helium, the
samples to be measured were crushed into small pieces, and the vessel of
known volume was filled with a known amount of sample for each type
of cement.

The porosity (¢) of the material was given by the ratio between the
volume occupied by the pores and the total volume of the sample. From
the data obtained in the previous tests, the porosity was calculated.

50% clinker/ 30% kaolin/ 15% CaCO;/ 5% gypsum

‘ 80% in a beaker ‘ ’

20% + 0.90% SP
n another beaker

Weighing solid materials (100 g) & )

Weighing liquid materials (40 g water)

q Mix solids (2 min)

in another beaker

‘ 30% +0.55% SP ‘

o
3
50% clinker/ 30% kaolin/ 15% CaCO;/ 5% gypsum 70% in a beaker
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Filling the molds and curing @ -
b e e e e e e e e
e e e et e ettt et e
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|
| =~
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! =
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Fig. 1. Schematic diagram of the synthesis process.
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2.4.1.3. X-ray diffraction (XRD). The test was performed with PAN-
alytical XPert PRO MPD alphal powder diffractometer in Bragg-
Brentano 6/2 6 geometry of 240 mm of radius. 8 solid powder samples
were mounted backloaded in the cylindrical cavity, of 16 mm in diam-
eter and 2.5 mm in thickness of standard (PW1811/16) sample holders.
Four samples, one of each cement before aging, and four samples, one of
each cement after aging were measured. The measurements were ob-
tained in continuous scan mode and the 20 range from 4° to 100° with a
step size of 0.026° 20 and a measuring time of 200 s per step.

2.4.2. Thermal properties

2.4.2.1. Differential scanning calorimetry (DSC). To carry out the anal-
ysis, a known mass of each type of cement was placed in a 40 pl
aluminum crucible. The behavior of the materials was studied at
300-350-400 °C in N atmosphere (50 ml-min1). For the calculation of
heat capacity, C,, sapphire was used as a standard following the area
method [23]. The G, (J-g’1-°C’1) was obtained with Eq. (1), where A is
the integrated peak area for the material curve, and Ay is the integrated
peak area for the sapphire curve in J’kg ™! and Cp,s is the heat capacity of
the sapphire in J-g~1-°C™. Also, for a better understanding of the ther-
mal storage capacity of types of cement, the volumetric heat capacity
(pe) in MJ-m~3°C~! was determined following Eq. (2), where the den-
sity (ppuii) is that obtained previously in kgm™> and G, is the heat ca-
pacity of the cements in J.kg~1-°C™1.

Cps 0 A
- il 1
G A, (@]
Pe = Pputc ® Cp 2)

2.4.2.2. Thermal conductivity. The thermal conductivity (k) of the
cement was measured following the Hot Wite method using a KD2 Pro
Thermal Properties Analyzer manufactured by Decagon Devices Inc. The
RK-1 sensor was used, as it is suitable for solid rock and cured concrete.
Five measurements were made for 10 min in High Power Mode for each
sample, with a waiting time of 20 min between measurements at room
temperature.

3. Results and discussion
3.1. Physicochemical and mechanical properties

Table 2 shows the results obtained for each property studied before
and after thermal aging. Regarding compressive strength, the results of
LC%s were in concordance with those reported in the literature [19,22].
Both presented values around 40 MPa, which implies that the me-
chanical and thermal amorphization of the kaolin (using 30 % of it in the
mixture) was enough to achieve adequate strength values. In addition, in
some MA samples, the strength was higher than that of MK due to the
grinding degree of the clay. This allowed better packing and, therefore, a
quick and efficient reaction [22,24].
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These results are perfectly comparable to the results provided by the
Portland cement manufacturer [25]. However, these values have been
measured at room temperature and, in their use as a TES system, these
materials must operate in conditions of 200-400 °C. This requirement is
fundamental since heating the concrete produces a series of reactions
and transformations that affect the compressive strength, which typi-
cally decreases by 20 % when exceeding 400 °C [26]. For this reason,
after thermal aging at 350 °C, the compression test was repeated. The
results showed a significant reduction of almost 50 % for LC%s and 70 %
for PCs. Nevertheless, the ternary blended cements are still within the
range indicated in the literature [6], and the results were comparable to
those of other studies [26], ensuring structural integrity and prolonging
the service life of the system. In addition, as the cements showed clear
signs of fracture, this may have influenced the values obtained. Thereby,
the mechanical test confirms that the usage of this more sustainable
cements as TES materials to store energy in CSP plants is as viable as the
usage of OPC ones.

On the other hand, apparent density results showed similar densities
between Portland cements and LC>s, being slightly lower for LC3s, and
conformed to the manufacturer's specifications and literature, respec-
tively [25,27]. This was due to the clinker content being 50 %, indi-
cating the partial replacement of clinker with thermally and
mechanically activated kaolin did not affect the density of the material,
which continued to comply with the values specified in the Cédigo
Técnico de la Edificacion in Spain [28]. Portland SR, which had a high
clinker content of 94 %, showed a higher density. Furthermore, the
average results of the real densities of the Portland cements were higher
due to higher clinker content. Average density values for concretes used
in thermal storage are around 2200 kg'm 3 [26] and, considering the
cement density has a direct influence on the density of the concrete
produced, the values obtained for LC® cements were optimal for this
application. In addition, as with apparent density, a high real density
indicates a higher heat storage capacity. This is essential for TES sys-
tems, as it allows significant amounts of thermal energy to be retained
and released when required. However, after 500 h at 350 °C, the ce-
ments showed noticeable changes in weight and size, as well as small
fractures on some of their faces. Because of this, the apparent densities of
the materials were reduced by 16.42 % for MK, 20.98 % for AM, 15.79 %
for Portland D, and 17.14 % for Portland SR. The difference between MK
and MA could be because unreacted MK has no hydroxyls and unreacted
MA does. This reduction is important since it reaches values of 15-20 %.
This can have a strong impact on its application as a thermal storage
system, causing the capacity to store heat to be significantly reduced.

As for the porosity obtained for Portland and LC® cements, both MA
and Portland SR were 16 %. In addition, the use of MK and MA reduced
the pore volume present in the sample by 24 % and 40 % concerning
CEM II (Portland D). This large number of pores in Portland D is also
related to its low compressive strength since it is easier for fractures to
occur in the areas close to the voids. In addition, the presence of MK
implied a higher number of pores compared to MA. Studies indicate that
the total porosity increases when metakaolin is used as a partial sub-
stitute for clinker [29,30]. However, this increase in porosity does not

Table 2
Summary of the properties of each type of cement before and after thermal aging.
Cement Before aging After aging
t
ype Physicochemical and mechanical Thermal properties (RT) Physicochemical and Thermal properties (RT)
properties mechanical properties
oc Pbulk Preal ¢ Cp Pe k Oc Pa Cp Pe
(MPa)  (kg/m®)  (kg/m®) (%) @glechH Im3cl WmlK (MPa) (kg/m®) @glec)  MIm3ec)
Lc3 MK 45.03 1770.14  2217.88 20.18 0.72 1.18 0.75 25.71 1422.62 0.75 1.07
MA 43.19 1768.70 2099.71 15.76 0.76 1.34 0.74 24.71 1386.65 0.58 0.80
PC D 40.00" 1786.10  2434.51 26.63 0.77 1.38 1.04 10.22 1503.99 0.91 1.37
SR 52.00" 1958.63 2344.99 16.48 0.84 1.64 1.13 18.30 1622.84 0.99 1.61

@ Values obtained from the manufacturer's technical datasheet [25].
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depend so much on the MK content, it is more related to its presence or
not in the mixture [30]. Likewise, solid aggregates represent approxi-
mately three-quarters of the total volume of concrete, so their own
porosity has an impact on the total porosity of the concrete [31].
Therefore, having adequate porosity values in the samples will be re-
flected in the properties of the concrete made from these cements. In
summary, a lower porosity allows a better heat transfer inside the ma-
terial with a more homogeneous and efficient heat distribution.

From the XRD performed for each of the samples, the corresponding
phases for each type of cement were obtained (Fig. 2). On the one hand,
calcite was the major component for the four cements under study,
because it is a calcium carbonate, derived from limestone for the for-
mation of clinker. In addition to this mineral, there was a strong

Journal of Energy Storage 133 (2025) 118023

presence of calcium hydroxide, especially in the PCs. This is because the
silica and alumina in the clay consumed part of the Ca(OH); with
pozzolanic reactions, making its presence lower in cements with kaolin
as a partial substitute for clinker. Likewise, the diffractograms showed
an amorphous phase, which is due to the C-(A)-S-H that is the main
reaction product, and which acts as a binder. In LC%, the presence of
unreacted amorphous clay could also contribute to the intensity of the
amorphous halo. They also showed phases from the unreacted trical-
cium silicate (C3S) and tetracalcium aluminoferrite (C4AF) of the
clinker. Both portlandite and ettringite are phases resulting from the
hydration of Portland cement clinker. The ettringite peaks in the four
samples were attributed to reactions between sulphates and calcium
aluminates. The presence of this phase in cement has been shown to
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contribute significantly to both strength and durability [32], which
helps explain the high compressive strength values observed in LC3. It is
also worth noting the occurrence of vaterite in LCs, along with quartz,
likely originating from clay impurities. On the other hand, the main
difference between LC3s and PCs was the presence of carboaluminate
phases, specifically monocarboaluminate and hemicarboaluminate.
These compounds also play a crucial role in mechanical strength, thus
contributing to the preservation of adequate performance despite the 50
% substitution of clinker.

3.2. Thermal properties

Table 2 shows the C, and p, for each type of cement. The heat ca-
pacities obtained for LCs were like those of Portland D, which has 30 %
limestone. However, if compared with the results of Portland SR, which
has 94 % clinker, the partial substitution of clinker, using 30 % kaolin
and 15 % of limestone, did affect this thermal property of the material.
Likewise, according to the bibliography [33,34], clinker has a heat ca-
pacity of 0.87-0.90 J-g~'-°C™! for temperatures between 300 and
400 °C. This explains the C, result obtained for Portland SR, since it has
an extremely high content of this material. In addition, according to the
literature [6,7], to use concrete as a thermal storage system, it must have
Cp values from 0.7 to 1.0 J-.g~1°C7in a temperature range from 25 °C to
400 °C. However, there are studies [26] indicating that due to the re-
actions that take place when concrete is heated, the specific heat de-
creases in the temperature range between 20 °C and 120 °C. Therefore,
the values obtained were not influenced by this decrease, since they are
not in the indicated temperature range. In thermal storage, the heat
capacity of concrete depends mainly on the aggregates used in the mix,
gravel, and sand. These have a higher heat capacity, so the effect of
cement on the performance of thermal storage concrete is not as critical.
In terms of heat storage capacity per unit volume, Portland SR showed
the highest values because its density and C, were higher than the rest of
the cements. For the rest of the samples, although the three materials
presented similar densities, the differences in heat capacity caused the
MK to obtain slightly lower values than the rest. As with the pre-aging
values, the results obtained after heat treatment showed a clear differ-
ence between OPCs and LCs. It was observed that the C, increased for
all samples except mechanically activated kaolin. However, due to the
density variation after thermal aging, the volumetric heat capacity
values were not affected, except for MA. This large change may have
been caused by the large amount of mass lost by the material. Because of
this, it can be stated that temperature aging did not affect the ability of
the cements to absorb heat, excluding MA.

Finally, thermal conductivity results showed that the cements with
higher clinker content have a higher k. Portland SR, whose clinker
content is 94 %, showed an average value of 1.13 W-m1K!; Portland
D, whose content is 70 %, had a conductivity of 1.04 W~m’1-K’1; and
LC3, with a proportion of 50 %, achieved the lowest results around
0.74-0.75 W-m K. For use as TES, the materials must have a high
conductivity to facilitate heat transfer to the fluid circulating in the inner
tubes. The results showed that LC3s have a lower conductivity than PCs.
This would imply that their use in thermal storage could affect the
amount of heat stored. However, normal values for cement are in the
range of 0.20-0.80 Wm LK! [35], so the results obtained were
favourable. In addition, for a better interpretation of the results, it would
be more appropriate to calculate the thermal conductivity of the cement
samples at the temperature of use as TES, since this variable decreases
with increasing temperature. There is evidence that in a range from
20 °C to 280 °C, this decreases because of internal transformations of the
concrete due to heating [26].

4. Life cycle assessment (LCA)

LCA is a systematic analytical tool designed to assess the environ-
mental impact of products or processes following ISO 14040 Standards
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[36]. It can be performed from the entire life cycle (cradle-to-grave
perimeter) or one to several stages of the life cycle. This tool makes it
possible to identify and quantify the resources and raw materials
consumed, as well as emissions to water, air, and soil [37]. The typical
steps of an LCA are 1) Goal and scope definition, which involves setting
functional units, system boundaries, and analysis limits. This step allows
for identifying the beginning and end points in the life cycle of a product
or process and for specifying the processes that will be assessed, 2) The
life cycle inventory analysis (LCI) that encompasses collecting data and
performing calculations to measure the inputs and outputs of materials
and energy connected to the product system under investigation, 3) The
life cycle impact assessment (LCIA) which entails the association of in-
ventory data with impacts and the valuation of these impacts, allowing
the evaluation of the effects on the environment and human health, and
finally 4) The life cycle interpretation, which evaluates the results to
draw conclusions and to make decisions [37,38].

4.1. Goal and scope

This LCA aims to determine the environmental feasibility of
substituting traditional OPC cement with LG in the production of the
concrete used as a TES material for implementation in CSP plants. The
environmental impacts of the understudied concretes are compared
based on the different compositions of the manufactured cements: a) The
new LC3 option using 30 % thermally activated kaolin and 15 % lime-
stone as SCMs, and b) The ordinary Portland Cement (OPC) that uses 95
% clinker. The functional unit chosen was 1 t of concrete produced. The
system boundaries range from the extraction of raw materials to the final
manufacturing of concrete (cradle-to-gate perimeter). Key processes
taken into consideration encompass clinkerization, clay calcination,
grinding, and mixing (Fig. 3).

4.1.1. Life cycle inventory analysis

Table 3 shows the inventory of materials and energy to produce 1 t of
concrete. This inventory was sized and organized considering the
following aspects:

e Raw material for clinkerization was categorized into the following

four main components: limestone 88 %, clay (alumina) 9 %, silica 2

%, and iron ore 1 %. On average, 1.58 tons of raw materials are

needed to produce either 0.95 tons of clinker or 1.0 ton of finished

traditional OPC cement [40]. These materials are crushed, mixed,
and calcined in a kiln at 1450 °C, which leads to a significant gen-
eration of COy emissions, cement kiln dust, and particulate matter

[41].

Based on experimental and production data, the material proportions

used for manufacturing the cements were as follows: OPC (95 %

clinker and 5 % gypsum) and LC® (50 % clinker, 30 % calcined

kaolinitic clay, 15 % limestone, and 5 % gypsum) [42].

e The mass proportion of cement, sand, gravel, and water used for the
concrete mix was 1:1.52:3.21:0.49, as this ratio is recognized for
offering the optimal strength-to-cost balance for use in TES appli-
cations [43].

o It was assumed that all processes take place within the same facility.
The data inventory was structured bearing in mind an industrial
technology level, enabling the conversion of a wet cement kiln into a
clay calciner.
Regarding energy input data, it is known that cement kiln operations
primarily rely on coal, petroleum coke, and various fuels or waste
materials. The exact blend of fuel sources varies significantly
depending on the manufacturing facility and may encompass natural
gas, fuel oil, tires, and others [40]. For this study, three primary fuel
sources were chosen: Pet coke for clinkerization, fuel oil for cement
production, and gas oil for concrete mixing.

In the production of LC3, the energy consumed for clay calcination

was estimated at 2.6 MJ/kg, derived from theoretical calculations
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a) Ordinary Portland cement (OPC)
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Fig. 3. System's boundaries: a) Concrete made of ordinary Portland cement (OPC) and b) Concrete made of Limestone Calcined Clay Cement (LC). Adapted

from: [39].
Table 3
Inventory of materials required to produce 1 t of concrete for TES applications.
Process Inventory LG® OPC
Materials (kg)
Limestone 70.8 134.5
Clay 7.2 13.8
. . Sand 1.6 3.1
Clinker production Iron ore 08 15
Energy for clinkerization (MJ)
Electricity 25.4 46.3
Pet coke 309.5 568.3
Materials (kg)
Kaolinite 48.2 0
Limestone 24.1 0
Gypsum 8.0 8.0
Cement production Clinker 804 152.8
Energy for clay calcination (MJ)
Electricity 6.6 0
Fuel oil 118.8 0
Energy for cement production (MJ)
Electricity 13.8 30.1
Materials (kg)
Water 78.8 78.8
Sand 244.4 244.4
Concrete production Gravel 516.1 516.1
Cement 160.8 160.8
Energy for concrete mixing (MJ)
Electricity 33.7 33.3
Gas oil 33.7 33.3

conducted by [42]. The energy required for cement grinding and
mixing is 187 MJ/t for OPC cement and 86 MJ/t for LG cement [39].
Additionally, the energy demand for concrete mixing amounts to
0.1060 Gj/m>, covering tasks such as aggregate and cement stacking
at the production plant, blending of aggregate, cement, and water at
the batching plant, and loading the concrete onto the truck [44].
Finally, it was assumed that the electricity usage relies on the Eu-
ropean electricity mix.

The inventory data was modelled using the Ecoinvent database [45],
and the Software GaBi [46] was employed to evaluate the comprehen-
sive environmental impacts. The analysis was conducted using the
following methods: a) IPCC 2013, which characterizes gaseous emis-
sions according to their global warming potential (GWP) [47], and b)

ReCiPe, which quantifies the environmental alterations in impact points
[48].

4.1.2. Impact assessment (LCIA)

The results of the IPCC GWP 2013 (Table 4) indicate that 37.3 kg of
CO,, equivalent is produced per ton of LC2 concrete. In the case of OPC,
the emissions reach 48.9 kg of CO, equivalent per ton. This confirms that
replacing a part of the clinker mineral with kaolinite clay constitutes a
manner of reducing GWP emissions. In the studied case, the emissions
reduction achieved by the competitive LG solution amounts to 23.8 %.

On the other hand, the global environmental impact calculated
through the ReCiPe indicator is shown in Fig. 4. The ternary mix re-
ceives 22.6 % fewer impact respect to OPC (Fig. 3-a). For both cases,
clinker production has a major relative contribution to the impact ac-
count (Fig. 3-b).

4.1.3. Interpretation

The material inventory shows the ternary mix concrete (LC) con-
tains an embodied energy of 542 MJ/t. Whereas, for the typically
implemented option (OPC) 711 MJ/t is required. By using kaolinitic clay
in LC3, energy savings of 160 MJ/t are possible to achieve. The lower
energy intensity associated with the LC® improves the energy efficiency
associated with TES systems in CSP plants.

Regarding the global warming potential, the results show how
alternative cement mixes can effectively diminish the overall global CO-
emissions of concrete production for TES applications. The IPCC 2013
indicator has also evidenced that fossil fuels are the main contributor to
the GWP in the concrete life cycle, causing more than 50 % of the total
GWP of both concrete types (LC3 and OPC), mostly due to the clinkeri-
zation that commonly uses pet coke as the main energetic source.

Likewise, the ReCiPe impact indicator shows that most of the LGS
impact reduction is achieved during the clinkerization process. The
impact of the cement production stage is higher in the ternary mix,
primarily due to the energy required for the thermal activation of kaolin
(clay calcination) and the incorporation of new raw materials. Never-
theless, the total impact point count continues to be higher in the
traditional product (OPC) because it uses more clinker, the main
contributor to the impact account [40,42]. As expected, the concrete
production stage has a similar impact contribution in both cases.



L. Betancor-Cazorla et al.

Table 4
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Global warming potential and flows relative contribution to CO: equivalent emissions.

IPCC GWP 2013 LC? relative contribution (%)

(kg COz Equiv. / t)

Variation (%)

OPC relative contribution (%)

Raw materials Energy: fuels Energy: electricity Raw materials
12 57 33 10

Lc® OPC 23.8 Energy: fuels Energy: electricity
37.3 48.9 : 57 31
(a) 2.500 - 2,314
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Fig. 4. ReCiPe environmental impact, (a) Comparison of total impact per ton of
concrete produced (LC® vs OPC). (b) The relative contribution of production
processes for both concretes.

5. Conclusions

The compressive strength of LC> shows that the mechanical behavior
of this cement under working mechanical requirements will be similar to
those performed by the common cements reported in the literature.
Likewise, the densities of this type of cement are like those of CEM II
cements and close to those of CEM I cements and their contribution to
the energy density will be similar as well. This implies that the me-
chanical and thermal amorphization of the kaolin (using 30 % of it in the
mix) was sufficient to reach adequate values.

Similarly, the thermal properties under study demonstrated the
proper capacity of this type of cement to store thermal energy. The heat
capacity values, both per unit mass and per unit volume, are at the level
of PCs. On the other hand, the thermal conductivities are slightly lower
but still meet the system's requirements. In addition to this, the varia-
tions observed in the behavior of LC® after thermal aging allow for
evaluating how they would affect the conditions of use as TES. There-
fore, the LC® cement is a proper candidate to store thermal energy in
blocks. This study confirms that partially replacing clinker with LC3
enables the development of more sustainable concrete materials for TES
applications in CSP systems. The LCA demonstrates that the LC3-based
concrete significantly reduces both energy consumption and greenhouse
gas emissions compared to conventional OPC-based concrete. Key
findings reveal a 23.8 % reduction in COz-equivalent emissions (37.3 kg/

t for LC2 vs. 48.9 kg/t for OPC) and 22.6 % lower overall environmental
impact (ReCiPe indicator) through the ternary blend formulation. This
emission reduction stems primarily from two synergistic mechanisms:

e Reduced clinker content (50 % vs. 95 % in OPC), mitigating energy-
intensive calcination.
e Optimal utilization of SCMs (30 % calcined kaolin +15 % limestone)

Although the calcination of clay introduces additional energy de-
mands, its overall environmental footprint remains lower than that of
OPC, making LC® a more sustainable option. Within the defined
boundaries and assumptions, LC> emerges as a viable and environ-
mentally beneficial alternative to OPC for the manufacture of TES con-
crete in CSP infrastructure. Its adoption can meaningfully enhance the
sustainability of TES systems during the manufacturing phase of CSP
plants.
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