N

N

Experimental study of a thermochemical energy storage
system operating at low temperature with
ettringite-based materials
Noé Beaupere, Alexandre Malley-Ernewein, Tamar Nahhas, Stéphane

Ginestet, Gabriel Samson, Martin Cyr

» To cite this version:

Noé Beaupere, Alexandre Malley-Ernewein, Tamar Nahhas, Stéphane Ginestet, Gabriel Samson, et
al.. Experimental study of a thermochemical energy storage system operating at low temperature
with ettringite-based materials. Solar Energy, 2024, 282, pp.112927. 10.1016/j.solener.2024.112927 .
hal-04703316

HAL Id: hal-04703316
https://insa-toulouse.hal.science/hal-04703316v1

Submitted on 23 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insa-toulouse.hal.science/hal-04703316v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Solar Energy 282 (2024) 112927

Contents lists available at ScienceDirect

Solar Energy

ELSEVIER journal homepage: www.elsevier.com/locate/solener

Check for

Experimental study of a thermochemical energy storage system operating
at low temperature with ettringite-based materials

Noé Beaupere °, Alexandre Malley-Ernewein ', Tamar Nahhas, Stéphane Ginestet ,
Gabriel Samson, Martin Cyr

Université de Toulouse, UPS, INSA, LMDC (Laboratoire Matériaux et Durabilité des Constructions de Toulouse), 135, Avenue de Rangueil, 31 077 Toulouse cedex 4,
France

ARTICLE INFO ABSTRACT
Keywords: Cementitious material with a high ettringite content can be considered effective in a long-term (seasonal)
Thermochemical energy storage thermochemical energy storage (TCES) system, resolving the issue of intermittency between production and

Ettringite cementitious material

availability of renewable energy. However, to evaluate the behavior of the storage material, an experimental
Hydration-dehydration

study of energy storage in a thermochemical reactor containing the proposed material was required. A new and

Prototype innovative large-scale energy storage prototype based on ettringite material has been developed and tested. This
prototype regulates the temperature, humidity, flow rate, and pressure of the flow circulating through a 50 L. CSA
(calcium sulfoaluminate) sample monolith. This CSA cement formed an ettringitic phase
(3Ca0A-Al,03A-3CaS04A-32H,0) to store thermochemical energy at about 60 °C. After the storage cycle (high
temperature, low relative humidity), the material was cooled down to room temperature and kept there until
energy was needed. The stored energy was released on demand by the hydration of cement from a cold, humid
nitrogen flow. About 50 MJ/m? was discharged from the 50 L monolith during the hydration cycle. The pro-
totype showed the monolith’s ability to store and release energy: the first discharge phase experimental test
showed an energy release of about 10 % of the theoretical value (43 MJ/m3) for a temperature increase of 6 K.
Complementary investigations have to be performed to understand the impact of the monolith cracks on the
energy performances.

proposed for thermal heat storage based on the utilization of their
1. Introduction relatively high specific heat capacity at a temperature of reaction
adapted to the need for residential buildings. Their capability to store
Renewable energy storage is now a topic that it is essential to address sensible heat with economic feasibility has been demonstrated for high
in connection with saving natural resources and reducing the environ- temperatures [2,3,4] and the circulation of synthetic oil through cement
mental impact of buildings. Solar energy is a possible solution to reduce has enabled large quantities of heat to be stored at up to 400 °C [5,6].
the dependence of the building sector on non-renewable energy. One of These materials can present thermochemical or sorption reactions with a

the main problems with the use of solar energy is its intermittent high energy storage capacity.
character. Thermal energy storage (TES) systems can bridge the phase Previous studies [7,8] led to the conception and the test of different
shift between solar radiation and thermal energy demand. Thermal prototypes using the reversible chemical reaction between ettringite, a
energy can be stored and used to produce electricity when renewable cement compound, and water vapor to store heat. These two grototyPes
energy sources are unavailable or when the demand is high. Many en- were based on small samples, with volumes of around 5 dm”. Th'e first
ergy storage materials have been used for this purpose [1]. one, based on a closed system, presents an efficiency of 42 % while the
This work presents a TES material based on cement foam. Cementi- efficiency of the second one, based on an open system, was increased to
tious materials are cheap, widely available construction materials, and 71 %. The novelty of this work is the (;evelopment of an industrial-scale
present a facility of large volume production. They have thus been open system prototype using 50 dm” monolith cementitious material
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Nomenclature

h Enthalpy, J/kg

L, Heat of vaporization, J/kg

m Mass, kg

p Pressure, Pa

Dy Vapor partial pressure, Pa

q Transport gas flow, m®/s

qn Normalized transport gas flow, m3/s
t Time, s

T Temperature, K

w Water vapor mixing ratio, kg,/kgas
7 Relative humidity, %

¢ Porosity, %

p Density, kg/m>

Subscripts

dtg Dry transport gas

mg Moist gas

sat Saturation

v Vapor

0 Room temperature conditions

rel Relative

wat water

sol solid

Abbreviations

CSA Calcium sulfoaluminate

EMPA  Swiss Federal Laboratories for Materials Science and
Technology

HTG Heat transfer gas

LMDC  Laboratory for Materials and Durability of Constructions
PCM Phase change materials

RH Relative humidity

TES Thermal energy storage

TCES Thermochemical energy storage

instead of a powder.

The first part of the present paper is devoted to a historical review of
the existing prototypes and materials able to store thermochemical en-
ergy in cementitious materials, leading to the choice of ettringite. The
sample and the prototype designed for this study are described in Sec-
tion 2. Equations for thermochemical energy storage are then detailed.
Finally, the results are presented and discussed for energy storage in
ettringitic cementitious material with the designed prototype.

2. Thermochemical reactors: description and principle
2.1. Different temperature ranges

The thermochemical heat storage (TCES) process materials have the
advantage of high storage density compared to other thermal storage
materials [9]. The TCES principle is to use a reversible chemical reaction
between species to store heat: the reaction is endothermic in one sense
and exothermic in the other, Asojiq + heat < Bgolig + Cgas. In comparison
with sensible and latent TES, this kind of storage does not present
thermal energy losses while storing as the energy is not released until the
two reactants come into contact.

The temperature of the reaction was one of the main parameters that
influenced the performance of the selected material for thermochemical
energy storage. Materials involved in TCES present a large variety of
reaction temperatures [10]:

@ 40-260 °C for dehydration/hydration of metal salt hydrates;

@ 80-400 °C for dehydrogenation/hydrogenation of metal hydrides;
@ 250-600 °C for dehydration/hydration of metal hydroxides;

@ 100-950 °C for decarbonation/carbonation of metal carbonates;
@ 600-1000 °C for deoxygenation/oxygenation of metal oxides.

Cementitious materials can store heat at different temperature levels:

@ Portlandite (Ca(OH)) is a hydrate phase found in cementitious
material capable of storing high amounts of thermal energy with a
high storage temperature (500 °C) through sensible storage.

@ Ettringite, a cement compound, presents high storage density at low
temperatures (charging at less than 100 °C and discharging at around
60 °C) when reacting with water for TCES.

The temperature ranges showed by TCES with ettringite as a reactive
material are easily reached using a conventional solar collector and
correspond to the temperature of domestic hot water. Furthermore, in

France, 50 % of the industrial heat waste is under 100 °C [11], which
expands the domain of application with ettringite.

Thermochemical energy storage systems using low-temperature
driven heat sources have received considerable attention due to their
superior characteristics for seasonal heat storage (higher storage ca-
pacity, no heat loss) [12,13] compared to conventional sensible and
latent heat technologies.

2.2. Summary of existing prototypes

This study mainly focused on using materials with high storage
temperatures for thermochemical storage in building applications.
Various thermochemical energy storage prototypes have been tested and
presented in the literature. These prototypes had several implementa-
tion parameters (storage medium, storage volume, bulk density,
porosity of bed texture, temperature and power of storage, and oper-
ating modes). The parameters and results of these different energy
storage prototypes are presented in, which summarizes the different
prototypes found in the literature and their properties. The materials
presented here have a temperature of storage (thermochemical or
sorption/desorption) suitable for building applications (below 200 °C).

Table 1 indicates that about 70 % of the prototypes had a bed energy
density between 100 and 700 MJ/m>. The highest values, up to 1650
MJ, /m3, were found for strontium-bromide [27] in a multiple beds open
reactor configuration. Open systems generally exhibit higher energy
density, in particular when the reactive material is displayed in beds, as
accessibility to the reacting material is improved.

45 % of the prototypes are based on a combination of two or more
reactive materials in order to enhance the system characteristics, mainly
output temperature level and power. The discharging output power is an
important parameter for future application but it is not available in all
the studies and is barely used as a choice criterion.

Most of the prototypes contained powder of zeolites or salts, as their
characteristics fit well with low-temperature applications. These mate-
rials had a high rate of energy release but low mechanical strength. Only
one prototype used zeolite in a solid form and a few more used solid
structures (reactive or not) impregnated with salts. When the materials
were disposed in beds, agglomeration phenomena were often observed
after several cycles, reducing the performances. Additionally, these
materials had high prices, generally between 2000 and 5000 €/m> [14],
which limits their use as domestic thermochemical energy material,
while ettringite can be used as construction material.

More specifically, ettringite was found to have interesting properties
that motivated its consideration for storage material in recent studies



Table 1
Summary of existing prototypes, partly adapted from [14]. NA: Not available.

Material used Inlet temperature of charge, discharge, and Internal Bulk density = Material Discharge bed Storage Charging/discharging Type of system/reactive Ref.
temperature difference (outlet-inlet) during volume porosity energy density capacity power material form
discharge
/ dm® kg/m® / MJ/m? MJ kW / /
Data adapted from [14]
LiCl/Water Teharge = 40-85 °C 16 1780 NA 910 126 15/8 Closed/solution [15]
Taischargei = 25 °C
AT, =+5K
NaOH/Water Teharge = 95-150 °C 200 NA NA 900 32.04 1/1 Closed / — 6l
Tdischarge.i =10°C
AT, =+ 60 K
Silica gel/Water Teharge = 88 °C 350 NA NA 120 46.8 1-1.5/05-1 Closed/particles bed [17]
Taischargei = NA
AT, ; = NA
Zeolite 13X/Water Teharge = 110-180 °C NA NA NA 648 3.6 NA/0.8-1.8 Closed/spherical particles [14]
Taischargei = 65 °C bed
AT, =+6.2 K
Zeolite 4A/Water Teharge = 180 °C 98 NA NA 576 43.2 2-25/1-1.5 Open/honeycomb [14]
Taischargei = 20 °C structures
AT,_j=+22 K
Prototypes from other references
Expanded natural Teharge = 80 °C 1000 2386 NA 144 144 12/4 Closed/beds [18]
graphite + SrBry/ Taischargei = NA
Water AT, i =NA
Expanded natural Teharge = 85 °C 157 510 0.705 235 64.8 10/11.1 Closed/solution + bed [19]
graphite + LiCl/ Taischargei = 35 °C
Water AT,_i=+2.7 K
Expanded graphite + Teharge = 174 °C NA NA NA NA 10.31 NA/NA Closed/bed [20]
MnCly/NHs Taischarge; = 20 °C
AT, =+30 K
Expanded graphite + Teharge = 85 °C 1.40 370 NA 225.63 0.32 NA/0.07 Closed/impregnated matrix [21]
MgSO4/Water Taischargei = 23 °C (short term storage)
AT,_j=+5K
Silica gel/Water Teharge = 110-118 °C NA NA NA NA NA NA/NA Closed/bed [22]
Taischargei = 28 °C
AT, ;=+18-32 K
MgCl, + Zeolite13X- Teharge = 95 °C NA NA NA NA NA NA/NA Closed/plate fins [23]
4A/Water Taischargei = 23 °C )
AT, ;=+3K
MnCl,-SrCl,/NH3 Teharge = 177 °C NA NA NA NA 7.66 NA/NA Closed/packed bed [24.25]
Taischargei = 45 °C o
AT,—; =NA
Zeolite 13X/Water Teharge = 180 °C 50 730 0.395 460.8 NA NA/NA Closed/copper fins [26]
Tdischarge.i = 22-26 °C
AT, =+9.7 K
SrBr,-/ Water Teharge = NA 90.25 NA NA 10.66 NA NA/0.270 Open/moving bed [27]
Taischargei = 21-25 °C
AT, =+20 K
SrBry/Water Teharge = 80 °C 0.015 2390 0.64 1548-1650 NA NA/NA Open/beds [28]

Tdischarge.i =12-30°C
AT, =+ 10.5K

(continued on next page)
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Table 1 (continued)

Material used Inlet temperature of charge, discharge, and Internal Bulk density =~ Material Discharge bed Storage Charging/discharging Type of system/reactive Ref.
temperature difference (outlet-inlet) during volume porosity energy density capacity power material form
discharge
/ dm® kg/m® / MJ/m? MJ kW / /
SrBr,-/ Water Teharge = 80 °C 271 2390 NA 1397 378 1.6/0.9 Open/beds 201
Tdischargei =25°C
AT, =+ 9K
MgCly/Water Teharge = 130 °C 17 NA 0.50 500.4 NA 0.05/0.15 Open/packed bed [30]
Taischargei = 50 °C ’
AT, =+ 14K
SrBry-/ Water Teharge = 80 °C 0.63 794 NA 136.74 2.01 NA/NA Open/bed [31]
Taischargei = 25 °C
AT, =+2.1K
KCO3/Water Teharge = 90 °C 12.56 1432.39 NA NA NA NA/NA Open/vertical bed [32]
Tdischarge.i =28.8°C :
AT, =+40.9 K
Activated alumina and Teharge = 110 °C 6 1116 0.29 687.6 3.6 NA/0.338 Open/vertical packed beds [33]
LiCl/Water Tischargei = 20 °C
AT, ;=+24.8 K
MnCl, — CaCl,/NHj3 Teharge = 92 °C 8.14 538 NA 1006.6 8.19 NA/NA Closed/packed bed [34]
Tdischarge.i =40°C :
AT, ;=+15K
MgSOy, + silica gel/ Teharge = 110 °C 1401 1070.7 NA 760 NA NA/49.54 Closed/packed bed [35]
Water Tyischargei = 50 °C o
AT,_i=+57.4 K
Silica gel + CaCly/ Teharge = 49.9-59.2 °C 163 13.49 NA 9.73 1.59 0.278/0.356(average) Open/moving-vibrating bed [36]
Water Taischargei = 22.5-23.9 °C with impregnated matrix
AT,_;=+8.2 K (average)
Silica gel/Water Teharge = 120 °C 4.7 720 NA 982.8 NA NA/NA Open/bed [37]
Taischargei = 20 °C ’
AT, =+ 21K
Silica gel/Water Tcharge = 120-200 °C 0.0628 803 NA 722.5 0.045 NA/0.0154 Open/particles column [38]
Taischargei = 22 °C
AT, =+28.5K
Mesoporous silica + Techarge = 80-100 °C 0.377 630 NA 950.4 0.36 NA/NA Open/fluidized bed [39]
CaCly/Water Tischarge; = 25 °C :
AT,_j=+ 20.9 K
Mesoporous silica + Teharge = 80-100 °C 0.377 764 NA 352.8 0.13 NA/NA Open/fluidized bed [39]
MgBr,/Water Taischargei = 25 °C
AT, =+ 7.2K
Mesoporous silica + Teharge = 80-100 °C 0.377 432 NA 158.4 0.05 NA/NA Open/fluidized bed [39]
MgSO4/Water Taischargei = 25 °C
AT, =+9.1K
Zeolite 13X — MgS04/ Teharge = 150 °C 7100 2660 NA 598 2300.4 NA/0.006 Open/impregnated matrix [40]
Water Taischargei = 25 °C (powder:
AT, ;=+35K 500)
Zeolite 13X/Water Teharge = 180 °C 114.75 1481.48 NA 490 194.4 NA/4.4 Open/four bed segments [41,42]
Tdischargei =55°C ’
AT, =+75 K
Zeolite 13X+SrCl,- Teharge = 130 °C 0.27 NA 0.41 496.44 0.13 NA/0.009 Open/cascade particles bed [43]
cement/Water Tischargei = NA (zeolite) h
(long-term) AT,_; = 23°C 0.43
(cement)

(continued on next page)
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Table 1 (continued)

Ref.

Type of system/reactive

material form

Charging/discharging

power

Discharge bed Storage

Material
porosity

Bulk density

Internal

Inlet temperature of charge, discharge, and
temperature difference (outlet-inlet) during

discharge

/

Material used

capacity

energy density

volume

MJ kw

MJ/m3

kg/m3

dm®

[43]

Open/cascade particles bed

NA/0.009

0.09

0.41 352.44

NA

0.27

Teharge = 130 °C

Zeolite 13X+-SrCl,-
cement/Water

(zeolite)

0.43

=NA
23°C

Taischarge.i
A Ta —i

(short-term)

(cement)

Prototypes based on ettringitic materials

Ettringite/Water

[8]

Closed/solid cylinder

0.02/0.002

08

NA 0.76 219.6 1.

4.9

Totarge = 60 °C

=20°C
+22K

Tdischargei

AT,

(prototype 1)

—i=

[44,45]

Closed/solid layers

NA/NA

1296

1220 0.25 216

6000

Toharge = 60-83 °C

Taischargei = 10 °C

Ettringite/Water

AT,_j=+ 22K
Tcharge =60°C

[8]

Open/solid cylinder

0.05/0.009

2.74

409 0.76 421.2

6.5

Ettringite/Water

19°C

AT,_i=+ 16 K

Tdischargei

(prototype 2)

(0] bed
pen/be [46]

0.05/0.045

0.019

NA 374.4

NA

0.05

Teharge = 75-95 °C

Ettringite/Water

Tiischargei = 15-20 °C

AT,

+39.4K

—i=
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[7,47,48]. These properties were a compressive strength of 2 MPa after a
foaming process, a relative density of 0.9, and a low temperature
required for thermochemical storage (60 °C). In addition, bed storage
energy density was equivalent to that of other materials, between about
200 and 400 MJ/m®. However, the carbonation of such materials must
be managed [47].

2.3. The choice of ettringite

Ettringite (3CaOA-Al,03A-3CaS04A-32H,0) is a hydrate found in
several cementitious materials. It constitutes a small percentage of
Portland cement, while calcium sulfoaluminate (CSA) cement usually
contains higher amounts (40-80 %) [47]. Ettringite is produced from
ye’elimite (CaOA-3A1,03A-S03) and anhydrite (CaSO,4) hydration based
on Eq. (1)

4Ca0A-3Al,03A-S0; + 2CaSO0,
+ 38H,0-3Ca0A-Al,0;A-3CaS0,4A-32H,0 (1)
+ 4A1(OH),

Struble et al. [49] were the first to consider ettringite as a potential
candidate for thermochemical energy storage in 1986 but interest in the
subject has risen in the last decade [50]. Its main advantages are a lower
cost than other thermochemical storage materials, low toxicity, and high
heat storage density (about 1400 MJ/m3) at low temperatures (around
60 °C) [14,48].

This material also presents a high specific heat (1260 J/(kg.K)) and a
molar mass of 1309.3 g/mol [49]. The endothermic reaction of ther-
mochemical storage is the dehydration (water desorption) of ettringite
to give meta-ettringite (3Ca0A-Al,03A-3CaS04A-12H,0), related to the
loss of about 20 water molecules. These molecules are bound by weak
intramolecular (Van der Waals forces) and hydrogen bonding [47] that
can be easily broken by elevation of the temperature, following Eq. (2).

3Ca0A-Al,05A-3CaS0,A-32H,0

+ heat < 3Ca0OA-Al,03A-3CaS04A-12H,0 + 20 H,0 @
During charging, the heat is consumed by the desorption reaction
(conversion of ettringite to meta-ettringite). Energy remains stored as
long as the material is kept away from water (and CO»), either for short-
term (daily, weekly) or long-term (seasonal) storage. When energy is
needed, water is brought into contact with meta-ettringite, triggering a
chemical reaction (adsorption or hydration) and a significant release of
heat on demand.

Different prototypes, ranging from small to large scale, made with
ettringite material as seasonal storage material, have been studied. First,
a study was conducted at EMPA [50], where ettringite was used as a
storage material for a high volume (6 m3). Kaufmann et al. [45] tested
several prototypes using ettringite as thermal energy storage material.
Their study mainly focused on a system that contained 24 separate
blocks of 400 kg each, for a total volume of 6 m® of ettringite. The
modules were connected to the house heat distribution system by copper
pipes. In parallel, 20 m? of solar panels were installed, increasing the
temperature of a 9 m? water tank to a maximum of 85 °C (sensible heat
storage). In addition, they were able to heat the ettringite to 80 °C
during summer, leading to its dehydration (charging phase). This first
sensible heat storage prototype ensured good thermal comfort until
winter, when the heat release from ettringite was triggered by hydration
(discharging phase). The authors showed the ability of ettringite to store
energy without cracking (which could have degraded the system’s
effectiveness).

Two previous experimental prototypes have also been built at LMDC
[8] to investigate the heat storage performance of a thermochemical
reactor with ettringite material. The first consisted of a cylindrical axial
metal tube (closed configuration, Fig. 1 (a)) surrounded by ettringite
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Endothermic
dehydration

transfer f t

Exothermic
hydration

n Water vapour

Fig. 1. Prototype designs, (a) closed configuration and (b) open configuration [8].

material as a path for heat transfer fluid. A second circuit was devoted to
incoming and outgoing water to hydrate meta-ettringite and dehydrate
ettringite. Thermocouples and relative humidity sensors were used to
measure the hydrothermal evolution within the ettringite material
during charging and discharging cycles. They showed a heat storage
yield of 44 % or a storage capacity of 221 MJ/m?, similar to the data
from [45,50].

The second prototype was developed to improve the heat storage
performance of the thermochemical reactor, in accordance with previ-
ous observations (see Table 1). Without the metal tube, this prototype
used a single gaseous phase (open configuration, Fig. 1 (b)) in direct
contact with the ettringite material (porous network). This gas was the
heat transfer fluid in the charging phase and the humidifying gas in the
discharging phase. The water vapor in the open system allowed better
diffusion in the material and an increase of efficiency from 44 % to 71 %,
with a storage density of 421.2 MJ/m® during discharge. Therefore, it
was this prototype that was upscaled in the present work.

2.4. The particular issue of carbonation

The main problem with using ettringite as a thermochemical storage
material is its carbonation [47]. In the presence of carbon dioxide, the
ettringite decomposes over time into calcite, gypsum, and alumina gel
(Eq. (3)).

3Ca0 e Al,03 e 3CaSO, e 32H,0 + 3 CO,—3 CaSO,
e 2H,0 + 3 CaCOs + 2 Al(OH), + 23 H,0 (3)
Recently, Chen et al. observed that the degradation of ettringite

occurred in a few hours at 70-90 % RH, while it was not significant
below 50 % RH [51]. In this perspective, many research studies have

Solar Energy 282 (2024) 112927

(b)

Endothermic
dehydration

Water vapour

Heat 2=0 2L
transfer t
gas
Exothermic
hydration

Water vapour

been conducted in order to investigate the stability of ettringite under
the operational conditions of energy storage. On the one hand, the re-
sults presented by Xiantuo et al. [52] showed that, at low relative hu-
midity and constant partial pressure of H,O and CO,, the carbonation
rate decreased with increasing temperature. On the other hand, at
constant CO, pressure and 100 % RH, the carbonation rate increased
with rising temperature. In the same context, Nishikawa et al. [53]
conducted experiments on the stability of ettringite in contact with CO5.
They found that, with a high-water vapor concentration, ettringite
decomposed in the air over time to form calcium carbonate, gypsum,
and alumina gel, while the carbonation without water led to only slight
compositional changes. To sum up, it is necessary to protect ettringite
from CO,, to ensure its stability if it is used as a thermochemical storage
material. This protection from CO, can be achieved by using a mem-
brane that filters carbon dioxide from the air at the prototype inlet,
separating nitrogen from oxygen and carbon dioxide by activated car-
bon, or by using a closed-loop heat storage system under moist nitrogen
gas instead of moist air [47]. The impact of exposing pure ettringite to
carbon dioxide (CO, concentration at 400 ppm) was experimented by
Grounds et al. [54]. Several temperatures (25 °C, 50 °C, 75 °C, and
95 °C) were tested with 100 % of relative humidity. At 25 °C, complete
decomposition of ettringite was observed after two months of storage,
while this duration tended to be significantly reduced with an increase
in temperature.

2.5. Effect of temperature on the durability of ettringite

Zhou and Glasser [55] showed that the conversion of pure ettringite
into meta-ettringite increased exponentially with water vapor pressure
and temperature. It was demonstrated that this conversion was more
important at 57 °C with 21.5 molecules of water released than at 50 °C

16 60 SEi

Fig. 2. Microstructure of the foamed material, from macro to micro scale with an SEM microscope (JEOL/EDS Bruker) [8].
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Ocm 1cm 2cm

Fig. 3. (a) Collapse during casting of a highly porous concrete (density of 600 kg/m>). Red and green circles correspond to the foam before and after the collapse,
respectively; small scale sample of the material prepared for this study (porosity of 53 %, density of 0.869) as (b) photo and (c) scan of the surface.

with 19.3 molecules involved. Drying at only 40 °C induced the loss of
2 water molecules in the ettringite, whose quantity moved from
32 molecules to 30. The authors also explored the instability of ettringite
at temperatures above 100 °C. In 2016, Ndiaye [56] proved that the
stability of ettringite material depended strongly on the environmental
conditions of conservation (presence of CO,, temperature, and relative
humidity). After several cycles, the carbonation, thermal stability, and
reversibility of the ettringite/meta-ettringite transformation were
measured, revealing that the ettringite lost its crystallinity at around
60 °C under low water vapor pressure (75 Pa to 200 Pa). After three
days at 60 °C, the ettringite had lost 18 molecules of water; it was wholly
converted to meta-ettringite, which contains 12 molecules of water.

3. Experimental Investigation

In order to enhance comprehension of the behavior of TCES systems,
a new large-scale prototype has been designed and built. Studies using
this prototype had two main objectives. First, they aimed to determine
the influence of a scale-up of the material, a monolithic ettringite-based
system, and to understand:

e The durability of the material (carbonation of ettringite, material
cracking, mechanical strength) with various operational conditions;

o The influence of the physical properties of the environment (tem-
perature, humidity, pressure, flow) and the material (density,
permeability) on the behavior during charging/discharging steps;

o The effect of these material properties and durability on the global
yield of the system.

Secondly, the energy efficiency of the system was studied in detail to
understand the real behavior energy balance of the device. Previous
prototypes [8] served as proof of concept, while the new one was
designed to explore a large-scale system and understand its global
functioning.

3.1. Interest in an aerated material from foaming

Although Portland cement is generally used for construction, it
contains small quantities of ettringite. Using sulfoaluminate binders
(CSA cement and anhydrite) was thus preferred, as their ettringite
content could reach 65-70 % [7]. In order to accelerate the absorption
and release of water, which directly impacts heat storage and release, an
aerated cementitious material was produced.

Fig. 4. Cylindrical monolith — (a) after removal of the formwork and (b) after resining.
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with arrows corresponds to the retroaction of the measurement of flow, pressure, or heating, of nitrogen. The colors of the sensors correspond to their curves in the

following figures.
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Fig. 6. (a) 50 dm® insulated reactor connected to the nitrogen network with
temperature/humidity and pressure sensors and (b) 250 dm® reactor with
almost no insulation.

It was shown that an aerated material (porosity up to 76 %) may lead
to an increase in heat storage yield from 44 to 71 % based on previous
work [7] with a storage density of 117 kWh/m?®. This aerated material
was obtained from foaming by releasing hydrogen gas during the reac-
tion of the binder. Thus, the specific area was increased, favoring the
thermochemical reaction while maintaining acceptable mechanical
properties. A compressive strength of 2 MPa was found for the material
used for the two previous prototypes at lab scales, whose microstructure
is given in Fig. 2 at different scales.

3.2. Scale-up of the foam storage material

In the present study, the chemical foaming process was obtained by
the addition of hydrogen peroxide (35 %, J.T. Baker®, 1 L). Special
attention was given to the number, size and connection of cavities from
the hydrogen reaction had to be significant to ensure the circulation of
the vapor flow during the energy storage process. Tests were first per-
formed to reproduce the porosity of 76 % (Fig. 2) in a large-scale pro-
totype (50 L instead of 1 L). However, the fresh foam collapsed before
the material set (Fig. 3 (a)). This collapse may have been due to coa-
lescence between bubbles. Therefore, cementitious material with
reduced porosity was produced for this scale-up as a compromise be-
tween fresh foam stability until setting and good gas permeability in the
hardened foam.

The cement paste was obtained by mixing sulfo aluminate cement

(Vicat Alpenat R2), water (E/C ratio of 0.43) and hydrogen peroxide. It
was poured into the monolith mould (0.05 dm®) and two 11x22
(diameter x height) cardboard moulds for characterization. The surface
was covered and the material was left at room temperature of about
20 °C for 28 days. Fig. 3 (b) and (c) presents an 11x22 sample that was
cut at mid-height to show the distribution of porosities.

The apparent density was determined by Eq. (4)

p=m/V 4
With p the apparent density (kg/m>), m the mass (kg) and V the volume
(m®), with a density of about 869 kg/m®. In parallel, the porosity was
determined following the NF P 18-459 standard [57]. The samples
presented in Fig. 3 (b) were first placed in a vacuum desiccator for 3 h,
then water was added to fill the pores. As the samples were lighter, they
were ballasted to be maintained in immersion. The samples were left
immersed for 14 days, then placed on a hydrostatic balance, and a mass
M,yarer was measured. The samples were taken out, the superficial water
was wiped and a second value was found as M. To evaporate the re-
sidual water, the samples were left in a climate chamber for 7 days and a
third mass, namely My,,, was obtained. The open porosity ¢ (%) of the
sample can be calculated from these three masses, following Eq. (5).

¢ =100 x (Mair - Mdry)/(Malr - Mwater) (5)

The open porosity value was found to be about 53 %. Compressive
strength was measured by a 100 kN universal press (IGM, 100 kN), and
found to be about 3.5 MPa.

To find the heat capacity, 12 mg of ettringite was heated from 0 to
270 °C at 10 K/min with a differential scanning calorimetry device
(NETZSCH, STA 449F3), and a heat capacity of 1260 J.kg '.K~! was
found at 20 °C. This value was 30 % lower than the literature data [58],
consistent with the presence of porosities in the material and the pre-
cision of the equipment.

The cylindrical monolith, from the same batch, presents a diameter
after hydration of about 33 cm and a height of approximately 50 cm.
Thus, its volume was approximately 0.043 m3 (Fig. 4 (a)). These di-
mensions depended on two constraints: the monolith diameter dimen-
sion was fixed by the reactor’s internal size (see paragraph 3.3), and its
height was set by the chemical foaming process (see the previous
paragraph). The mass of the sample was 36.88 kg (Mettler Toledo,
Model BBA236-4B150N, precision of +20 g). The monolith sidewall
was coated with epoxy resin to force the flow to cross the reactive ma-
terial from top to bottom (Fig. 4 (b)).

3.3. Design of the system

The energy storage capacity of the foamed ettringite (Fig. 4 (a)) was
evaluated by the new prototype developed for this study. The schematic
description of the prototype is presented in Fig. 6. It was designed to



N. Beaupere et al.

Solar Energy 282 (2024) 112927

Table 2
Description of the sensors used. Precision of humidity sensors are only valid between 10 and 90 %RH. The abbreviations of sensors correspond to their positions in
Fig. 6.
Abbreviation Designation Model Fabricant Precision (datasheet) deviation ¢* (measured)
- Flowmeter MCF0250AGND0100D0O Azbil +3 % -
P1 Manometer Premasgard SHD-SD-I 10 S+S Regeltechnik +0,3 % -
P2 Manometer 232.50 WIKA -
T1/RH1 Temperature/ humidity sensor SZKA.ED.F159.313.1KH Galltec + mela +0.15K +0.03 K
+1.5 %RH +0.4 %RH
T2/RH2 Temperature/ humidity sensor SZKA.ED.F159.313.1KH Galltec + mela +0.15K +0.06 K
+1.5 %RH +0.5 %RH
T3/RH3 Temperature/ humidity sensor SZKA.ED.F159.313.1KH Galltec + mela +0.15K +0.04 K
+1.5 %RH +0.5 %RH
T4/RH4 Temperature/ humidity sensor SZKA.ED.F159.313.1KH Galltec + mela +0.15 K +0.06 K
+1.5 %RH +0.4 %RH
T5/RH5 Temperature/ humidity sensor KH-50 KIMO +0.4 K -
+2.5 %RH

Fig. 7. Photo with the distribution of the Pt100/humidity sensors (T1, T2, T3,
and T4). The arrows represent the direction of the gas flow. The font colors
correspond to the color of the curves in the following figures.

explore the material’s influence and the system’s efficiency by control-
ling the different experimental parameters. To produce the heat transfer
fluid (HTF), ambient air is compressed by an air compressor and, if
necessary, its carbon dioxide is extracted with a nitrogen generator. HTF
gas flow rate and pressure are controlled thanks to three-way hydraulic
valves positioned after the nitrogen generator and at the prototype
outlet. The HTF can be directed toward a heater to obtain a hot dry gas,
leading to the dehydration of ettringite (energy storage) or towards a
cooling unit and hydration system to obtain cold humid gas in order to
release energy from the reactive material. This setup was used to test the
capacity of ettringite to store and release thermal energy (detailed
description in Appendix).

Measurements of the temperature, humidity, pressure, and gas flow

were recovered using a programmable logic controller. This controller
also drove the heating temperature and pressure by PID regulation. PID
regulation of the gas flow was possible but not considered in this study
as it could interfere with regulating pressure. Two hydraulic valves were
available in the prototype to control either gas pressure or gas flow.

3.3.1. Gas generation adapted to the material properties

Two gases were selected for this study: air and nitrogen flow. Air was
chosen as it was suitable for building applications, such as storage based
on mechanical ventilation. However, it could lead to the carbonation of
ettringite material and decreased storage capacity. A nitrogen environ-
ment could be preferred when a non-aggressive atmosphere is consid-
ered, such as for heat recovery in industrial applications. As presented
before, the prototype components allow the production of compressed
air (10 bars, 100 m®/h) and compressed nitrogen (8 bars, 12 rn3/h, 95 %
purity). The dryer is used to avoid water contamination in the nitrogen
generator. It can also limit the moisture in heat transport gas and thus
the unwanted release of energy with the hydration of ettringite.

3.3.2. Management of the heat transport gas characteristics

In order to cover the largest range of temperature and humidity,
several devices were installed in the system: an electric heater (20 kW),
a refrigeration unit (0.65 kW), and a humidifier (0.278 mg/s of water
purified by several filters and injected by nozzles). As the nitrogen flow
was mixed with water from nozzles, the humidity of the gas increased
adiabatically, resulting in a decrease in the temperature.

Two paths were available. The first was composed of a heater, where
a dry (below 20 % RH) and hot (up to 80 °C) gas flow was produced to
dehydrate the material (Fig. 6). In the second branch, humid (above 70
% RH) and cold (below 10 °C) air/nitrogen flow could be obtained to
release the energy stored in the meta-ettringite.

All the powers of the different elements were measured by wattme-
ters to estimate the electric energy consumption of the prototype. This
measurement was made to ensure that this consumption was below the
storage capacity, thus validating the use of the technology for energy
storage.

3.3.3. Reactor design

Previous prototypes [8] were designed to serve as proof of concept,
with a relatively small size (4.9 and 6.5 dm®). The new prototype was
equipped with two different cells of 50 dm®and 250 dm?, as presented
in Fig. 6. This allowed the energy storage and its reversibility to be
validated at a larger scale.

The reactors are equipped with a cover, easily openable for instal-
lation of the sample. The thermal insulation for the 50 dm3 reactor (left)
was reinforced by 32 mm Armaflex to limit heat loss, whereas the 250
dm3 (right) only had initial thermal insulation of 13 mm. For experi-
ments, the gas pipes were shortened to limit heat loss, and the reactor
was turned by 180° (inlet on the right and outlet on the left) in the
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following pictures.

3.3.4. Monitoring of the gas properties

Table 2 presents all the sensors implemented on the prototype and
used to monitor the properties of the HTF. This table inventories the
sensors’ types, model and brand, measurement characteristics, and ab-
breviations used in this study.

Deviations of temperature and humidity sensors, given in Table 2,
were found by immersing the probes in 4 controlled ambiences,
respectively thermostatic bath and saline solutions, during 24 h (3 s
sampling). Calibration equipment was not available for other sensors,
whose data were not deeply analyzed. As described before, the
controller drives the heating temperature and pressure through a PID
regulation, which adds an uncertainty of +£0.5 K and +0.03 bar around
the setpoint, respectively.

e Temperature and humidity ranges

In this reactor, several temperature/humidity probes could be
inserted. The temperature and humidity monitoring were carried out
with four Pt100 probes (Galltec-Mela, AWK with SZKA-series). Six po-
sitions were available, distributed vertically and radially over the
reactor, for their installation. However, the study of a monolith made the
insertion of probes difficult. Instead of being inserted in the reactor, two
sensors were installed immediately before and after the reactor (T2 and
T3), and two were on the pipes farther than 1 m from the reactor (T1 and
T4). As the full insertion of the sensors in contact with the fluid would be
more relevant, they were expected for further studies but not considered
here due to technological issues. They are labelled in Fig. 7, and the

direction of gas flow through the prototype is indicated by orange
arrows.

80
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The precision of the different probes was verified by immersing the
Pt100 sensors in a thermostatic bath at 20, 45, 60, and 75 °C for 5 min
with an acquisition every 3 s. For humidity, the probes were positioned
close to various saturated salt solutions (NaOH, LiCl, MgCly, and NaCl)
near the sensors. Uncertainties of up to 0.25 K (temperature) and 2 %
RH (humidity) were found for the different probes. The sensors were
insulated to limit the influence of room temperature and direct solar
irradiance.

e Pressure measurement

The maximum allowable pressure in the prototype was 10 bar,
which was the acceptable limit for airflow. Nitrogen flow was limited to
8 bars, as 20 % of the air (oxygen) was taken out by the nitrogen
generator. This pressure was monitored by a numerical manometer (S+S
Regeltechnik, Premasgard SHD-SD) positioned close to temperature/

Hydration (thermochemical —T (;efor;s(;o?e)

—— T2 (before material)
(—— T3 (after material)
204 —— T4 (end of 2" hose)
Room temperature

224
energy release)

S
s e e e

Temperature (°C)

0.0 05 10 15 2.0 25
Duration (Days)

Fig. 9. Detailed view of the hydration step (blue rectangle from Fig. 8 (a)).
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humidity sensor T1 (see Fig. 5). The pressure measurement was
consistent with that from a second, analog, manometer P2 (WIKA, Type
111.10 manometer) in contact with the reactor (see Fig. 6 (a)). An
analogic manometer (WIKA EN837-1) was placed at the reactor output
in order to control the order of magnitude of the pressure drop through
the material.

e Gas flow management

The gas flow was monitored by a thermal mass flowmeter (Azbil,
MCEF Series) positioned immediately after the gas production unit (see
Fig. 5). The system was driven by a gas flow that crossed the material
sample. The system was designed to ensure a large gas rate, from 0 to
100 m%/h (with air) and 12 m3/h (with nitrogen). This normalized flow
rate value, g, did not depend on pressure, as it was based on the relative
ambient pressure of 0 Pa, according to the ISO 1217 standard [59],
given by Eq (6):

qn =g X (pO +prel) (6)

where po and p, are the ambient and relative pressure, and q is the gas
flow at the relative pressure p,. In this study, an increase in pressure p;¢
would lead to the decrease of gas flow g, the normalized flow (g,) being
constant. The prototype design was done in parallel with the reactive
material design, thus monoliths height, permeability and so pressure
drop were estimated. The prototype components were selected to be
able to cover a large range of flow rates and pressure drops.

4. Results and discussion
4.1. Energy storage and release

Before exploiting the data from the prototype to evaluate its storage
capacity, the characteristics of the heat transfer gas (HTG) had to be
defined. They are linked to the experimental values measured by the
sensors (relative humidity, temperature, and pressure). As presented
above, due to the material specification, the HTF was moist nitrogen for
carbonation avoidance, i.e. gaseous dry nitrogen plus water vapor. The
equations given in the appendix (see Section A.2) are written for all the
possible cases, which means using moist nitrogen or air. The results
presented are issued from the last of three tests (namely “test 3”), the
supplementary data from the different tests may be found in the ap-
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e The first step consists of energy storage by dehydration and endo-
thermic transformation of the ettringite to meta-ettringite thanks to
hot and dry HTF.

o The second step was intended to cool the ettringite under HTF until
ambient temperature for the demonstration of long-term storage.

e The third step (discharge of heat) was associated with the hydration
of meta-ettringite by a nitrogen-water vapour gas flow.

In the second part, the energy released was determined, using mea-
surements of temperature, pressure, gas flow and humidity ratio.

4.1.1. Temperature and humidity evolution for a complete cycle

A reproduction of the experimental conditions of Ndiaye et al. [7]
was first intended, as they found high values for heat recovery (up to
421 MJ/m®). The process was divided into three steps (Fig. 8), with the
time set at O at the beginning of the last step (release of heat). The
relative pressure was set at 0.5 bars.

For the first step, the heating system was used to heat the nitrogen
flow (10 m3/h) to a temperature of 70 °C while maintaining low hu-
midity, below 5 % RH. This setting was a good compromise for complete
dehydration of the ettringite, but without permanently damaging the
material (as a high temperature above 65 °C was assumed to destabilize
the ettringite) [55]. In Fig. 8 (a), the temperature has been found,
empirically, to give a temperature of 68 °C before the first hose (blue
curve, T1), 62 °C before (purple curve, T2) and 52 °C after (red curve,
T3) the sample. Heat loss may explain these differences, as the sensors
T1 and T2 are positioned a few meters after the heater, and insulated
with 3 cm of Armaflex insulator (k = 0.035 W/m/°C).

After the dehydration of the material, the heater was stopped,
resulting in a decrease in the temperature (cooling step, green rect-
angle). For probes T1 and T2, located before the reactor, the room
temperature was reached after about 3 h, while 24 h were needed for
sensors T3 and T4, located after the reactor.

The material was finally humidified by a mix of nitrogen and water
vapor (blue rectangle), with an input relative humidity of about 60 %
RH. Thermochemical energy from this hydration of the material

Table 3
Energy release for physical sorption.

Quantity of energy released % of theoretical energy

pendix (Section A.3). M) released
In the first part, the cycle is developed to be representative of the real Experimental 1.83 10.7
behavior of a storage system based on cementitious material: value
Theoretical value 17.06 100
T T T T T T T T T
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Fig. 10. Temperature difference (red line) and mixing ratio of water vapor (blue line) through the reactor.



N. Beaupere et al.

Solar Energy 282 (2024) 112927

174 days (582 h)

188 days (671 h)

125 days (220 h)

232 days (743 h)

Fig. 11. Picture of the upper surface of cementitious materials at different times from casting (with the number of hours spent under nitrogen flow in parentheses).

increased the gas flow temperature after the reactor. The mixing ratio in
the downstream flow was increased from 0 to 3.2 gyapor/Kgdry nitrogen
within 2 h (Fig. 8 (b)). After one day, the relative humidity and the
temperature difference were stabilized, making the release of energy
negligible compared to heating from room temperature. Fig. 8 (c) pre-
sents the corresponding evolution of flow rate and pressure P1 for the
corresponding time.

Fig. 9 focuses on the temperature variation during the hydration
step. The prototype was stopped after more than two days when the
upstream (T2) and downstream (T3) temperatures were similar.

4.1.2. Focus on the thermal energy discharge step

It can be seen from Fig. 9 that the temperatures recorded by probes
T1 and T2 (before the reactor) decreased by 3 K. This sudden drop could
be explained by two effects: the water evaporation when injected in the
network, consistent with adiabatic humidification, and the gas origin
(the gas is taken outside, where the temperature is lower than in the
prototype room). The resulting temperature of adiabatic humidification
from gas at 0 %RH (19 °C) to 58 %RH would be 8.8 K.

(1.2) (1.2)

Hot, dry
nitrogen

Cold, humid
nitrogen

(2.1)
Cold, humid
nitrogen
Hot, dry
nitrogen

On the other side of the reactor, the gas flow temperature after
crossing the storage material was increased by three degrees to reach
22 °C, which was 6 K more than the inlet temperature. As the temper-
ature in T3 and T4 was higher than the room temperature (+2 K), it was
deduced that this increase was not due to external heating from the room
but by the production of heat from the transformation of meta-ettringite
to ettringite within the storage material.

After 0.5 days, a drop in the temperature was observed for the
downstream sensors (T3 and T4) from room temperature. This may be
due to a colder gas flow, as the outside temperature moved from 22 °C at
t =0 to 10 °C at 0.75 days. From this moment, supplementary heating
may have come from the room, as a temperature increase was observed
in the hose (T4 > T3). Better insulation would help to distinguish be-
tween heating from the material and that due to a rise in room
temperature.

4.1.3. Measurement of energy release in downstream flow
Based on temperature and humidity evaluation in the third step
(hydration), the energy released could be calculated. Fig. 10 gathers

(1.3)

Water
evaporation

Fig. 12. Description of the evaporation/condensation phenomena during the heating and hydration steps, respectively. (1.1) Full-scale foam storage material; (1.2)
Gas flow path within porosities of the foam and (1.3) Physical desorption of water (evaporation) as energy is provided by the hot nitrogen flow. (2.1), (2.2), and (2.3)
are similar representations of the phenomena occurring during hydration with the physical sorption of water in porosities.



N. Beaupere et al.

N
3

N

-
(&)

-
L

o
)

Adsorbed water [gwa'/gsol]

0
2500

20

2000 771\75700' —— “
1000 60
500

Vapor pressure [Pa] Temperature [°C]

Fig. 13. Water sorption isotherm of ettringite from the model by Pickett
et al. [61].

together the temperature (T3-T2) and mixing ratio of vapor variations
between the reactor outlet and inlet for the entire process. With a
particular focus on the release of energy from 0 to 2 days, the quantity of
energy released could be determined from Eq. (A. 1).

About mixing ratio, the difference is negative during the heating step
which is inconsistent with drying, but may be explained by very low
values (below 10 %RH before and after) leading to a lack of precision of
the sensor.

A difference of 6.5 K from the input to the output could be found
after 2 h. Calculating temperature difference based on the specific heat
of 1260 J.kg LK™ (see section 3.2) gives a power released of about
1.83 MJ (509 kWh) or 45 MJ/m?>,

Considering a similar temperature variation for the reactor edges,
made of 304-L stainless steel (with a mass of 140 kg and a heat capacity
of 500 J/kg/K), suggests that these edges would store about 0.45 MJ.

As presented in the appendix, this experimental determination could
be compared with the theoretical value from Eq. (A. 1) to Eq. (A. 9). The
mass of ettringite was determined as 23.5 kg from Eq. (1), based on 30
kg of cement and 12.8 kg of water, excluding other products. The
theoretical energy for physical sorption (water condensation) was
calculated as 14.5 MJ (2.39 kJ/gwater), With an energy density of 2.57
MJ (0.42 kJ/gwater) for the chemical reaction [56]. Twenty molecules of
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Table 4
Theoretical and experimental mass of water stored by the ettringitic material.

Mass of water that
theoretically reacts

Mass of water theoretically
stored (Fig. 14)

Mass of water stored
experimentally (Eq. (5))

(Table 3)
Myater | Mettringite (Kgwater/ Partial Absorbed Theoretical
Kgcement) pressure of water (gwater/ reacting water
water (Pa) gso1) Picket
0.475 939 0.3077 Myater 6.0
235 0% Muonotich~ 23.5
0.26

water were considered to react with meta-ettringite to form ettringite
(see Eq. (2)), corresponding to 6 kg of water. Results for physical
sorption are given in Table 3. From this table, the experimental value of
1.83 MJ represents 10 % of the theoretical values. Some progress would
still be needed to reach the performance of other experimental benches
from Table 1. However, this sample was a monolith of the material;
others were generally powder. This difference led to some engineering
issues that will be discussed in the next section.

4.2. Discussion

Previous experiments [7], using a 6.5 dm? sample to store 426 MJ/
mS, led to the development of the prototype presented in this study, able
to store 43 MJ/m? in a scaled-up sample (43 dm?). This scale-up leads to
several issues that may explain this decrease in energy storage capacity,
such as a lower porosity, a lower humidity ratio at the inlet, or a possible
carbonation.

4.2.1. Decrease of the accessibility to the material due to preferential paths

The new samples of 43 dm? involved a height of 50 cm, while that of
previous samples was about 20 cm. This higher specimen led to a more
critical coalescence of the gas bubbles (see section 3.2) and the collapse
of the monolith for similar porosity. Thus, porosity was decreased from
76 % in low-scale samples to 53 % for this prototype. This reduction led
to a lower gas permeability in the cementitious material, from 4 to 1 x
10712 m? During experiments, cracks started to appear in the material,
as illustrated in Fig. 11. They might be due to shrinkage from the drying
of cementitious material.

These cracks would promote the presence of preferential flow paths
through the cementitious material. These paths, which drive the
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Fig. 14. Mixing ratio at input and output of the reactor and cumulative mass of water stored in cementitious material.
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dehydration of cement by heating, and its rehydration are schematized
in Fig. 12. Due to such paths, the gas flow meets only a few pores and it is
assumed that the rest of the material does not undergo transformation
into meta-ettringite and so does not take part in the energy storage
process.

The cracks evolution is assumed to come from mechanical con-
straints created by the pressured airflow on the material, due to its low
mechanical resistance. Another assumption is the volume change due to
chemical reactions: with the water during the energy storage process or
with the carbon during the carbonation process.

For several prototypes presented in Table 1, the reactive material
volume change during storage cycling was an important issue. At the
laboratory prototype scale, the reaction reversibility was measured
through mass measurement: mass gain was quantified using a weight
scale [47] on three samples at operational conditions for several cycles
(7 cycles for 42 days). The results showed that 98 % of the mass was
recovered and no material damage was detected. The low energy
released presented in Table 3, and thus the low part of the material
reacted, could conceal a concern due to volume change at the large-scale
prototype.

4.2.2. Low relative humidity before the prototype

The quantity of water absorbed by the cementitious material is
driven by the vapor pressure, as presented by Pickett’s model (see
Fig. 13). According to Eq. (A. 6), such vapor pressure depends on relative
humidity, an increase of which would therefore raise the quantity of
absorbed water [60].

Only 60 %RH at 15.5 °C (vapor pressure p, of 1090 Pa) could be
reached in the gas flow before it arrived at the material (see Figure A. 4),
leading to absorption of only 0.36 gwater/8material- Increasing the input
humidity to 100 % RH at 15.5 °C (p, = 1760 Pa) with a better system
would raise the quantity of water absorbed to 0.79 gwater/8material and
thus raise the amount of energy released by the material.

4.2.3. Accessibility of water to the dehydrated material

From the previous paragraphs, it appears that the chemical reaction
needed the adsorption of water by the dehydrated material. It was
assumed that the quantity of water absorbed by the material depended
on the difference in mixing ratio between the input and output of the
reactor, following Eq. (7).

Myater = (W3 —W2) X Quy X pgy X At @
with My the mass (kg) of water, wo and ws the mixing ratios,
respectively before and after the reactor (kgyapor/kgdig), At the time
difference between two measurement (s), Qs and Pag the flow and
density of the heat transport gas, respectively. The cumulated amount of
water absorbed by the material is presented in Fig. 14.

At the end of the experiment, about 0.475 kg of water had been
stored in 23 kg of cementitious material. This result is compared to
theoretical values in Table 4

. The first observation that can be made from this table is the sig-
nificant difference between experimental and theoretical values (about
10 %). This value is similar to the relation between theoretical and
experimental values for energy measurement in Table 3, based on
temperature measurement. The increase in contact surface by limiting
the preferential paths might be a key factor in improving water
adsorption and energy release. A compromise has to be found to limit
the collapse of the material with too low porosity.

4.2.4. Additional explanation: carbonation

Ettringite is subject to carbonation, as previously described in Sec-
tion 2.4. The cementitious monolith was surrounded by nitrogen during
experiments but surrounded by air when the prototype was stopped
(usually one week per month for maintenance or replacement of the
monolith). In contact with carbon dioxide, ettringite would change into
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calcite, reducing the quantity of material able to store energy. Chen et al.
found that the ettringite material was carbonated after about 1000 h
under a 1 % CO, atmosphere and 55-95 %RH [51]. Xiantuo et al. [52]
left ettringite under a CO3 concentration closer to ambient conditions
(0.06 % of CO,) at 20 °C and different water vapor pressures. For dry
flow (p, = 27 Pa), no carbonation was found, while 30 % of ettringite
was carbonated after 4 h in air saturated with vapor (p, = 1760 Pa).
From the equations given by the authors, a carbonation of 10 % could be
expected after 4 h of hydration (p, = 1090 Pa) in contact with air (0.04
% of COy). The different data could not confirm or refute the ability of
the monolith to be carbonated, which will need to be clarified by a
deeper study. Even though the material has been tested in the literature
as a powder with higher activity, the type of carbonation evoked here
has to be considered.

5. Conclusion

The reaction between meta-ettringite and water vapor is known to
release a large quantity of thermochemical energy in a repeatable way.
This reaction allowed a storage system to be built that operated by
dehydrating the ettringite, keeping the material insulated from water
vapor, and releasing the energy on demand. However, no open-system
prototype has ever been developed to demonstrate this ability on an
industrial scale. The prototype developed for this study presented a new
and innovative way to study the energy stored in a cementitious material
at an industrial scale. The following properties are found for the scaled-
up material:

e A density of 869 kg/m® was found as an optimization of accessibility
to the material while avoiding coalescence.

e A mechanical strength result of about 3.5 MPa showed that a
monolith of the material could be considered as a self-supporting
wall.

e An experimental energy release of about 43 MJ/m?, about 10 % of
theoretical values.

This gap with theoretical value is due to a low water absorption by
the material. Engineering work needs to be continued to solve some
issues and increase the efficiency of this prototype even more. The key
factors for storing a higher quantity of energy seem to be:

e An increase in the inlet mixing ratio;
e Homogeneous distribution of porosities to avoid preferential paths;
e A permanent nitrogen flow to limit the carbonation.
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