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ARTICLE INFO ABSTRACT

Keywords: Thermochemical energy storage is an effective method for seasonal heat storage applications, as it stores energy
Thermochemical energy storage on a long-term basis. This process captures excess heat generated during the summer, whether from solar energy
Carnallite

or surplus heat from supply chains, and utilizes it during the winter months. However, the process relies on
chemical reactions, which pose various technical challenges. Additionally, it requires a significant amount of
materials, leading to increased system costs. In this study, we propose to investigate potassium carnallite as a
low-cost thermochemical material (TCM). This material is derived from potash saline deposits located in
northeastern Spain. Characterization through chemical analysis revealed that it comprises 86.0% KCl-MgCl,-6
H,0, with NaCl as the main impurity at a concentration of 10%. The dehydration and hydration reactions
analyzed involve the loss and retention of 4 molecules of HoO. Importantly, there is no evidence that the hy-
drolysis decomposition of the material affects the reversibility of these reactions. The study demonstrated a good
reversibility of the reaction, with a yield of 81.73%, which decreased to 78.83% by the tenth cycle. These cycles
simulate 10 years of seasonal use under specific conditions (Pyy = 1.3 kPa, Tyy = 40 °C, Ppe = 4.0 kPa, and Tpe =
110 °C). Notably, natural carnallite exhibited 20% higher reversibility compared to synthetic carnallite. How-
ever, it was found to be 14% less reversible during the first cycle and 8.4% less reversible by the tenth cycle
compared to another carnallite material studied under the same conditions previously. This difference in
reversibility may be attributed to variations in the impurity content of both materials, where a higher concen-
tration of NaCl in carnallite may act as a chemical spacing, facilitating water vapor mass transfer and conse-
quently improving cycling stability. We measured an energy density of 0.892 GJ/m® during the tenth hydration
cycle, indicating that the winter energy needs of a household can be met using 9.0 m® of thermochemical ma-
terial. These findings suggest that by-products from mining, such as carnallite, are promising candidates for
seasonal heat storage applications. However, improvements in the material are needed to increase the energy
density at large scale, which would consequently reduce the volume of material required for the application
using a reactor system.

By-products
Seasonal heat storage
Reversible reaction

1. Introduction about 8.10'8 J/year, according to Eurostat [1].

The current necessity to decarbonize the European economy and

Thermal energy constitutes the most significant portion of global
energy use, accounting for approximately 50% of the world's energy
consumption. Approximately half of the consumed heat is utilized in
industry, while the other half is used for domestic purposes. Together,
these account for around 25% of final energy consumption, which totals
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implement the European Green Deal [2] requires efficient methods for
storing and upgrading thermal energy. This is essential for tapping into
the significant energy-saving potential of available waste heat and the
increasing capacity of renewable energy sources [3]. Consequently,
developing effective ways to transform and store thermal energy has
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become a pressing priority for the European Union.

One of the most promising technologies for compact and efficient
long-term thermal energy storage is Thermochemical Energy Storage
(TCES). This technology is based on using reversible chemical reactions
that have high heat effects, utilizing abundant and benign thermo-
chemical materials [4,5].

The most critical aspect of (TCES) systems, compared to sensible or
latent heat storage, is that they require higher investment costs; how-
ever, a recent techno-economic analysis by Yang et al. [6] indicates that,
despite TCES excels in technical aspects over other thermal energy
storage (TES) technologies, it will become competitive once the cost of
materials is reduced. Thermochemical materials represent a significant
portion of these total investment costs, often exceeding 30%, and this
cost tends to increase as the system scales up [7]. Therefore, it is
essential to identify and explore low-cost, non-critical materials that can
effectively serve as storage media for TCES.

Recent advancements in resource recovery technology have made
the extraction of minerals and metals from industrial waste and seawater
desalination brine more cost-competitive compared to commercial
inorganic materials [8-10]. From this, carnallite is a hydrated evaporite
salt that forms during the natural evaporation of seawater. It is found
alongside other potassium and magnesium compounds in evaporite
deposits. Being easily accessible and often produced as a by-product of
potassium mining, carnallite is both inexpensive and sustainable.

Salt hydrates have become the preferred materials for the emerging
TCES systems operating at low temperatures [7] (T < 200 °C). Salt hy-
drates can be dehydrated by a surplus of heat, thus charging the system
(Fig. 1). In the charged state, heat is stored as the chemical potential of
the dehydrated salt relative to the reaction with water vapor. When the
stored heat is needed during the wintertime, one can carry out the
reverse reaction at a useful temperature 30-80 °C by withdrawing heat
from an ambient low-temperature source (e.g. T ~ 10 °C) to create water
vapor pressure high enough (p ~ 1.3 kPa) to carry out the exothermic
hydration [11] (Eq. (1)):

Salt +nH,0=Salt-nH,0 + Heat 1)

Currently, the most widely used hydrated salts for TCES are single
(chlorides, sulfates, bromides), both as pure compounds and in com-
posites. However, only a few studies have been conducted on salt mix-
tures. Many of these materials can be obtained from seawater, as well as
industrial waste materials (Table 1).

Carnallite, a low-cost industrial waste material, was first investigated
as a thermochemical material by Gutierrez et al. [10,12]. While their
primary focus was on high-temperature applications, they also identi-
fied carnallite as a potential material for low-temperature uses. This
research was further developed by Mamani et al. [7], who studied an
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industrial waste material containing approximately 73.5% pure
carnallite. The study found a good cyclability under seasonal conditions
(dehydration at 110 °C/4.0 kPa and rehydration at 40 °C/1.3 kPa) (Eq.
(2)), avoiding the material decomposition by temperature effect and the
hydrolysis reaction of MgCL,-2 H,O(s) (Eq. (3)). However, still an
incomplete rehydration and a slow kinetic hydration were found after
10 cycles of reaction. This research is supported by additional research
conducted by R. Hamze et al. [13]. In their theoretical and experimental
study, they concluded that carnallite, when compared to other single
and double salts, shows great promise for low-temperature thermo-
chemical storage. It is a low-cost material with a high deliquescence
humidity, making it significantly less sensitive to over-hydration and
liquefaction. Additionally, carnallite can be easily dehydrated at just
100 °C. The rehydration process can be achieved at low water vapor
pressures, resulting in a storage density of 1.52 kJ/cm®.

KCI-MgCl,-6 H,0 (s)=KCl-MgCl,-2 H,O(s) + 4 H,0(g) @

KCI-MgCl,-2 H,0 (5)=KCl-MgCl, (s) + 2 H,0(g) + KMg (OH)CI (s)

+2HCl (g) ®

Based on the current state of the art and the advantages of identifying
low-cost materials for heat storage, this study aims to characterize a by-
product from a potash deposit in Bages, located in the northeast of Spain.
The material will undergo chemical characterization and be evaluated as
a potential thermochemical storage material under seasonal conditions,
compared with another source of carnallite as a by-product material and
a synthetic KC1-MgCly-6 H20.

2. Materials and methods
2.1. Material selection

Approximately 1 kg of natural carnallite was provided by ICL Iberia
Stria and Sallent (Catalunya region, Spain) and obtained from natural
potash deposits in Sturia. The sample was homogenized by manual
mixing and then subjected to drying at 40 °C for approximately 12 h to
eliminate environmental humidity, due to the hygroscopic nature of the
salt. The sample was designated as Carnallite B for the comprehensive
study.

2.2. Chemical characterization

2.2.1. Chemical analysis

For the chemical analysis, 200 mg of Carnallite B was dissolved in 1%
v/v HNOgs until a concentration of 2 mg/mL was achieved to be analyzed
using the ICP-OES (Inductively Coupled Plasma Atomic Emission

WINTER
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Fig. 1. Left: scheme of thermochemical reaction for heat storage. Right: Seasonal heat storage application for private households.



V. Mamani et al.

Table 1
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The most widely used hydrated salts for TCES. Simple and double salts. Experimental and theoretical information (* related to studied industrial waste materials, &

theoretical information).

Hydrated salt

Operational conditions Tpe

Energy Density Main findings Ref.

(°C), P 1y (mbar) (GJ/m?)

Chlorides * CaCly 180 °C 445 mbar 7.16 Good reversibility and cycling stability over 20 [14]
CaCly(s) /CaCl, -2H50(s) cycles.
* MgCl, 150 °C 11.8 31.6 1.89-1.94 HCl by-product above 110-130 °C [15]
MgCly(s)/MgCl, - 6H>0(s) mbar
LiCl 160-186 °C 1.9-2.5 LiCl-Hz0 exhibits one of the highest energy [16]
LiCl (s)/ LiCI-H20(s) densities
* SrCly 130 °C 14-16 2.4 Poor heat and mass transfer performance and [17]
SrCly, (s)/ SrCly-6H50(s) low cyclic stability

Sulfates * MgSO4 150 °C 12.5-13 1.8-2.2 Heat release above 50 °C is not possible [18]
MgS04(s)/ MgS04-7H,0(s)
#CaSO,4 89 _ 1.4 Lower energy density, but its stability, [19]
CaS0y4 (s)/CaS04-2H50(s) abundance, and affordability
#A1(SO4)3 80-125 °C 2.16 Four endothermic stages and moderate energy [20]
Al5(S04)3.5H20(s)/Al2(S04)3.18H0(s) density

Bromides SrBr, 80 °C 9.7-17.5 2.02 High cost [21]
SrBry(s)/ SrBra-Ho0(s)
LiBr 95 °C 50 2.8 Highly corrosive to metals [22]
LiBr(s)/ LiBr - H,O(s)

Doble * Lithium Carnallite 200 °C _ _ Partial decomposition below 200 °C [10]

salts LiCl-MgCly(s)/LiCl-MgCl,-7H20(s)

* Potassium Carnallite KCl-MgCl,-4H50(s)/ 110 °C 13 1.4 HCI by-product above 130 [71
KCl-MgCl,-6H,0(s) °C
* Kainite 200 °C _ _ Further research is needed [23]
KCI-MgS04(s)/KCl-MgSO4-3H20(s)
* Bloedite, Astrakanite 200 °C _ 1.3 The melting process occurs at T = 671.2 °C [10,23]

NayS04-MgS04(s)/
Na,S0,4- MgS0,4-4H,0(s)

Spectroscopy) PerkinElmer Optima 8300. The chemical elements
detected were: Ca, S, K, Na, Mg, Li. The chloride identification was
performed by conductimetry, pH & Ion-Meter GLP 22 from Crison,
Chloride (Cl-) Ion Selective Electrode (ISE) from Hach.

2.2.2. X-ray diffraction (XRD)

Analysis of X-ray diffraction was performed on a X-ray diffractometer
PANalytical X'Pert PRO MPD 6/0 powder diffractometer of 240 mm of
radius, Cu Ka radiation (A = 1.5418 10\); (45 kV - 40 mA); in a configu-
ration of convergent beam with a focalizing mirror and a transmission
geometry with flat samples sandwiched between low absorbing films;
scan range: 20/0 from 4 to 88°20 with a step size of 0.013°20 and a
measuring time of 300 s per step; Incident beam slits defining a beam
height of 0.8 mm.; Incident and diffracted beam 0.04 rad Soller slits
PIXcel detector: Active length = 3.347°. The powder sample was sand-
wiched between films of polyester, 3.6 pm thick. The Crystallographic
phase identification was carried out using the X'pert HighScore PW3209
V2.2e software, and the identification of crystallographic phases was
carried out using ICDD2000, PDF-2.

2.2.3. Scanning electron microscopy (SEM-EDX)

The analysis of particle morphology was carried out using a Jeol SEM
equipment model JSM6360LV, coupled with an Inca Oxford EDS system.
The measurements were carried out at a low vacuum, with a 20 kV
electron beam, a working distance of 10 mm, a spot size of 60 mm, and a
backscattered electron signal. For this same analysis, a Quanta 200 FEI
SEM (XTE 325/D8395) coupled to an EDAX EDS system was also used.
The measurements were carried out at a high vacuum and with an
electron voltage of 20 kV, a working distance of 10 mm, and a back-
scattered electron signal.

2.3. Thermal behavior of carnallite
The thermal stability and reversible dehydration/hydration reaction

of carnallite B were performed under different operating conditions as
follows:

2.3.1. Dehydration reaction

The Dynamic dehydration of Carnallite B was measured using SDT-
Q600 TA equipment with simultaneous TGA/DSC. The dynamic
method used was from room temperature to 300 °C at a rate of 1 K/min.
The nitrogen flow rate was set to 50.0 mL/min. For this analysis, 6.8 mg
of sample was placed in a 90 pL platinum crucible with an unsealed lid to
determine the change in weight and heat flow at high temperatures.

2.3.2. Determination of gaseous products by thermogravimetric-mass
spectroscopy (TG-MS)

The gaseous products from Carnallite B dehydration at high tem-
peratures were recorded by Thermogravimetric analysis (TG, SDTA
851e, Mettler Toledo) coupled to a mass spectrometer (MS, Pfeiffer
Vacuum Thermostar). The measurements were performed from room
temperature (25 °C) to 1100 °C, using dynamic experiments with a
heating rate of 10 K/min. Nitrogen was used as the protective gas at a
volume flow of 50 mL/min. The sample mass was surrounded by a
constant nitrogen flow of 100 mL/min. A sample mass of about ~30 mg
was measured in open Al,O3 crucibles.

2.3.3. Determination of solid products by High Temperature X-Ray
Diffraction

The X-ray Diffraction patterns were measured at room temperature
and at several temperatures: 50 °C,70 °C, 100 °C, 130 °C, 160 °C, 190 °C
and 220 °C. with PANalytical X'Pert PRO MPD 6/6 powder diffractometer
of 240 mm of radius, Cu Ka radiation (A = 1.5418 10\), (45 kV-40 mA); in
a configuration of convergent beam with a focalizing mirror and a
transmission geometry with a spinner glass capillary sample holder. The
scan range was from 10 to 80°26 with a step size of 0.026°26 and a
measuring time of 160 s per step, the Incident and diffracted beam was
0.04 rad Soller slits and the PIXcel detector; Active length = 3.347°
Oxford cryosystems 700 series Cryostream liquid nitrogen cryostat,
enabling temperature control of the analyzed capillary sample from 90
to 500 °C. The material was analyzed in a Lindemann glass capillary
with a diameter of 0.7 mm, opened at one end, using cooling and heating
rates of 5 °C/min. The Crystallographic phase identification was carried
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out using the X'pert HighScore PW3209 V2.2e software, and the iden-
tification of crystallographic phases was carried out using ICDD 2000,
PDF-2.

2.4. Hydration reaction

2.4.1. STA-MHG reversibility of reaction

The reversibility of the reaction was carried out using a simultaneous
thermal analyzer (NETZSCH STA 449 F3 Jupiter). Equipped with a
differential scanning calorimetric and thermogravimetric (DSC-TG)
sample holder with a thermocouple Type P and an accuracy of +1 K, was
used. The accuracy of the balance was +0.1 pg. The equipment was
coupled to a Modular Humidity Generator (ProUmid MHG-32). Nitrogen
was used as a protective and purging gas with a volume flow of 20 mL/
min for both purposes, and as the atmosphere surrounding the sample,
keeping it inert by maintaining a nitrogen flow of 100 mL/min and
excluding water vapor. Finally, liquid nitrogen was used to support the
controlled cooling process, and the amount of sample mass used was
~10 mg in an open platinum crucible.

The chemical reversibility was calculated as a percentage of weight
gained during hydration divided by the weight lost during dehydration,
according to the following Eq. (4), where %R (reversibility), my = hy-
drated mass, mp = Dehydrated mass, and my= initial mass.
my —mp
mo —mp

%R = 100 @

The operating conditions, namely the temperature and humidity
programs, used to evaluate the sample reversibility, were taken from [7]
designed to evaluate the material for seasonal heat storage applications.
They reproduce the partial pressure of water vapor and temperatures
that are characteristic of summer and winter. These conditions should be
suitable as indicated by the van't Hoff plot for synthetic carnallite [6,13]
(Fig. 2). Hydration temperatures were set to 40 °C (corresponding to the
minimum temperature for water heating), and dehydration tempera-
tures were set to 110 °C (which can be easily reached by solar collector
systems). The water vapor partial pressure conditions varied between
1.3 kPa (10.9% RH) and 4.0 kPa (35% RH) for the release and recovery
of 4 mol of water (Eq. (2)).

2.4.2. Analysis of products after the hydration/dehydration cycles
Products obtained from the cycling experiments were analyzed at
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room temperature using XRD (PANalytical X'Pert Pro MPD, 45kVx40
mA; static air atmosphere, radiation of Cu Kal (A = 1.5418 A); Scan.
Range: 10-80° in 26; Step Size: 0.013° and a measuring time of 75 s per
step) to identify the phases of solid products that have been formed
during hydrolysis reaction, which explains the material decomposition
and the loss of reversibility.

2.5. Energy storage density

The enthalpies of hydration and dehydration of the Carnallite B
sample were obtained from differential scanning calorimetry (DSC)
using the Software of the equipment (NETZSCH STA 449 F3 Jupiter) and
NETZSCH-Proteus-Thermal Analysis, which integrates the specific
power delivered to the samples (mW/mg) over time. The endothermic
and exothermic behaviors were determined based on the tendencies of
the DSC signal peaks (upwards or downwards, respectively) for 10 re-
action cycles.

In addition, the amount of energy in Gigajoules (GJ) that can be
stored in 1 m® (esd) was calculated as the product of the dehydration
reaction enthalpy and density for the studied salt in its hydrated form
(Eq. (5)), where AH(p,) is the reaction enthalpy (kJ/mol), M is the molar
mass of the reactive compound (KCI-MgCl,-6H20), and & is the bulk
density of the hydrated material.

AHpp,) ® 8

d =
es M

)

The density of the solid sample was determined with a He-
pycnometer [24], using Accupyc 1330 V3. 03 equipment.

2.6. Application design

The reactor application was based on the energy density storage
calculated from dehydration and hydration enthalpy of carnallite ma-
terial, the volume (m®) needed to store 8 GJ of energy, and respectively
the amount of energy demanded to be used in a house (floor area of
110-120 m?) [25,26].

3. Results and discussion
3.1. Chemical characterization
3.1.1. X-ray diffraction

In Fig. 3, the XRD pattern shows the presence of four main crystalline
phases in the natural material: potassium carnallite (KCl-MgCl,-6H50,

T[°C]
181 143 111 84 60 39 21
1 | P ) !
<A ——KCI MgCI2 (6-2)
/Zo/\ \fOQ —— KCI MgCI2 (2-0)
G ---'H20 (L-G)
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? o1k - ®  Hydration
Q =
Q <
T S
<
IS
—
0.01 | 1
%
%'5*
%
0.001 T T : T O
2.2 24 2.6 2.8 3.0 32 3.4

1000/T [1/K]

Fig. 2. Van't Hoff plot of KCl-MgCl,-6H,0O (Reproduced from [7] with
permission). Equilibrium lines calculated under thermodynamic data AS = 150
J/molK [12] and AH = —66 kJ/mol (6-2) [13]. HyO (g-1), AH = —40.65 kJ/
mol, AS = 109.7 J/mol-K [12]. The H.0(g)-H20(1) phase boundary is included
solely as a reference for the water system and is not relevant for defining the
stability limits of carnallite.
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Fig. 3. XRD pattern of potassium carnallite B at 25 °C.
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ref. code: 01-071-0727), silvite (KCl, ref. code: 000-04-0587), sodium
chloride (NaCl, ref. code: 000-70-2509), and calcium chloride
(CaCly-H20, ref. code: 000-01-1104), minerals previously identified in
the deposit of crystalline sea salts [8].

3.1.2. Chemical analysis

The identification of crystalline phases through XRD and elemental
analysis via ICP-OES enabled the quantification of the concentration of
each compound. The chemical elements found in carnallite are dis-
played in Table 2.

Analysis indicates that the material primarily consists of chloride,
potassium, magnesium, and sodium, with trace amounts of calcium,
sulfur, and lithium. Fig. 4 illustrates the mineral composition, revealing
that potassium carnallite (KCl-MgCly-6H20) is the principal component,
accounting for 86.0% by weight. The salt-based impurities include so-
dium chloride (10.2 wt%), potassium chloride (0.9 wt%), potassium
sulfate (0.8 wt%), and calcium chloride monohydrated (2.0 wt%).

Additionally, since this material is extracted from natural sources, it
exhibits a light pink color due to the presence of iron oxide impurities
(less than 1%) [27], as well as inclusions of hematite and goethite, which
are known to be part of the ore from which carnallite was mined [28].

Fig. 5 shows the morphology of the carnallite phase. Particles at 50 x
(Fig. 5A) close to 200 pm present an orthorhombic shape with no
defined and linear edges. On the other hand, small particles look
agglomerated on the bigger particles. NaCl is found on the surface of
carnallite, like small cubic particles (Fig. 5B and C). Finally, the analysis
in Fig. 5D, conducted via EDX, reveals the main elements Na, Mg, Cl, and
K, which are also present in the chemical analysis. Notably, carnallite
and NaCl are the primary impurities identified.

3.2. Dehydration reaction

3.2.1. Thermal stability

The dehydration of carnallite was studied through weight loss as the
temperature was increased at controlled heating rates of 1 K/min. The
thermal behavior is shown in two steps of weight loss (Fig. 6). It can be
identified that the first step, the main endothermic dehydration, occurs
between 57 and 118 °C, releasing 4.35 mol of Hy0 (24.80 wt%), and the
second step occurs between 118 and 150 °C, releasing 2.23 mol of H,O
(12.64 wt%). The total experimental mass loss observed was 34.68%,
slightly up to 34.12% (theoretical dehydration). This would occur
because an extra water adsorption takes place or a hydrolysis reaction
releases HCI gas, as reported in previous work [7].

The energy involved in the first and second steps of dehydration was
778 kJ/kg and 327.5 kJ/kg, respectively.

The dehydration stages of carnallite B occur at a lower temperature
than a synthetic carnallite material previously studied, where the step of
dehydration takes place from 167 °C to 260 °C [12]. These differences
between synthetic materials and a by-product sample are directly
associated with the impurities present in each material. The impurities
decrease the purity and increase the dehydration temperature of the
active materials. In the case of synthetic carnallite, it contains 15.05%
hexahydrated magnesium chloride, which is dehydrated together with
the synthetic carnallite [12]. On the other hand, carnallite B has

Table 2
Carnallite B chemical analysis.

Elements Composition, % w/w
Lithium, Li <0.01
Sodium, Na 4.05
Potassium, K 14.23
Magnesium, Mg 8.48
Calcium, Ca 0.68
Chloride, Cl 44.73
Sulfur, S 0.20
H,0 27.62
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impurities that are not dehydrated in the thermal decomposition, so the
mass loss corresponds only to the dehydration of carnallite.

3.2.2. Determination of gaseous products by thermogravimetric — mass
spectroscopy (TG-MS)

The release of HCI indicates the initiation of the hydrolysis reaction
(Eq. (4)), which is irreversible and unfavorable for TCES applications. In
Fig. 7, gas products were detected when carnallite was heated between
50 and 800 °C. In the analysis, a mass signal of 18 g/mol confirms the
release of water in two dehydration steps in the temperature range of 80
to 210 °C. In addition, a weak mass signal of 36 g/mol is observed at
high temperature and around 470 °C, indicating the release of HCL.

In comparison to other carnallite materials, decomposition occurs at
a higher temperature, which poses challenges for its use as a thermo-
chemical material [7]. This is because the hydrolysis reaction reduces
reaction reversibility by gradually breaking down the material during
cycles. Additionally, this reaction is highly corrosive to metals and toxic
to human health. Therefore, for carnallite to be suitable as a thermo-
chemical storage material, it is essential to limit its dehydration until
just before the hydrolysis reaction begins.

3.2.3. Determination of solid products by HT-XRD

The analysis to determine the crystalline phases present during the
dehydration process of the carnallite B sample was conducted using
high-temperature X-ray diffraction, which was carried out at three
different temperatures: 70 °C, 130 °C, and 160 °C. The XRD patterns
obtained are shown in Fig. 8, where the broad baseline increase
observed between 20° and 30° 20 likely indicates the presence of a
significant amorphous phase, which is typical for hydrated chloride salts
after multiple dehydration/rehydration cycles at high temperatures [7].

The crystalline phases identified are detailed in Table 3. The results
show that at 70 °C, the material has not been dehydrated, whereas at
130 °C, the material is dehydrated, forming KCl-MgCly-2H>0 (ref. code:
00-001-0947), and four H,O molecules are released. However, at
160 °C, KCl-MgCl, (ref. code: 00-037-1408) and Mg(OH)Cl (ref.
code:00-003-0098) were identified, indicating the decomposition and
an irreversible hydrolysis reaction product. Under these circumstances,
the dehydration reaction should be set up to 130 °C to prevent the
decomposition of carnallite.

3.3. Hydration reaction

To study carnallite B sample application as TCES, the optimal sea-
sonal conditions were reproduced from previous optimized experiments
using a by-product carnallite material (carnallite A) (experiment 6,
Table 2) proposed by Mamani et al. [7]. The dehydration was carried out
at 110 °C and a water pressure of 4.0 kPa. In contrast, the hydration was
set at 40 °C and water pressure at 1.3 kPa for 6 h.

The results are shown in Fig. 9, where the dehydration/hydration
reaction of carnallite B is observed over ten cycles. During the first cycle,
the material presents a reversibility of 81.73%, which decreases to
78.83% in the tenth cycle. If these results are compared with those ob-
tained for carnallite A and 73% of purity [7], It is observed that the
reversibility of carnallite B is lower by 14% during the first cycle and
8.4% during the tenth cycle than the reversibility of carnallite A during
the first and tenth cycles. However, carnallite B presents greater cyclic
stability than carnallite A, with a loss of reversibility of 2.9% versus
8.5% for carnallite A during the tenth cycle.

The differences observed in the thermal behavior between the
Carnallite A and Carnallite B samples can be attributed to variations in
their impurities and their respective concentrations. In this case,
Carnallite A contains 23.04% NaCl, while Carnallite B has 10.21%, with
NaCl being the most abundant impurity in Carnallite A.

To better understand the cause of the thermal behavior of carnallite
B material, these results were compared with the behavior of the syn-
thetic material previously published by A. Gutiérrez et al., [12] And
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Carnallite B

NaCl
10.21%

Particle size <1 mm.

KCl
K2 (SO4) 0.90%
0.80%

CaCl2- H20
2.00%

MgCl2 - KCl- 6 H20
86.09%

Fig. 4. Mineralization of potassium carnallite B.

HV
20.00 kV 10.2

400 pm

Fig. 5. Morphology of carnallite B particles using SEM-EDS. The images display different magnifications: A (50x), B (400x), C (800x), and D, which presents the

energy-dispersive analysis of chemical elements.

subjected to the same experiment (see Fig. 10). In this analysis, synthetic
carnallite (blue line) shows a reversibility of 45.65% during the first
cycle, which is very low compared to carnallite A (green line) and
carnallite B (black line). However, it is possible to observe that in the
second cycle, the reversibility of carnallite B increases to 61.47% and
remains stable, because during the tenth cycle, this reversibility

decreases only by 1.37%. This being a carnallite synthetic that exhibits
better cyclic stability during the 10-cycle reaction compared to the other
carnallites, A and B.

The results indicate that carnallite B exhibits better reversibility
compared to the synthetic material. This leads to the conclusion that the
impurities (NaCl and KCl) present in both carnallite A and B enhance the
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ability of carnallite particles to absorb a larger amount of water vapor,
which in turn increases the percentage of reversibility and better hy-
dration kinetics. Therefore, these impurities would serve as chemical
spacing materials to mitigate the agglomeration effects. The observed

Table 3
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Identification of products of carnallite thermal decomposition based on XRD at

high temperature.

Solid products of the thermal decomposition of carnallite

70°C 130 °C 160 °C
KC1-MgCl,-6H,0 KCl-MgCl,-6H,0 KC1-MgCl,-2H,0
NaCl KCI-MgCl,-2H,0 KCl-MgCl,
K»SO4 KCl MgCl,
CaCl, -H;0 K2S04 Mg(OH)Cl1
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Fig. 10. Comparison of dehydration/hydration of carnallites under sea-

sonal conditions.

decline in reversibility is most likely related to minor particle agglom-
eration, reduced porosity, or structural rearrangements occurring during
repeated hydration-dehydration cycles. These mechanisms have been
reported previously for chloride-based thermochemical materials [29]
and can lead to increased mass transfer resistance.

Previous studies have demonstrated a positive effect of KCl in the
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optimization of thermochemical materials, due to its high melting point
[30]. NaCl would produce this same positive effect on the hydrated salts,
as it has a melting point of 801 °C, which would improve the thermo-
chemical qualities of carnallite A and B [31]. However, there are
currently no studies that indicate an improvement in thermochemical
materials made with NaCl mixtures.

3.4. Energy storage: density calculation

Thermochemical materials mixed with impurities (inactive mate-
rials), which do not participate in the reaction, decrease the energy
density [11]. Due to this, the energy density of the dehydration/hy-
dration reaction of carnallite was evaluated based on the enthalpy
change (AH) during each cycle of the experiment (see Fig. 11). Based on
these values and the density of carnallite B (1.6422 kg/ms), obtained at
28.8 °C, the energy storage densities (esd) (GJ/rns) were calculated like
the amount of energy in gigajoules (GJ) stored in a volume of hydrated
material of 1 m® for each dehydration stage (Table 4).

The results indicate that significant energy density values were ob-
tained during the first four cycles of the hydration reaction of carnallite
B. These values are comparable to the conditions previously described
for seasonal heat storage materials [32]. Specifically, these conditions
include a hydration energy density of 1.3 GJ/m?® or higher, a hydration
temperature of 50 °C, and a dehydration temperature below 120 °C.
However, after the fourth cycle, energy density values decrease by up to
24% by the tenth cycle. This decline can be attributed to the reduced
mass transfer during the hydration reaction, leading to decreased
reversibility. To address this issue, one possible solution is to enhance
energy storage density through doping with other materials to improve
mass transfer. Alternatively, the material could be replaced every four
years, which would not incur significant expenses since it is natural and
abundant, thereby minimizing environmental impact.

Table 3 also presents the esd of carnallite A, as previously reported by
Mamani et al. [7]. By comparing these data, we can determine that the
hydration energy densities of carnallite A are approximately 10% higher
than those of carnallite B. This difference is attributed to the lower
reversibility of carnallite B, meaning that less material is involved in the
reaction. Consequently, carnallite A is a more favorable material for
reuse in home heating applications compared to carnallite B.

The values of esd estimated based on hydration enthalpy were
directly correlated with the material volume needed to store 8 GJ of
energy, considered the required energy capacity to supply the heat
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Fig. 11. Enthalpies of dehydration/hydration from the experiment of 10 cycles.
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Table 4

Energy storage density estimated for dynamic dehydration of carnallite B. Hy-
dration energy storage density (esd(y,)) is calculated using the absolute value of
the hydration enthalpy (-AH(yy)).

M: 277.6 g/mol p[28.8°C] =1.6422g/

cm®
Cycles  AH(p.) Esd (pe) AH(wy) esd(y,)[GI/ esd(py)[GI/
[kJ/mol] [GJ/ [kJ/mol] m°®] Carnallite m®? [7]
m?] B Carnallite A
1 274.02 1.621 —210.37 1.244 1.417
2 237.27 1.403 —207.33 1.226 1.413
3 234.23 1.385 —203.54 1.204 1.453
4 214.98 1.271 —202.16 1.195 1.414
5 206.75 1.223 —178.69 1.057 1.243
6 201.58 1.192 —188.88 1.117 1.202
7 198.09 1.171 —154.37 0.913 1.210
8 193.58 1.145 —153.94 0.910 1.114
9 189.81 1.122 —156.83 0.927 1.127
10 185.51 1.097 —150.90 0.892 1.129

# Energy storage density calculated for carnallite A in a previous article pub-
lished by Mamani and co-workers [7].

demands of a typical house during the cold seasons. This value was
calculated using an average of esd of 1.0685 GJ/m®. The computed
volume was 7.5 m® and a mass of 12,316 kg (Fig. 12), representing a
considerable area and amount of material that is not directly applicable
to real-scale residential systems. Therefore, it is essential to enhance the
energy storage by improving mass transfer and ensuring that the active
materials remain engaged in the reaction.

Regarding the energy storage cost, when normalized per unit of
energy stored, this corresponds to approximately 0.25 €/GJ for
carnallite compared to >160 €/GJ for MgClz systems [33]. This signif-
icant cost advantage reinforces the potential of natural carnallite as a
low-cost thermochemical material for large-scale seasonal energy
storage.

Additionally, the study aimed to evaluate the natural carnallite
inherent energy storage potential at a laboratory level, establishing a
foundation for future system design. The next step involves researching
reactor technologies for carnallite to facilitate scaling up these appli-
cations. In practical use, however, the material would need to be pro-
cessed into structured forms (e.g., pellets, granules, or composites) to
enhance volumetric energy density, heat and mass transfer, and me-
chanical strength.

4. Conclusions

This study presents a complementary investigation on Carnallite B, a
potash mining by-product from the Spanish industry characterized by a
distinct chemical profile (86.09% KCl-MgCl.-6H-0, 10.21% NacCl, 2.00%
CaCl>-H50, 0.90% KCl, and 0.80% K3SO4). The material was chemically
and thermally characterized under controlled seasonal operating con-
ditions to enable a direct comparison with a by-product carnallite from
the Chilean industry, previously reported, providing new insights into
the role of impurities in thermochemical energy storage performance.

The conditions for hydration were Pyy = 1.3 kPa and Ty = 40 °C,
while those for dehydration were Pp, = 4.0 kPa and Tpe = 110 °C. In the
first cycle, the material shows a reversibility of 81.73%, which decreases
to 78.83% by the tenth cycle. When comparing these results to those
obtained for carnallite A with 73% purity, it is noted that the revers-
ibility of carnallite B is lower by 14% in the first cycle and by 8.4% in the
tenth cycle. However, carnallite B demonstrates greater cyclic stability
than carnallite A, with a loss of reversibility of 2.9% compared to 8.5%
loss for carnallite A in the tenth cycle.

The differences in thermal behavior between carnallite B and
carnallite A can be attributed to variations in the types and concentra-
tions of impurities present. Notably, NaCl is the impurity found in the
highest concentration in previously reported carnallite A. This argument
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Fig. 12. Representation of seasonal thermochemical storage application using carnallite B.

was validated by comparing it with a synthetic carnallite, which, under
the same seasonal conditions, exhibits a low reversibility of 45.65%
during the first cycle and slow hydration kinetics. However, further
experiments mixing synthetic carnallite with different concentrations of
impurities are necessary to conclude the real effect of NaCl and KCl
present in both carnallite A and B on enhancing the ability of carnallite
particles to absorb a larger amount of water vapor, which in turn in-
creases the percentage of reversibility and improves hydration kinetics.

Furthermore, HT-XRD and TG-MS analysis indicated that the loss of
reversibility may not be attributed to hydrolytic decomposition, but
rather to the crystalline properties of the particles and a decrease in mass
transfer during hydration.

Regarding the energy storage density values, the volume and mass of
material needed to store 8 GJ of energy, which is the amount required to
supply the heat needs of a typical home in the winter season, would be
7.5 m® and 12,316 Kg, respectively, for a system using carnallite B as a
material. This poses a challenge in space and building construction, as it
would require a large area to store the reactor. Therefore, it is crucial to
enhance energy storage by improving mass transfer during hydration
reactions, involving more material for the response, and studying
reactor technologies.

In general, carnallite B presents several advantages over other TCM,
primarily due to its low cost as an abundant product of seawater evap-
oration. Its composition, which includes KCl and NaCl, results in lower
hygroscopicity, and utilizing carnallite B could enhance the viability of
thermochemical applications and promote sustainable energy practices.
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