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Abstract

Renewable energy storage is now essential to enhance the energy performance of buildings
and to reduce their environmental impact. Most adsorbent materials are capable of storing heat, in a
large range of temperature. Ettringite, the main product of the hydration of sulfoaluminate binders,
has the advantage of high energy storage density at low temperature, around 60°C. The objective of
this study is, first, to predict the behaviour of the ettringite based material in a thermochemical
reactor during the heat storage process, by heat storage modelling, and then to perform experimental
validation by tests on a prototype. A model based on the energy and mass balance in the
cementitious material was developed and simulated in MatLab software, and was able to predict the
spatiotemporal behaviour of the storage system. This helped to build a thermochemical reactor
prototype for heat storage tests in both the charging and discharging phases. Thus experimental tests

validated the numerical model and served as proof of concept.
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Nomenclature

ag thermal diffusivity of steam (m?/s)

as thermal diffusivity of fluid (m?/s)

cw  specific heat of liquid water (J/(kg.K))
Cy specific heat of water vapour (J/(kg.K))
Cs specific heat of material (J/(kg.K))

Ch volumetric heat of three phases
(I/(kg.K))

d diameter (m)

dz  length of longitudinal mesh (m)

drs  length of radial mesh in the tube (m)
drs  length of radial mesh in material (m)
Dy diffusion coefficient of stream (m?/s)
RH relative humidity (%)

K gas permeability of material (m?)

Kioe  mass transfer coefficient (1/5)

L length of the reactor (m)

M molar mass of adsorbed phase (kg/mol)
ns  number of radial meshes in material

ns  number of radial meshes in material

n,  number of longitudinal meshes

NUT number of transfer units

p water vapour pressure (Pa)

pvs  Saturation vapour pressure (Pa)

q water uptake (kg/m?3)

Qequ Water uptake at equilibrium (kg/m?)

r radial coordinate (m)

R gas constant (J/(mol.K))

R:  inner radius of the metal tube (m)

R>  outer radius of the metal tube (m)

Rs  outer radius of the material (m)

t time (s)

T  temperature (K)

u  gas phase velocity in the material (m/s)
v fluid velocity in the metal tube (m/s)

z  axial coordinate (m)

Greek letters
€ porosity
P density (kg/m®)
thermal conductivity (W/(m.K))
AH heat of sorption (J/kg)

n dynamic viscosity (Pa.s)

Subscripts
equ equilibrium
f heat transfer fluid
gaseous phase (water vapour)
h three phases homogenized
in inlet
LDF linear driving force

m maximum

S solid material
w  liquid phase (water)
0 initial



1. Introduction

The use of renewable energy in the building sector can considerably reduce its
environmental and socio-economic impacts. The excess solar energy in summer could be stored and
then released later in autumn or winter, in order to decrease the phase shift between solar radiation
and thermal energy needs. Many heat storage materials can be used in the building sector in order to
avoid the phase shift between solar radiation and thermal energy demand. Thermal energy storage
in general, and phase change materials (PCMs) in particular, have been a main topic in research for
the last 20 years [1], but they usually allow to reduce short phase shifts. Another way of reaching
this goal of seasonal thermal heat storage could be to explore thermochemical storage, and to use a
particular shape of cementitious materials. Indeed, ettringite, a common hydrated phase found in
cement-based materials, has the advantage of high energy storage density at low temperature (60°C)
compared to existing adsorbent materials such as zeolites [2,3]. This component is found in small
quantities in Portland cement paste (around 10 %), while high ettringite content (40-80%) can be
reached by calcium sulfoaluminate cement hydration [4].

Concrete solutions for thermal energy storage are usually based on sensible heat transfer and
thermal inertia [5,6], and sometimes they are enhanced with PCMs solutions [7,8]. An ettringite
based material, capable of storing thermal energy by a reversible dehydration/hydration cycle, was
produced by hydration of a mixture of sulfoaluminate clinker, anhydrite and aluminium powder [9].
Thermal energy storage by ettringite material is a physicochemical process usable in both the short
(daily, weekly) and long (seasonal) term. In the charge phase, heat is stored by endothermic
processes (desorption and dehydration) and is not restored as long as the material remains dry. In
the discharge phase, the heat stored in the material is released by exothermic adsorption (adsorption
and hydration). The chemical part of the energy storage process is related to the reversible
conversion of ettringite (3Ca0.Al203.3CaS04.30H20) to metaettringite
(3Ca0.Al>03.3CaS04.12H,0).

The first objective of this study is to predict the behaviour of the ettringite-based material in
a thermochemical reactor (cylindrical adsorber) during the heat storage process, by simulating the
spatiotemporal variation of the temperature and the water vapour pressure inside the storage
material. Then the second aim is to carry out an experimental validation by testing a prototype. To
reach this goal, the physical, thermal and hygrometric properties of the material were measured,
using standardized tests, and used in an energy storage model [10,11].

Several 1D or 2D energy storage models based on adsorbent materials such as zeolites can
be found in the literature [12,13,14,15,16]. To predict the spatiotemporal behaviour of the storage

system during heat charging and discharging, a two-dimensional model taking the specificities of
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cementitious material into account was developed. The heat and mass balance in the
thermochemical reactor (cylindrical adsorber) generated a system of non-linear and strongly
coupled differential equations. They were solved numerically, first by spatial discretization using
the finite difference method [17], and then by temporal integration of state variables (temperature
and water vapour pressure) using the Gear method [18,19,20] in MatLab.

The simulation of this model using measured properties of the ettringite material (physical,
thermal and hygrometric properties) provided the evolution of temperature and water vapour partial
pressure in the thermochemical reactor during charge and discharge of heat. The evolution of the
variables observed during charge and discharge of heat corresponded to the desorption and
adsorption phases, respectively. This numerical study gave a complete prediction that allowed us
not only to understand the material behaviour better, but also to determine the optimal operating
conditions of heat storage. This helped to build the thermochemical reaction prototype for heat
storage tests in both the charging and discharging phases.

To store solar heat (daily or seasonal storage), for example, it was necessary to connect the
thermochemical reactor with a heat source (e.g. solar collector) to charge it in the storage phase.
During the discharging phase, a humidification source was required to release the heat. To perform
the storage tests in the laboratory, the reactor was connected to an electric water heater and a
humidifier (bubbler) simulating the charge and discharge of heat, respectively. The test bed
installed in the laboratory reproduced the storage system functioning during both phases. The
comparison between numerical and experimental results validated the numerical model and served

as proof of concept.

2. Thermochemical reactor description and principle

The two-dimensional modelling of heat storage was based exclusively on the
thermochemical reactor, which was the key element of the heat storage system. The
thermochemical reactor (Figure 1) consisted of a thin metal tube (Rz2 - R1) where the heat transfer
fluid (hot water) heated the ettringite-based material placed around the tube (ettringite material
between R2 and R3) during the charging period. The ettringite material was then insulated from the

surrounding environment to avoid heat loss.
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Figure 1: Thermochemical reactor with ettringite based material

A cylindrical adsorber, filled with zeolite, is often used to store heat using a longitudinal
humidification system [12,16]. Longitudinal humidification means that the water vapour is
introduced at both ends of the storage material. That is to say, the humidified gas (water in vapour
phase) circulates through the material porosity in the longitudinal direction (z). The moist input gas
(z = 0) dries progressively as a result of the adsorption of water vapour by the material and the
outlet gas (z = L) is thus dry. Furthermore, a radial humidification system, i.e. around the storage
material, has the advantage of quickly creating a uniform water vapour pressure in the adsorber
[13,21]. Therefore, a thermochemical reactor filled with ettringite-based material with a radial
humidification system was selected (Figure 1). The simulation of this thermochemical reactor
during the heat storage process required the prior description of its functioning and the phenomena
taking place within it.

In the charging phase, the heat (from water at 60° C, supplied by a boiler or a solar thermal
collector, for example) is transferred to the reactor via the heat transfer fluid (hot water in the
central metal tube, Figure 2). Heating the ettringite-based material causes its endothermal
desorption and ettringite (3Ca0O.Al203.3CaS04.30H2,0) is converted to metaettringite
(3Ca0.Al203.3CaS04.12H,0) by endothermal dehydration. Thus the heat is stored (Figure 2). The
resulting cooled heat-transfer fluid continues to circulate and the desorbed water vapour is moved
out of the adsorber. The stored heat is saved as long as the thermochemical reactor is isolated from

water vapour flux.
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Figure 2: Thermochemical reactor during charging phase

During the discharging phase, the stored heat is recovered by a radial humidification circuit,
which causes the exothermal adsorption of water molecules on ettringite crystals (and thus
hydration) (Figure 3).

However, the main problem of using this material is that ettringite decomposes over time in
the presence of carbon dioxide (CO>), by carbonation [22]. It is necessary to avoid the presence of
CO- to ensure the stability of the ettringite. Therefore, in our model, moist nitrogen was used
instead of moist air to humidify the material, avoiding carbonation, in the heat restitution phase.

Nitrogen is used here only to be a neutral medium to carry the water vapor. If air is used as a
medium, it is possible to avoid the presence of CO by using a filtration membrane blocking the
CO2 at the prototype inlet, by enhancing the material's behaviour to carbonation (development
underway in the laboratory), or by using a sealed prototype (sealed flow with air).

In the prototype, the humidified nitrogen passed through the material radially, allowing the
sorption equilibrium to be reached quickly on the outer face of the material (side face Rz in Figure
1). The initially dry material adsorbed water vapour and the metaettringite
(3Ca0.Al203.3CaS04.12H,0) was converted to ettringite (3Ca0.Al203.3CaS04.30H.0) by
endothermal dehydration.

The physical adsorption and chemical rehydration (exothermic) released the stored heat
(Figure 3). The metaettringite was converted to ettringite by exothermal rehydration. The heat
generated was moved outside the reactor by the cold fluid (water at 20°C) which continued to
circulate in the metal tube, and could be used via a heat exchanger in a secondary heating system or
a mechanical ventilation system for building applications.
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The phenomena occurring in the material during the heat storage cycle were modelled by a
system of differential equations that correctly described the spatiotemporal behaviour of the

thermochemical reactor.

Tf(z=L)=20°C

;"i;'::'&"" A e :
oL’ ’ < ~ N
P DR '.'q R AL A

r‘} (*\\7 ;n}\u""!‘; x"" ‘ '-
t BRI Hydration 2228

RS TS ENG R S

Figure 3: Thermochemical reactor during discharging phase

3. Mathematical model of the transfer phenomenon in the cementitious material

3.1. Modelling assumption

To write the mathematical formulation, some assumptions had to be made. The literature
commonly considers adsorbent materials in powder form so, to account for the specificities of the
monolithic cementitious material, some complementary assumptions were necessary.

First, the thermal effect of impurities present in the cementitious material was neglected: the
potential contribution of secondary hydrates such as Al(OH)s was not taken into account. Secondly,
the ettringite was considered not to be carbonated as nitrogen gas was used in the closed storage
system (no air with carbon dioxide). Then, the sorption isothermal model described water
adsorption by ettringite at equilibrium conditions: the transverse walls of the absorber (z=0and z =
L) were assumed adiabatic, unlike the metal tube, and it was assumed that there was no
accumulation of energy in the thin metal tube.

Finally, the assumption of instantaneous sorption equilibrium usually accepted for the
adsorbent materials [12,16] was not appropriate for this cementitious material with slower kinetics.
In fact, these previous authors considered that the sorption equilibrium was reached at any time, that
is to say, the amount of adsorbed water was independent of time and was equal to the amount of
adsorbed water at equilibrium. This was suitable for storage materials such as zeolites with fast
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sorption kinetics (of the order of a microsecond). However, an experimental test showed very slow
sorption kinetics for the material used here [10] and hence it was necessary to establish a
relationship (sorption Kinetics) to calculate the amount of water adsorbed over time (q (t)) from the
amount of water reached at sorption equilibrium (gequ provided by sorption isotherms).

The simplified Linear Driving Force (LDF) diffusion model [23,24,25,26] was used to

model the sorption kinetics here:

dq(t)

ot = Kipr (qequ - C[(t)) @)

. D
Wlth KLDF: 8R_‘2/

with g(t) the water uptake at time t from the Linear Driving Force LDF model (kg/m®); Dy the
diffusion coefficient of stream measured in the laboratory, Dy = 7.14 x 10° m?/; R the radius of the

material in the prototype; q.g,, the equilibrium water uptake from sorption isotherms (kg/m?3).

The analytical solution of the LDF method is given by Equation 2 (Figure 4).

qror(t) = Gequ (1 — exp (—8%, t)) (2)
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Figure 4 : Sorption kinetic of the material at T= 20°C (LDF model fitted with experimental

parameters)

It was assumed that Darcy's law applied in porous media such as these cementitious materials. This

law allowed the velocity of the gas (water vapour) to be determined in the material porous network:

K (3)
u=-——Vp
u
The gaseous phase (water vapour) was taken to be ideal gas:
M.p
by =2 (4)

The liquid flow profile followed Poiseuille’s Law:
7 \? (5)
v(r) = Umax <1 - (R_) >
1

3.2. Energy and mass balance in the reactor

The state variables were the temperature of the heat transfer fluid in the metal tube, Ts (r,z,t),
and the temperature, T(r,z,t), and water vapour pressure, p(r,z,t), in the ettringite material. Their
evolution described the dynamic behaviour of the thermochemical reactor. The spatiotemporal
evolution of these variables was obtained by solving the heat storage model based on the energy and
mass balance in the ettringite material.

Several energy storage models (1D or 2D) using zeolites have already been presented in the
literature [12,13,14,15,16]. In this study, the aim of the model was to describe the dynamic

behaviour of ettringite-based material during the heat storage process by using the spatiotemporal
9



evolution of the temperature, T(r, z, t), and the water vapour pressure, p(r, z, t), in the cementitious
material. The two-dimensional model was built in cylindrical coordinates (Figure 5). The

differential equations based on energy and mass balance in the thermochemical reactor were:

A R R
R; G
Et g e
P A A T
R, R, | BSpiedNshTis
s —| ES 8 2
R, R,™ - ———
- 0 0 > Z
Figure 5: Two-dimensional model of thermochemical reactor
- Energy balance in the heat transfer fluid
aT 6
- — N\, _ X
with v(r) = 2V,04n (1 - (E) ) ;ap = orcr
- Energy balance in the cementitious material
d(c, T d 7
n )+V(puch)—V(/1VT)=(1—e)AH—q 7
ot ot
withcp, = epgucy + (1 — €)(pscs +q.¢y);u = —%Vp
- Mass balance in the cementitious material
dp dq (8)
— + V =—(1-¢)—
FT: (puw)=-1- 8
- Sorption kinetics in the cementitious material
dq (9)

E = KLDF(Cquu -q)

- The connecting condition at the interface between the heat transfer fluid and the metal tube

aT, Ap 1 Tr(Ry,2,t) — T(Ry, 2z, t 10
f(Rl,Z,t): m ~ f( 1 )R ( 2 ) ( )
ln(R—1
2

ar A Ry
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- The connecting condition at the interface between the metal tube and the cementitious
material
oT A 1 Tp(Ry,z,t) — T(Ry, 2, t) (11)

— (R -
R,

3.3. Boundary conditions and initial conditions
The boundary and initial conditions allowed the operating conditions of the reactor to be
reproduced during the charging phase and the discharging phase. These conditions were different in
the two phases. At the initial state (t = 0 s) of each phase (charging or discharging), the system was
in thermal equilibrium:
Tr(1,2,0) = T(1,2,0) = Troom (12)

In the charging phase, the ettringite material was initially saturated, the relative humidity
was maximal within the material porosity, and the water vapour pressure was taken as the saturation
vapour pressure at room temperature:

{ p(T: z,0) = Pys (Troom) (13)
Q(T: z,0) = Qequ (Troom' pvs(Troom))

The advantage of this type of storage is that the intermediate stage (cooling phase), between
charging and discharging, can last several months without loss of sorption heat (seasonal storage).
The stored heat was saved as long as the thermochemical reactor was isolated from water vapour
flux. The material should be kept dry in intermediate stage, so the initial condition for the

discharging phase was:

{q(r, 2,0) = qo = 0 kg/m’ (14)
p(r,z,0) = p, = 0 Pa

The symmetry condition with the heat transfer fluid was:

0T¢(r,z,0) o (15)
0z

During both phases (charging and discharging), the side walls at the material level (z =0 and

z = L) were considered adiabatic and impermeable:
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oT(r,0,t) B oT(r,L,t) _ 0 (16)

0z 0z
dp(r,0,t) op(r,L,t) 0
9z 9z

The boundary conditions during both phases are given in Table 1.

Table 1: Boundary conditions during charging phase and discharging phase

Charging phase (desorption) Discharging phase (adsorption)
z=0 T;(1,0,8) = Theqe = 60C Te(r,0,6) = Troom = 20C
OT(T‘, O, t) — 0 aT(rl O' t) -0
0z B 0z B
dp(r,0,t) dp(r,0,t)
————=0 ———=0
0z 0z
z=L FreeTs(r,L,t) Free Ts(r,L,t)
aT(r,L,t) _ 0 oT(r,L,t) 0
0z a 0z a
op(r,L,t) op(r,L,t)
— =0 — =0
0z 0z
r=Rs p(r3,z, t) = po =0 Pa p(r3'L' t) = pvs(Troom)
0T (13,2, t) 0T (13,2, t)
——" =0 —— =0
0z 0z

After this detailed description of coupled nonlinear differential equations based on heat and

mass balance in the storage materials, the resolution method is explained in Section 4.

4. Numerical method

Various numerical methods were used in solving this mathematical model. Instead of
multiphysics commercial software, a classic method was used with an implementation in MatLab®.
The numerical resolution was based on a spatial discretization by finite difference method [17] and
time integration of the derivatives of state variables. Temporal integration was performed using the
Gear method [18,19,20].

12



4.1. Spatial discretization and time integration

It was necessary to first solve the system of coupled nonlinear differential equations in order
to predict the thermochemical reactor behaviour. The implicit second-order finite difference scheme
was used to discretize the two-dimensional space [17]. The spatial derivatives of nonlinear
equations were approximated by their limited development functions of second order (Taylor
series). The space in the reactor was discretized by longitudinal meshes (z axis), radial meshes were

used in the heat transfer fluid and in the cementitious material. So the space was divided by:

e nznumber of longitudinal intervals, with length dz = ni

Z

Ry
- )
Nz

e nsnumber of radial intervals in the cementitious material, with length dr, =

e ngnumber of radial intervals in the heat transfer fluid, with length dry =

S

The problem of the temporal integration was the stiffness of the system, that is to say, the
fact that it comprised different dynamics. System stiffness can cause severe loss of numerical
solution accuracy [17]. This type of system requires a robust integration method able to take all the
dynamics of the system into account.

The Gear method is a time integration algorithm with time steps that adapt according to each
dynamics of stiff differential equations [18,19,20,27]. This auto-adaptive implicit algorithm allows
the time step to be selected and the order to be changed automatically. The solver ODE15s in
MatLab®, based on the Gear method, was used here to perform the temporal integration of the stiff
equation system with an absolute error tolerance of 10°.

In fact, the time step was adapted to the fastest dynamics at a given time. So, even
ephemeral variations of state variables (temperature and water vapour pressure) would not be
neglected in the simulation. Before the temporal integration, all spatial derivatives of the system

were first discretized, and then the system was written in standard form (equation 17).

dX (17)
Fri fX)

with X a column matrix containing all the state variables: the fluid temperature (Tf), and the
temperature (T) and water vapour pressure (p) within the cementitious material.

The resolution procedure [17] was based on a first iteration using the initial conditions. Then
the equations system was solved to find variables at the second iteration and updated nonlinearity

terms. This procedure was repeated until the convergence criterion was reached.
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4.2. Numerical scheme verification

Sun et al. [12] modelled a cylindrical adsorber with a central metal tube inside a bed of
zeolite 13X. They assumed that the heat and mass transfer occurred exclusively in the longitudinal
direction of the cylindrical reactor (one-directional exchanges along the z axis). To solve the
differential equations, they used the finite method of order 3 based on a Crank-Nicolson scheme to
discretize the time and space of their one-dimensional model (50 discrete grids and time step of 1 s).
They also resolved their simplified model analytically (Laplace transform). Their discretization

scheme was verified by comparison between the analytical and numerical solutions (Figure 6).

1.0

ccoco Numerical
Analytical

0.8 4

0.6

0.4 - 7=0.4 !
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0.0 02z . 04 | 08 08 1.0
Axial Position (z)

Figure 6: Analytical and numerical solution for the method of Sun et al. [12]

To verify our numerical scheme following the same approach, this one-dimensional model
was solved with our numerical method described in section 4.1, i.e., spatial discretization using a
2" order finite difference method and time integration using the Gear method. Then the numerical
simulation was performed using the parameters of zeolite 13X [12]. The analytical model was also
solved. The numerical and analytical results are compared in Figure 7. The temperature evolution
over time from our numerical scheme was in accordance with that obtained with the analytical

equation (Figure 7).
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This proved that the numerical scheme allowed us to sufficiently describe the phenomena
taking place in the thermochemical reactor during the heat storage process. The discretization error
was the difference between the exact solution of the mathematical model and that of the discretized
system [17]. Analytical and numerical solutions were assumed to be the exact solution of the
mathematical model and that of the discrete system, respectively. The absolute error curve between
analytical and numerical solutions confirmed the stability of the numerical scheme with a maximum

error of about 2.10° (Figure 8). Figure 8 shows a decrease of absolute error over time and bed
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Figure 7: Analytical and numerical solution from our method

length of the cylindrical absorber.
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These results show that our numerical scheme correctly describes the evolution of the

phenomena that take place in a thermochemical reactor having the form of a cylindrical absorber.

5. Simulation results

The model simulation required input parameters that were intrinsic properties of the
cementitious material (physical, thermal and hygrometric properties). These parameters were
measured in the laboratory using laboratory devices, following standardized tests [10].

5.1. Model parameters
To perform the heat storage simulation in the thermochemical reactor (cylindrical adsorber)
filled with the cementitious material, it was necessary to first measure its properties, which were the

input parameters of the model.

5.1.1. Sorption isotherm
One of the most important phenomena of the storage process is water vapour sorption in the
material. This phenomenon is characterized by the sorption isotherm, that is to say, the evolution of
water sorption at equilibrium (gequ) wWith steam pressure in the material. It also depends on the
temperature (Qequ (p, T)). Water uptake at equilibrium in the material decreases with the sorption
16



temperature so considering only a single sorption isotherm (20°C) would neglect the thermal effect
on the sorption of water, hence the accuracy of the numerical model would decrease.

To take the effect of temperature into consideration, the vapour sorption isotherm of water
was measured at three different temperatures (20, 33 and 50°C) [10]. The resulting sorption
isotherms showed three successive phases: a phase of low relative humidity corresponding to a
monolayer sorption phase, then a multilayer sorption phase, followed by a capillary condensation
sorption phase (up to saturation) with high relative humidity.

The sorption model of Pickett [28] is an improved BET model taking these three sorption
phases into account. Thus, in our study, the Pickett model was used to model the experimental
sorption isotherms.

gmc¢  HR(1—HR™ +bnHR"(1— HR) (18)
(1—HR) (1—HR) + c(HR + b HR™)

qequ(HRr T) =

gm, C, b and n were parameters depending on the material temperature. These parameters were
obtained by minimizing the difference between model and experiment by the least squares method.

Om(T )= ar.T?+ ax.T + as;
c(T) =asT?+ as.T + ag;
b(T) = a7.T?+ as.T + ao;
N(T) = a10. T2+ an. T + arz;

The resulting parameters were:

a1 = 7.35962. 10°; a2 = -0.04923; a3 = 8.28271;

as = 1.49300. 10°®; a5 = -0.00112; ag = 212.21416;
a7=-7.13221. 10°; ag = 0.047423336; ag = -8.66361;
a10 = -0.00656; a11 = 4.2685; a2 = -675.32453,;
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Figure 9 : Pickett isotherms of the material, based on the analysis of the experimental results

5.1.2. Complementary parameters
The ettringite-based material from the hydration of calcium sulfoaluminate cement was
investigated using standard tests in the laboratory to measure physical, thermal and hygrometric

properties (Table 2).

Table 2: Input parameter values

Parameter Symbol Value

Absorbent material: ettringite-based material

Porosity € 76%
Density p 420 kg/m?®
Gas permeability K 1.44.10°8 m?
Diffusion coefficient Dv 7.14.10° m?/s
Thermal conductivity As 0.084 W/(m.K)
Heat capacity Cs 1260 J/(kg.K)
Sorption enthalpy AH 3950 J/Qwater
Absorbed phase: water vapour
Dynamic viscosity i 10° Pa.s
Heat capacity of water vapour Cq 2000 J/(kg.K)
Heat capacity of water liquid Ca 4180 J/(kg.K)
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Heat exchanger fluid, metal tube and absorber dimensions
Thermal conductivity of fluid A 0.1 W/(m.K)
Thermal conductivity of metal tube Am 15.6 W/(m.K)
Velocity v 0.01 m/s
Length of the adsorbent bed L 13cm
Inner radius of the metal tube R1 lcm
Outer radius of the metal tube Rz 1.01cm
Outer radius of adsorbent bed Rs 11cm

A high thermal conductivity allows to reach a thermal equilibrium faster in storage phase and
therefore to obtain a more homogeneous dehydration within the material. However, it would lead to
a rapid dissipation of heat in the storage system by heat losses during the discharge phase.

More external insulation would limit heat losses in discharging phase, but will reduce the heat
transfer within the material if its thermal conductivity is too low.

To sum up, a high thermal conductivity could be interesting for daily storage where short heating
phase duration is required. However, a low thermal conductivity could be adapted to long-term

storage where a slow and gradual regeneration phase may be sought.

5.2. Charging phase simulation
The charging phase began with the circulation of the heat transfer fluid to bring the heat into
the thermochemical reactor.

5.2.1. Heat transfer fluid temperature

In order to heat the ettringite material, the heat transfer fluid (hot water) entered the metal
tube at 60°C with a low velocity of 0.01 m/s, the heat spread quickly into the tube but the fluid
temperature near the metal tube (r = R1) had not reached uniformity even after two hours of heating
(Figure 10). This is explained by the fact that the heat was transferred from the fluid to the
cementitious material through the metal tube.
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Figure 10: Heat transfer fluid temperature evolution into the metal tube during charging phase

5.2.2. Temperature in the ettringite material

The temperature increase of the material (ettringite-based material) was very slow compared
to that of the heat exchanger fluid (Figure 11). The heat diffusion into the material was mainly in
the radial direction from the inner cylindrical wall (metal tube, R>) to the outer cylindrical wall (R3).
The latter was assumed adiabatic during the heating phase (Neumann boundary condition), so the
low material temperature near this zone (R3) even after two hours of heating was not related to heat
loss but was due to the fact that the heat from the heat exchanger fluid (hot water) had still not
reached the outer cylindrical wall. Furthermore, the slight drop in material temperature with the
length of the material was due to the residence time of the heat transfer fluid in the metal tube; in
fact, hot fluid moved into and out of the metal tube, at z = 0 and z = L, respectively, with a slow
velocity (v =0.01 m/s) (Figure 10).

Overall temperature uniformity throughout the reactor was not reached even after three days
(Figure 11). This was partially related to the low thermal conductivity of the cementitious material
(As = 0.084 W/(m.K)). To avoid this phenomenon, the thermal conductivity could be optimized by
improving the material formulation. High thermal conductivity would be efficient for daily storage
where a short duration of the heating phase is required. In contrast, low thermal conductivity would

be well suited to long-term storage, where slow and gradual phases would be preferable.
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Figure 11: Temperature evolution in the material during charging phase

5.2.3. Water vapour pressure in the ettringite material

Heating the initially saturated material generated water desorption in the ettringite material.
Water vapour moved outwards through the outer cylindrical face (Rs), causing the vapour pressure
to decrease over time (Figure 12). Figure 12 shows a decrease of the steam pressure with the radius
as the water vapour was evacuated to the outer face of the material (p (Rs, z, t) = po), while the inner
surface (metal tube) remained impermeable (R2). The heat was stored by endothermal desorption
and dehydration. Thus, the heat stored in the material was composed of physical desorption heat
and dehydration enthalpy when ettringite became metaettringite. This stored heat would be saved as
long as the thermochemical reactor was isolated from water vapour flux, and it could be discharged
either in the short term (daily, weekly storage) or long term (seasonal storage).
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Figure 12: Water vapour pressure evolution in the material during charging phase

5.3. Discharging phase simulation
The heat discharging period began with a radial humidification of the initially dry material.
This humidification stage was carried out by applying a high water vapour pressure on the outer

face of the material (Rs).

5.3.1. Water vapour pressure in the ettringite material

Water vapour diffused radially into the material porosity from the outside to the inside.
Figure 13 shows that the water vapour pressure in the material increased over time. The high steam
pressure applied to the outer surface (Rs3) tended to become uniform throughout the material over
time (Figure 13).The exothermic adsorption of water vapour on the ettringite material generated
gradual heat restitution. The storage generated was related to both physical and chemical processes.
Humidification first caused physical adsorption of capillary water (Van der Waals bonds) and
chemical rehydration of metaettringite to ettringite, by recovery of 18 water molecules per ettringite
formula. The amount of heat restored was related to the amount of water adsorbed. Thus, the
discharging phase can be controlled by controlling the humidification. This restitution phase could
also be carried out in several steps to meet the heating demand of buildings. Exhaustion of the

stored energy corresponded to the saturation of the material (maximal adsorption).
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Figure 13: Water vapour pressure evolution in the material during discharging phase

5.3.2. Temperature in the ettringite material

The temperature increase at the beginning of the discharging phase was due to the
exothermic adsorption of water vapour within the material (Figure 14). A temperature rise of 15K
was achieved on the material outer face (Rs) after 6 hours of hydration (Figure 14). Then there was
a temperature drop noted on the 3 day because the system had evacuated the released heat via the
continuous flow of cold heat transfer fluid (cold water) into the tube. This cooled the material
through the metal tube and allowed the released heat to be moved out of the thermochemical
reactor.

The spatial distribution of the temperature in the material was not uniform during this phase;
the temperature increased with the radius and the length. The heat of the material surrounding the
metal tube was transferred to the heat transfer fluid via the metal tube. During this phase, the heat
transfer fluid always entered the tube at room temperature 20°C (z = 0) and its temperature

increased by up to 8°C at the tube outlet.
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Figure 14: Temperature evolution in the material during discharging phase

5.3.3. Temperature in the metal tube

Figure 15 shows that the heat transfer fluid (cold water) used to recover the thermal energy
released always entered the tube at room temperature (20°C, z = 0). Then, as the fluid moved
slowly (v = 0.01 m/s) through the radial heat exchanger, its temperature increased with length to
reach an increase of 8°C at the thermochemical reactor outlet. This hot fluid, recovered during the
discharging phase, could be used for various applications in the building.
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Figure 15: Evolution of heat transfer fluid temperature in the metal tube during discharging

phase

The heat storage model, based on the mass and energy balance in thermochemical reactor
taking the specificities of cementitious materials into account, allowed the spatiotemporal behaviour
of the heat storage system to be predicted, knowing the material properties. Thus the results of this
numerical study not only provided better knowledge of the material behaviour but also determined
the optimal operating conditions for heat storage. This helped to build the thermochemical reaction
prototype for the heat storage tests in both the charging and discharging phases. Numerical and

experimental results were compared in order to validate the numerical results.

6. Prototype and experimental validation

6.1. Prototype description

The thermochemical reactor modelled and simulated was built in the laboratory. It was a
cylindrical adsorber 11 cm in diameter and 13 cm long, containing ettringite material with a central
metal tube 1 cm in diameter and 13 cm long (Figure 1). The cementitious material placed around
the tube was protected by a water- and vapour-tight PVC cylinder. The prototype was also
thermally insulated by a 10 cm thickness of glass wool and a thin layer of polystyrene at the
surface. The temperature and relative humidity sensors previously inserted into the material were

used to follow temperature and water vapour pressure in the reactor during the charging and
discharging phases (Figure 16).
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Figure 16: Position of the temperature sensors (T1 to T7) and relative humidity sensors (HRzto HR?) in the
thermochemical reactor
The positon of sensors in the thermochemical reactor and their characteristics are shown in
Figure 16 and Table 3, respectively. To store the solar heat, for example, (daily or seasonal storage),
it is necessary to connect the thermochemical reactor with a heat source (solar collector for
example) to charge it during the storage phase. However, during the discharging phase, a

humidification source was required to release heat.

Table 3: Sensor types and their uncertainty

Sensors Temperature range Uncertainty Position
Type K thermocouples 0-100°C + 0.5°C 1to7
Humidity sensors 0-100% RH 2-3% 3to7

To perform the storage tests in the laboratory, the reactor was connected to a heater (electric
water heater) and humidifier (bubbler) simulating heat charging and discharging, respectively
(Figure 17). These two devices (heater and humidifier) did not operate simultaneously. The heater
was only used during the charging phase, while the humidifier only hydrated the material during the
discharging phase. The set {reactor + heat source + source of moisture} formed the heat storage
system. The test bed installed in the laboratory could reproduce the storage system. It was
composed of a thermochemical reactor (adsorber), an electric water heater (heater), a bubbler

(humidifier), a nitrogen cylinder, and an acquisition module connected to a computer (Figure 17).
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6.2. Operation of prototype during charging phase

The heater was an electric water heater in which a coiled metal tube was immersed (Figure
18). This device was connected to the heat exchanger fluid (water) circuit upstream of the reactor.
The cold fluid circulated in the coiled tube to reach 60°C at the outlet of the heater, so it always
went into the metal tube of the reactor at 60°C. Thus the boundary condition for fluid temperature at
the metal tube inlet during the heating phase (Tt (r, 0, t) = 60°C), used in the simulation, was
satisfied. The fluid (water) circulated slowly (v = 0.01 m/s) in the tube to heat the material radially
through the metal tube. This heating step generated an endothermic reaction from the physical
desorption and the dehydration of ettringite to metaettringite. The energy of physical desorption and
that of the chemical dehydration were stored in the material.

During the charging period, the humidifier was not used. The stored heat was not recovered

until ettringite material was in contact with moisture (vapour or liquid).
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Figure 18: Operating diagram of the heater during the charging phase
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The operating conditions during the charging phase are shown in Table 4.

Table 4: Operating conditions of the thermochemical reactor for the charging phase

Charging phase
Velocity of the fluid in the tube 0.01 m/s
Fluid temperature at the tube inlet 60°C Boundary condition
Initial temperature in the material 20°C
Initial conditions
Initial relative humidity in the material 100%

To better simulate the real operating conditions of the reactor, it was necessary to cool the
reactor until it reached thermal equilibrium with the atmosphere, before beginning the heat

discharging phase.

6.3. Operation of prototype during discharging phase

After testing the prototype in the heating phase, its functioning in the destocking phase was
studied. The latter began with the humidification of the material using a bubbler (Figure 19). To
humidify the material in the discharging phase, moist nitrogen was used instead of moist air so as to
avoid the presence of CO», because ettringite can decompose over time by carbonation [22].

The nitrogen bottle was connected to the bubbler filled with liquid water, and nitrogen gas
under pressure passed through the bubbler at a rate of 2 I/min to be loaded with water vapour. It
then transported the vapour into the material through the outer face of the reactor (Rs). The presence

of the high relative humidity caused physical adsorption and rehydration of the material (Figure 19).

Humidified nitrogen
Nitrogen
e

Cold fluid Hot fluid

—_—

Bubbler
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Figure 19: Operating diagram of the humidifier during discharging phase
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The discharging phase test was performed using the operating conditions shown in Table 5.

Table 5: Operating conditions of the thermochemical reactor for the discharging phase

discharging phase
Humidified nitrogen flow 2 1/min
Velocity of the fluid in the tube 0.01 m/s
Fluid temperature at the tube inlet 20°C Boundary conditions
Relative humidity on the material outer face 100%
Initial temperature in the material 20°C Initial conditions
Initial relative humidity in the material 0%

6.4. Comparison of experimental and numerical results

To compare the numerical and experimental results, it was necessary to very similar

hygrothermal stresses in the numerical and experimental conditions. The operating conditions used

in the model were reproduced in the experiments during the storage cycle (Figure 20). The

temperature and relative humidity sensors placed in the material were used to measure the evolution

of state variables during charging and discharging of heat (Figure 16). These experimental results

were compared with those from the numerical simulation.
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Figure 20: Setpoint of heat transfer fluid temperature at the entrance of the metal tube (T1 setpoint) and relative

humidity setpoint at the outer face of the cementitious material (HRs setpoint)
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6.4.1. Charging phase

Type K thermocouples with an uncertainty of + 0.5°C were placed at the tube input and
output (z = 0 and z = L). The experimental evolution of the heat exchanger fluid (water)
temperature in the tube was compared to that from the numerical simulation (Figure 21).

As seen previously, the heat transfer fluid (water) was heated in order to satisfy the
temperature setpoint. The heater was connected to the thermochemical reactor to maintain a fluid
temperature of 60°C at the metal tube input (z = 0). Figure 21 shows that the fluid temperature at
the tube inlet was maintained at 60°C with a variation of + 1.5°C.
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Figure 21: Experimental and numerical variation of the fluid temperature during charging phase

Figure 21 shows similar shapes between the experimental and numerical curves. These
results indicate an overall agreement between experimental and numerical results, despite the noise
from periodic heating cycles of the heater and uncertainties of the sensors.

As expected, the temperature of the heat exchanger fluid at the thermochemical reactor
output (z = L) was less than 60°C as part of the heat was transferred to the cementitious material
through the metal tube. Similarly, thermocouples placed inside the cementitious material showed a
temperature rise in the material, so an increase in the amount of heat it contained heat (Figure 22).

It should be noted that it was difficult to obtain an experimental system that remained
perfectly adiabatic over time. Despite the thermal insulation of the outer side of the reactor (Ra),
some slight heat loss was observed. Moreover, the difference between the fluid temperature at the
tube inlet and outlet (about 2°C), observed after 3 days of heating, showed that the system was not

perfectly adiabatic even if heat losses were small (Figure 21).
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The variation of the temperature in the material placed around the metal tube, measured by
sensors 3 and 5 (Figure 16), is presented in Figure 22. Like the temperature of the fluid in the tube,
that of the cementitious material increased over time but with slower kinetics. As shown in Figure
22, thermal equilibrium was reached after 24 hours of heating. This was mainly due to the low
thermal conductivity (0.084 W/(m.K)) and thermal diffusivity (1.70.107 m?/s) of the cementitious
material.
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Figure 22: Experimental and numerical variation of the material temperature during charging phase

Figure 22 shows overall agreement between the model and experimental results, despite the
model kinetics being slightly higher in the short-term. Several parameters can explain these
differences: at the simulation level, they concern the measurement uncertainty on material
properties used as model parameters, and the modelling assumptions, and, at the experiment level,
they are the measurement uncertainties of sensors and devices, the homogeneity of the cementitious
material, and the thermal insulation efficiency.

The heating caused desorption of the initially saturated material. The capillary water in the
material porosity was desorbed first (physical bonds). Then ettringite was converted to
metaettringite by loss of 18 water molecules per ettringite formula (chemical bond). The initially
saturated material had become dry by the end of the heating phase. So, the stored energy was
derived from a combination of physical desorption and chemical dehydration process.

The charging phase ended when the electric heater and the fluid circulation were stopped. It
should be noted that the physical desorption was fast (capillary water) compared to the chemical
dehydration (18 water molecules per ettringite formula) [10].The stop criterion was not based on the

31



relative humidity, because the chemical desorption continued gradually. The choice of storage
duration (3 days of heating) was motivated by the fact that the 60°C isothermal heating for 3 days
was required to completely convert ettringite to metaettringite [10].

The charging phase was followed by a cooling phase (intermediate phase) in which the
sensible heat, which had raised the material temperature from room temperature (20°C) to the
temperature setpoint (60°C) was lost, and the thermochemical reactor reached thermal equilibrium
with its environment. To accelerate this cooling phase (intermediate phase), the fluid (cold water)
flowed through the tube at 20°C to cool the material for 3 days. The material temperature returned
to that of the test room (20°C). However, the heat from physical and chemical sorption remained

stored in the material as long as the material was isolated from water vapour (sealing).

6.4.2. Discharging phase

The discharging phase was initiated by the material humidification; the humidification valve
was connected to the bubbler, which was connected to the nitrogen cylinder. The flow of nitrogen
caused water vaporization in the bubbles and then the diffusion of water vapour molecules into the
material porosity. Therefore exothermic adsorption of water vapour was taking place in the

material. Figure 23 shows the evolution of water vapour pressure in the material.
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Figure 23: Experimental and numerical evolution of the vapour pressure during discharging phase
32



The heat from the physical adsorption and the chemical rehydration of the initially dry
material was recovered by means of the slow circulation (v = 0.01 m/s) of the heat transfer fluid
(cold water) in the tube. Thus, cold water always entered the metal tube at room temperature
(20°C), and was then heated by the material. This was used to move the released heat outside the
reactor.

Figure 24 shows an increase of the temperature of the material by as much as 12 K. The
shape of the graph (heat peak) is characteristic of exothermic adsorption. The peak of sorption heat
was actually a result of the synergy of physical adsorption and chemical hydration [10].

The phase shift of kinetics between the model and the experiment can be explained by the
fact that the manual humidification using the bubbler was not instantaneous (Figure 23 and Figure
24). The relative humidity setpoint at the material inlet (outer surface, r = R3) was not reached
rapidly, causing a delay of the experimental exothermic adsorption compared to that of the model,
where instantaneous humidification was assumed. The use of an automatic humidifier could avoid
the difference in Kinetics.

The maximum material temperature rise predicted by the model (13.4 K) was not achieved
during the discharging phase test (12 K). This can be explained by (a) the uncertainty on the
measurement of the properties, which reduced the model accuracy, and (b) the uncertainty on type

K thermocouple measurements.
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Figure 24: Experimental and numerical evolution of the material temperature during discharging phase
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6.4.3. Reversibility

Many cycles were performed to study the reversibility (material heating in oven and material
rehydration under water).

To assess the stability and durability of an ettringite matrix intended to be used as a storage
material for heat, the reversibility during several cycles of ettringite - metaettringite conversion
were investigated under the operational conditions of heat storage. The mass variation of heat-
stored material over time was followed by weighing 3 specimens during a complete cycle
(dehydration phase at 60°C and rehydration phase at 20°C). Isothermal conditions at 60°C and 20°C
were met during the dehydration and rehydration phases, respectively. Isothermal dehydration at
60°C for 3 days led to a sudden fall in the material mass until 25% had been lost, which was an
invariant level even if the heating period was extended.

The cycle of drying (heat charge for 3 days) and wetting (heat discharge during 3 days) was
repeated several times in order to check the long-term reversibility of ettringite — metaettringite
conversion. The results for 7 cycles of heat storage (42 days), show that 98% of the initial mass was
recovered at the last cycle. The reversibility of the reaction seemed to be established. These results
confirm that the topotactic conversion ettringite/metaettringite was reversible over several cycles

and, consequently, the energy density of the material should not decrease over time.

6.4.4. Total energy balance of the system

The stored heat and released heat were calculated from the amount of desorbed water and
adsorbed water, respectively, according to equation 18.

AE = —(1 — &)AH(G(tp) — §(ty) (19)

with q(t;) the spatial average of the amount of water in the cementitious material at the
beginning of the phase (kg/m3maeriat) , q(t¢) the spatial average of the amount of water in the
cementitious material at the end of the phase (Kg/m? mageriat), ti the initial time of the phase, and t; the
final time of the phase.

Weighing the material before and after the charging phase allowed the amount of water
desorbed or adsorbed to be deduced and the amount of stored heat to be calculated according to
equation 18. Similarly, the heat released during the discharging phase was determined from the

amount of water adsorbed, again according to equation 19.
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Table 6: Stored heat and released heat

Charging phase Discharging phase

Energy stored or released

AE (kWh/m?3)

138 kWh/m?3 61 kWh/m3

The theoretical maximum amount of heat stored in the material corresponded to the water
adsorbed at full saturation (degree of saturation S = 1). It was calculated from Equation 18 and was
equal to 170 kwWh/m3, while the real amount of energy stored during the charging phase in the

prototype was 138 kWh/m? or 81% of its optimum capacity (

Table 6). This could be due to the inhomogeneity of heating in the material, the low thermal
conductivity and diffusion of the material, and probably heat loss in the reactor.

The heat released reached 61 kWh/m? in the discharging phase, indicating an efficiency of
44% compared to the heat stored. However with this prototype, the amount of desorbed water is
higher than that of adsorbed water. If the adsorption continue until 42 days (this prototype with
same size), all heat (stored) will be released, but will a very low power.

In charging phase: the heating caused desorption of the initially saturated material. The
capillary water in the material porosity was desorbed first (physical bonds). Then ettringite was
converted to metaettringite by loss of 18 water molecules per ettringite formula (chemical bond).
The initially saturated material had become entirely dry by the end of the heating phase. So, the
stored energy was derived from a combination of physical desorption and chemical dehydration
process.

The discharging phase was initiated by the material humidification; the humidification valve
was connected to the bubbler, which was connected to the nitrogen cylinder. The flow of nitrogen
caused water vaporization in the bubbles and then the diffusion of water vapour molecules into the
material porosity. Therefore exothermic adsorption of water vapour was taking place in the
material. The hydration caused the conversion of metaettringite to ettringite. But the saturation was
not reached in 3 days (it takes more days to reach full saturation with this prototype). In addition to
this, there was some heat loss in the prototype despite the thermal insulation.

The system of heat exchange between the heat transfer fluid and the material was not

optimal in this prototype. A coiled metal tube or finned tube would increase the material - fluid
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exchange surface and so the energy performance. Changing from the axial tube to a coiled or finned
tube in the thermochemical reactor could be a solution to increase the energy yield with a small-
scale prototype (daily storage), but would lead to additional equipment costs, construction
difficulties and problems of homogeneity in the material for a large-scale system (seasonal storage).

Another option may be considered: the recovery of heat directly inside the material via gas
circulation, instead of the use of the axial metal tube. This option seems to be a suitable solution at
both small and large scale, and could be integrated in the controlled mechanical ventilation system

of buildings as a secondary heating system.

7. Conclusion

The energy and mass balance in the thermochemical reactor with ettringite material
generated a system of nonlinear and coupled differential equations. This system was solved by
spatial discretization using a second-order finite difference scheme then time integration using the
Gear method. The simulation model using the properties of ettringite material, during the charging
and discharging phases, predicted the spatial distribution of temperature and water vapour pressure
in the cylindrical thermochemical reactor, and the temporal evolution of these variables, describing
the reactor dynamic behaviour during a complete cycle of heat storage.

The results of this numerical study give a better understanding of the behaviour of the
material in the thermochemical reactor, and also enable the operating conditions of the heat storage
(range of temperature and pressure) to be predicted. These results can be considered as a design
study for the construction of an experimental prototype reactor with ettringite material. The
complete heat storage cycle was performed using a test bed installed in the laboratory. The release
of stored heat reached 61 kWh/m? in the discharging phase, or a yield of 44% compared to the heat
that initially entered the system.

The comparison between experimental and model results showed overall agreement, despite
differences in the pressure or temperature, probably related to measurement uncertainties and
experimental conditions. So the heat storage test with the thermochemical reactor prototype
validated the numerical simulation and served as a proof of concept. To improve the heat
performance of the reactor, a prototype without the metal tube will be studied, in which only one
gas will be used as the heat transfer fluid (charge) and the humidifying fluid (discharge).
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