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GENERAL INTRODUCTION

1.1 Energy problem

Increasing the use of renewable energy sources is among the main topics under
investigation all over the world, because of climate change and depletion of fossil
fuel resources. According to the International Energy Agency (IEA), the building
sector is responsible for 24 % of the world’s total CO, emission, and is the largest
consumer of energy, accounting for approximately 40 % of the world’s total pri-
mary energy consumption !, of which 75% is used for space heating and domes-
tic water heating?. Therefore, a significant potential to reduce green house gas
emissions exists by replacing fossil fuel by renewable energy in this sector. En-
ergy storage is a key step to shift to renewable energy sources, which are inher-
ently intermittent. Solar energy, as one of the most exploitable renewable energy
sources, is available more than required in residential houses during summer,
while during winter, it is insufficient to meet the heating demand.
shows the mismatch between solar irradiation and heat demand (gas consump-
tion). A solution is to store excess of solar thermal energy in summer using a
so-called thermal battery, which can be discharged to provide heat for the resi-
dential demand in winter l.

1.2 Thermochemical heat storage

Thermal storage technologies suitable for building applications are classified in
three categories based on the storage principle used: sensible, latent and ther-
mochemical heat storagel®l. The latter option is a promising method with a
potentially high energy storage density”l, since heat can be stored in a com-
pact and quasi loss-free way over a long timel®l by utilizing thermochemical
materials (TCMs). In the thermochemical heat storage process, heat is stored
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Figure 1.1: Solar irradiation per square meter ¥l (average from year 1977 to 2015) and gas
consumption ! (average from year 2010 to 2015) in the Netherlands.

into an endothermal dissociation reaction, splitting the thermochemical mate-
rial into two components (charging). At a later time, the energy can be re-
trieved from the reverse exothermal recombination reaction between the two
components (discharging). A reversible chemical gas-solid reaction can be em-
ployed, that involves a solid state TCM as sorbent (A), according to the reaction
A(s) + B(g) <+ AB(s) + heat. Water vapor is mostly used as sorbate (B) in such
systems for application in the built environment.

A schematic view of a typical thermochemical heat storage system is shown in
Heat generated by a solar collector during summer (charging season)
can be employed to desorb water from the material. Solar irradiation is converted
into heat in a solar thermal collector, and used to heat up air. The air flow sup-
plies heat to the reactor to charge the TCM, where sorbate (e.g. water vapor) is
desorbed from the TCM and is drained to the ambient. The energy stored in this
way can be retrieved during winter (discharging season) by introducing water
vapor to the dehydrated material. Air from the ambient is directed through a
humidifier (e.g. bubble column) and then to the reactor to react with the TCM.
In a practical real system with application in the built environment, the moisture
content of the air may be increased by additional evaporation of water using heat
from a low temperature heat source such as a borehole[?). Released heat in the re-
actor is transferred out of the reactor by the air flow. In the heat exchanger placed
after the reactor, the heat in the air flow is transferred to the heat transfer fluid in
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Figure 1.2: Schematic representation of a typical open thermochemical heat storage sys-
tem.

demand
‘_

the heating system (demand side).

1.3 Multi-level approach

The current lack of technological advancement in thermochemical heat storage
systems can be described on three levels: material, reactor and system. Most
of the research on heat storage is devoted to only one of these levels. However
in order to overcome technological immaturities and to develop an optimized
thermochemical heat storage system, simultaneous investigation on all levels is
required. In this work, a multi-level approach is used to investigate the possibili-
ties for thermochemical heat storage in the built environment.

1.3.1 System

In literature, both open and closed systems are investigated for long-term thermal
storage of solar energy ™. In an open system, both sorbate and energy are ex-
changed between the system and the environment, while in a closed system, only
energy is exchanged between the system and the surrounding environment. In
this work, an open system is considered, because the open system concept seems
more promising for seasonal heat storage because of robustness and low cost 11!,
An open sorption seasonal heat storage system for application in the built en-
vironment generally consists of a solar collector as the heat source, a borehole
system as the humidifier, a sorption reactor for long term energy storage and a
water vessel for short term energy storage to provide peaks in heating demand.
In such a system, air is usually used as the carrier gas to carry water vapor as the
sorbate into the reactor, and to transfer the released heat from the reactor to the
load by convection. Since the amount of water vapor in air (or any other gas) is
limited by the saturation humidity, the temperature step obtained in the reactor
is limited due to the thermal mass of the airflow to be heated. In case of the built
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environment, the highest possible inlet water vapor pressure is 13mbar (being the
saturation water vapor pressure at 10°C, which is a typical borehole temperature
in the Dutch climate!). This can lead to a temperature lift of around 20°C from
a system based on zeolite. In order to cover the domestic hot water demand in a
house, it is necessary to improve the system to be able to achieve higher temper-
atures.

Developing efficient operating conditions and strategies is another important
aspect to be studied, specially for the the discharging process. Inefficiency in
the charging process leads to an additional need of solar thermal energy during
summer, which can simply be solved by using more solar collectors. However,
inefficiency in the discharging process leads to shortage of the stored heat during
winter. To solve this, more storage volume is required, which is critical. There-
fore, more attention is given to the discharge process, in this work.

1.3.2 Reactor

The most important part of the seasonal sorption heat storage system is the re-
actor in which the material reacts with water vapor taken from humidified air.
In this work, a packed bed reactor design is chosen, which is advantageous be-
cause of the low need of auxiliary energy in comparison with other types of reac-
tors such as fluidized bed or screw reactors!2l. However, a disadvantage of the
packed bed reactor design is the risk of formation of non-reactive zones, leading
to a lower energy storage density. Therefore, in order to achieve a high efficiency
of the thermochemical heat storage system, the reactor should be optimally de-
signed for the intended reaction and operational conditions; which requires an
in-depth understanding of the physical processes inside the reactor.

1.3.3 Material

An interesting storage material should be low-cost, non-toxic, non-corrosive and
stable with fast reaction kinetics and high energy storage density!!3l. For low
temperature thermochemical heat storage !, adsorption of water vapor on adsor-
bents 4], such as zeolite and silica gel, and hydration of salt hydrates3, such
as calcium chloride and strontium bromide, are frequently studied. In this work,
zeolite 13X is used, in those places where the focus is on reactor or system perfor-
mance. Although zeolite is too expensive (1-3 €/kg!l) to be used in a full scale
seasonal heat storage system, it is still a good candidate to be used in scientific
studies because of its well-known properties and high stability 17,

!t is noted that the physical phenomenon of fixation or capture of sorbate (e.g. water vapor) by
sorbent (e.g. zeolite) is defined under the term "adsorption" or "physi-sorption", where the sorption
energy is typically related to the weak intermolecular forces (Van der Waals forces) and to hydro-
gen bonding and no activation energy is required. The term "thermochemical" refers to the "chemi-
sorption”, where stronger covalent bonding is involved 181, However the expressions "thermochem-
ical" and "sorption" are used interchangeably by authors®l. Throughout this work, the term "ther-
mochemical" is used also for the physi-sorption of zeolite, even though the process is not based on a
chemical reaction, but on a physical ad /desorption reaction.
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As mentioned, for a full scale seasonal heat storage in the built environment,
other materials, such as salt hydrates, should be used. However, for salt hy-
drates, such as calcium chloride, the stability of the material is a serious concern.
Therefore, in the material chapter, specific attention is given to the stability of the
material, and attempts have been made to improve this stability. The effect of
these stabilization methods on the performance of the material, such as kinetics
and energy density, is investigated.

1.4 Objectives and outline

In order to develop an efficient thermochemical storage system with sufficient
thermal power output, it is necessary to investigate the aforementioned levels in
detail. The focus is on long-term thermal storage, utilizing thermochemical mate-
rials in an open system concept employing a packed bed reactor design. The main
objective is to investigate the possibilities for thermochemical heat storage in the
built environment. To that end, a multi-scale study is done to gain deeper insight
into the material, reactor and system level. The following research questions are
specifically addressed:

1. What are the key role playing parameters at the different levels?

2. How can the material be stabilized in an effective way? How are the kinetics
and enthalpy of the reaction affected by the stabilization methods?

3. What are the effective phenomena determining the energy storage density
of the reactor? How large are their effects and how can they be avoided?

4. How can the required temperature for the domestic demand from the sys-
tem be achieved? How can the efficiency of the system be improved?

5. How can the thermochemical heat storage system be up-scaled in an effec-
tive way?

In a multi-level approach is described, in order to investigate the
performance of the different levels (i.e. material, reactor and system). For this
study a lab-scale test setup is realized and modelled numerically. By employing
the validated model, predictions can be made for the dynamic thermal perfor-
mance of a thermochemical heat storage system. Based on this primary study,
the focus points which need to be visited on each level, will be established.

In investigation on the material level is performed. Specific atten-
tion is given to the stability of the material and the effects of stabilization methods
on the performance of the material, such as kinetics and energy density. Calcium
chloride hydrate, as a promising TCM, is tested in pure form, encapsulated in an
inert material and impregnated in porous matrices. Samples of approximately
10 mg of the materials are tested in a TGA-DSC apparatus, in order to evaluate
stability, cyclability, kinetics and energy density.
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In[chapter 4] investigation on the reactor level is performed. A detailed model
of the transport phenomena occurring in the reactor, as the main part of the heat
storage system, is developed, in order to evaluate the performance of the reac-
tor. An efficient design for a large-scale thermochemical heat storage reactor is
discussed.

In[chapter 5 investigation on the system level is performed. A complete sys-
tem setup consisting of all the components is realized and studied. For further
studies on a complete thermochemical heat storage system, the simple reactor
model presented in|chapter 2]is combined with models for other parts of the sys-
tem. Such a complete system model is employed to improve the system, in order
to enable it for application in the built environment.

In [chapter 6] the thermochemical heat storage system is up-scaled, and a pi-
lot setup is designed and realized. The detailed knowledge gained in previous
chapters on all the levels is applied to realize the pilot setup. The performance of
the pilot setup is evaluated by experiments.

In conclusions are drawn on the performance of thermochemical
heat storage systems on all three levels and recommendations for further research
are given.



L MULTI-LEVEL APPROACH

2.1 Introduction

As explained in the introduction, the investigation in this work is on three levels:
material, reactor and system. A multi-level study on thermochemical heat storage
is carried out in order to investigate the effect of the different levels on the global
performance of the system. A feasible thermochemical heat storage system has
to meet certain requirements regarding its global performance. Some indicators
of the global performance of the system are for example thermal power output,
energy storage density and efficiency. These indicators are strongly dependent
on behaviour and specifications of different components of the system, such as
material characteristics and reactor design.

Analysis on global performance of the system needs to be performed, in or-
der to find the key parameters. For instance, Michel et al. (2014)1] investigated
closed and open thermochemical heat storage systems, and claimed that the mass
transfer is the main limitation for the global performance of the open system, es-
pecially for reactors with large energy capacities. Therefore, the mass transfer
phenomena occurring locally in the reactor, and hence the material reaction, are
critical parameters effective on the global performance of the system. To study the
effects of such local behaviours on the global performance of the system, a model
is required. Such a model provides better understanding of the phenomena oc-
curring in the system, and specifically inside the reactor as the most important
part of the system.

In literature, models are developed for sorption heat storage reactors using ze-
olite as TCM for various types of applications. Sun et al. (1995) ! first introduced
a one dimensional model for the heat pump process, and further developed this

This chapter is based on: M. Gaeini, H.A. Zondag, and C.C.M. Rindt, Effect of kinetics on the
thermal performance of a sorption heat storage reactor, Applied Thermal Engineering, 102, 520-531,
2016.
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model into a two dimensional model 2. This model is employed and developed
further for other closed systems; for example, for an automobile waste heat ad-
sorption cooling system 2], and for a sorption energy storage system for heating
in buildings!??l. An extensive experimental and numerical investigation on the
water vapor adsorption in zeolite 13X in an open system is performed by Mette
et al. (2014)23 1In all the mentioned investigations, it is found that the heat and
mass transfer mechanisms occurring in the material bed are strongly coupled.
This confirms the importance of developing a validated numerical model, which
allows an in-depth understanding of the heat and mass transport phenomena in
the reactor. The numerical model is an excellent basis for the design of the ther-
mochemical heat storage reactor. In addition, the model can be used as a tool to
study the dynamic behavior of the sorption process for different operating con-
ditions.

In the above-mentioned models, local thermal equilibrium is assumed be-
tween the solid and gas phases. However, the phases are not in mass trans-
fer equilibrium, and the local vapor transport between the phases is considered
through reaction models. Rigorous Chemical Potential Driving Force (CPDF)
models, such as the Fickian Diffusion (FD) model, can be used for analysing ad-
sorbate transport within an adsorbent particle, in order to estimate the material
reaction rate. In literature, comprehensive kinetic models have been developed to
take into account the fundamental features of solid-state reactions at grain scale,
but these models are quite cumbersome to handle at a continuum-scale?4. In
addition, the details of the performance calculation by such models, describing
the local rates of adsorption at the particle scale, are often lost during up-scaling
to process scale. Ahn and Lee (2004)12% studied the effect of capillary condensa-
tion on adsorption and thermal desorption of water in zeolite 13X, by considering
an elaborate model for the equilibrium amount of adsorbed water. Dawoud et al.
(2007) 8l developed a non-isothermal model for adsorption of water vapor into a
consolidated zeolite layer and studied the temperature dependence of the micro-
pore diffusion. In all the mentioned works, a Linear Driving Force (LDF) model
is used as the kinetics model. The LDF model with a lumped mass transfer co-
efficient, is frequently used for practical analysis of the dynamics of adsorptive
processes?/l, because it is simple, analytical, and physically consistent/?8l. The
LDF model is used here to express the kinetics of the water adsorption reaction
into the material.

In this chapter, a lab-scale test setup is used as a proof-of-principle to study the
concept for application in the built environment. The test setup is an open sys-
tem working with a packed bed reactor filled with zeolite 13X as TCM. A model
is developed for the transport phenomena occurring in the packed bed thermo-
chemical reactor. The model incorporates the kinetics, isotherms and enthalpy
of the water adsorption reaction into the material. The heat losses from the side
wall of the reactor are considered by heat resistances in radial direction (quasi
2D). The model is validated by experimental results from the lab-scale test setup.
The numerical and experimental results are used to calculate the heat fluxes in
the reactor and are compared to evaluate the thermal performance of the system.
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The model is used to investigate the performance of the material, of the reactor
and of the system. The study concludes with recommendations for each level,
acting as a basis for the investigations in the next chapters.

2.2 Lab-scale reactor setup

A lab-scale reactor is realized to work as a sorption heat storage system, work-
ing with water vapor adsorption on Zeolite 13X. The used zeolite 13XBF (CWK
Chemiewerk Bad Kostritz GmbH [2l) consists of spherical beads with an average
diameter of 2mm. A schematic view of the setup is shown in[Figure 2.1}

The inflow of the reactor is prepared in a controlled way, with respect to hu-
midity and flow rate, by means of the GFC (Gas Flow Controller) and CEM (Con-
trolled Evaporator Mixer). For hydration, air flow passes through the CEM where
the air is mixed with the water flow coming from the water vessel regulated by
a LFC (Liquid Flow Controller). For dehydration, an almost dry air flow passes
through a heater, simulating the heat source ( e.g. a solar collector), heating up
the air to 180°C to dehydrate the material.

LFC ‘

>‘ ‘ O -
Water supply i

g RH sensor

Cooling circuit

Compressor y y
==
GFC

Heater

Figure 2.1: Schematic view of the lab-scale reactor setup

The reactor is a cylindrical tube, with an inner shell made of Teflon, because of
its low thermal conductivity, and an outer shell made of stainless steel. In addi-
tion, a layer of glass wool insulation is used around the reactor in order to reduce
the heat loss. The air flow enters the reactor from the top and leaves the reactor
at the bottom. The zeolite is placed on top of a filter at the bottom of the reac-
tor. The positions of the 17 thermocouples attached to the reactor are shown in
Temperature is measured with thermocouples placed at the inlet (T},;)
and outlet (T,y¢) of the reactor. Temperature is measured at five different heights
numbered from 1 to 5 (h = 90;70; 50; 30; 10mm), and three radii in the middle of
the bed named M (v = Omm), at the inside surface of the reactor body named B
(r = 35mm) and at the outside surface of the stainless steel reactor wall named W
(r = 52.5mm). Temperature and humidity at the outflow of the reactor is mon-
itored by a humidity-temperature sensor. Since large errors in the absolute hu-
midity can occur on low relative humidity measurements at high temperatures,
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the sensor is positioned after a chiller that cools down the outflow, by which the
relative humidity rises and, therefore, the absolute humidity can be determined
more accurately. Properties of the adsorbent Zeolite 13X, characteristics of the
reactor, and the operational conditions of the adsorption experiment are listed in

v
TIN
L]
BalMg Wy
PB2tiMp 7 W2
PBat M3 7N Ws
*BygtMy o tWy
e Bg Mg 7, LA
. insulation
T
o teflon
stainless steel
outlet
v

Figure 2.2: Schematic of the reactor with the position of the thermocouples located at five
different heights (1-5) and in the middle of the bed (M), inside wall of the reactor body (B)
and at the outside wall (W)

property value [unit]
Bed porosity (ep) 041[-]
particle density (op) 1150 [kg/m®]

particle heat capacity (Cps)
particle thermal conductivity (As)

880 [//Kg.K]
0.4 [W/m.K]

Bed height (H)

Reactor inner diameter (D)
Teflon layer thickness (t1f)
Wall thickness (fss)
Insulation thickness (t;;,5)

0.12 [m]
0.07 [m]
0.075 [m]
0.01 [m]
0.03 [m]

Air flow rate (¢)
inlet water concentration (c;;;)
Ambient temperature (Ty,;,;)

0.001 [m3/s]
0.3 [mol /m3]
21.5[°C]

Table 2.1: Properties of the adsorbent Zeolite 13XBFK 23] characteristics of the reactor,
and operational conditions.

10



Multi-level Approach

2.3 Water uptake of material

In this section, the hydration reaction of zeolite 13X is studied and modelled by
the LDF model. In addition, the equilibrium isotherms and enthalpy of the reac-
tion are investigated.

2.3.1 Kinetics model

For many adsorption systems, the diffusion-controlled kinetics may be satis-
factory represented by the LDF approximation, first introduced by Glueckauf
(1955)130;

d
d% = kipF(9eq — q) 2.1)

where g and g, are the adsorbed and equilibrium loading of water in solid
phase per kilograms of dry zeolite, and k;pr is the LDF kinetics coefficient. In
real adsorption systems, several mass transfer resistances affect the overall kinet-
ics. The resulting kinetics coefficient k; pr [s‘l] is a lumped parameter that con-

siders the external film resistance, the macropore resistance and the micropore

resistance P11
-1
d 2
kLpr = ( Ly L ) (2.2)

@ 60€b5p

The first term on the right hand side represents the mass transfer resistance in
the external film of fluid around the particle. The mass transfer coefficient in the
external film, k¢, can be obtained from the Sherwood number expressed by Wakao
and Funazkri (1978)B2 in the range of Reynolds numbers from about 3 to 10000.
However the dominant mass transfer resistance for the water vapor adsorption
of zeolite 13X is the macropore diffusion resistance P!l presented by the second

term on the right hand side of the equation above, in which dp is given by 3l
1/1  1\"
el (L) o5

where T is tortuosity, and dp, )1 and Jx are the macropore, molecular and
Knudsen diffusivity, respectively. The molecular diffusivity for the binary gas
mixture of air and water can be evaluated by Chapman-Enskog (1970) theory ¥4,
and the Knudsen diffusion by the kinetic theory 3],

The above mentioned kinetics coefficient k7 pr is usually only temperature de-
pendent, however in some types of zeolite it is also concentration dependent .
The concentration dependency of the kinetics arises mainly from the thermody-
namics correction factor; calculations by the corrected coefficient lead to better
results 1
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0pRT e ) h (2.4)

kipr = kLDF ( e apo

2.3.2 Equilibrium isotherms

Based on IUPAC classification, six isotherm shapes were identified for adsorp-
tion in solids®?l. The adsorption of water vapor on zeolite 13X at low water
vapor pressure behaves as type 17, where the equilibrium loading of water in
the adsorbed phase on zeolite, geq, is an exponential function of the water con-
centration in the gas phase. It can be expressed with the Langmuir (n = 1) or
Langmuir-Freundlich (n # 1) isotherms:

_ qmax(bpv)l/n

qeq - 1 + (va)l/"

where g4y is the maximum amount of adsorbed water in high water vapor

pressures, p; is the partial pressure of water vapor, and b and n are temperature-
dependent parameters, which can be described as follows [38].

(2.5)

b = bpexp <1§7€0(T0/T — 1)) (2.6)
1 1
—= n—0+a(1—To/T) 27)

where Tj is the reference temperature (that is assumed to be 273.15 K in this
work), and by and ng are the adsorption affinity constant and exponent constant
at the reference temperature, respectively. AE is the activation energy for desorp-
tion.

Experimental information about the water uptake on zeolite 13XBFK is pro-
vided by the manufacturer at temperatures of 25, 80 and 95°C. The Lang-
muir and Langmuir-Freundlich equations are fitted to the experimental data and
the model parameters are extracted. Results are presented in Mette
et al. (2014)B3l approximated the adsorption equilibrium water loading using
the Dubinin-Astakhov equation which is based on the micro-pore filling the-
ory of Polanyi®l. The comparison between the experimental data, Langmuir-
Freundlich and Dubinin-Astakhov fit is shown in[Figure 2.3} The isotherm model
with the obtained fitting parameters is generalized for all temperatures and is
implemented in the model.

2.3.3 Enthalpy of reaction

By using the van’t Hoff equation, a concentration dependent form of the adsorp-
tion enthalpy can be obtained as follows [%8l:

12
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Figure 2.3: Zeolite 13X water uptake isotherms for temperature of 25°C, 80°C and 95°C;
experimental data (dots), Langmuir-Freundlich fitted curves (solid lines) and Dubinin-
Astakhov fitted curves (dash lines).

parameter Langmuir Langmuir-Freundlich
Gmax [mol/kg] 16 19

bo [1/ Pa] 1.730 4.002

AE[]/mol] 51800 65572

no [-] 1 2.976

a[-] 0 0.377

Table 2.2: parameters of the Langmuir and Langmuir-Freundlich equilibrium models for
adsorption of water vapor on zeolite 13X

AH = AE — (aRTp)n*In <‘7> 2.8)
Gmax — 4

In temperature dependency of the maximum loading (§mayx) is
assumed to be negligible. The adsorption enthalpy for the Langmuir-Freundlich

isotherm (Table 2.2) is calculated and is presented in As can be seen,

the adsorption heat decreases with water loading. The Langmuir-Freundlich
isotherm model, despite having the correct finite capacity at sufficiently large
pressures, is applicable only in the intermediate range of water loading (0 < g <

Qmax)~

13
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Figure 2.4: Adsorption enthalpy at different water loadings for zeolite 13XBF.

2.4 Transport phenomena in reactor

In this section, a non-isothermal and non-adiabatic model including mass and
energy transfer equations is developed, to study the thermal performance of the
reactor. The equations in the model which describe the dynamics of the system
are formulated under the following assumptions: (a) the flow in the reactor can
be described by an axially dispersed plug flow model®%; (b) heat transfer in
radial direction through the bed and the reactor walls can be modeled as a one-
dimensional resistance model; (c) the gas phase behaves as an ideal gas and is in
thermal equilibrium with the solid phase; (d) the adsorbent beads have identical
characterizations and the bed properties are uniform. The temperature distribu-
tion problem is determined by two PDEs, one for the bed temperature (T},) and
the other one for the reactor wall temperature (Tr), connected by heat resistances.
An schematic view of the model is shown in[Figure 2.5 The bed and wall temper-
atures are solved in the nodal points in axial direction and are in contact through
the resistances in radial direction.

By considering these assumptions, the governing heat and mass balances can
be written by a set of PDEs along the vertical axial coordinate (z) and the time (t).
The velocity can be evaluated based on u = ¢/ A, where ¢ and A are the gas flow
rate and cross-sectional area of the bed.

The water mass balance is expressed based on the water vapor concentration,

ac ac 9%c dq
€b§+M£—DZ£+(1—€h)ppE =0 (29)

where ¢;, is the bed porosity, p, is the particle density, g is the averaged amount
of adsorbed water per kg of zeolite and D, the axial dispersion coefficient, which
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Figure 2.5: Schematic of the 1D model in axial direction with the heat resistances in radial
direction (quasi 2D model) for the reactor shown in[Figure 2.2

can be calculated based on the Peclet number:

Here Peclet number based on axial dispersion coefficient Pe, is derived from
Gunn’s correlation B0,

The energy balance in the bed is given based on the bed temperature (temper-
ature of the gas and solid phases in the bed), T:

___ 9T, oT,, 02T,
PCPoy +PsCrat 5~ Aerr5n
dq 4 (T, —Tr) _

The effective thermal conductivity in axial direction, A.fs, can be estimated by

the model of Zehner and Schliinder !l which is satisfactory over a broad range of
solid-to-fluid thermal conductivities and solid fractions, as follows:

Aeff 2y/1—¢, ((1-1/B)B, B, B+1 B-1
=1-+1- In(%) — -
A Vi-e+ T ((1—3/;3)2 ()= 1—B/[3)
(2.12)
with B the shape factor which for spherical particles can be approximated as

10/9
B=1.25 (17617) and B = A,/ A the particle to gas heat conductivity ratio.

€p

The overall volumetric heat capacity, pCp, consists of several terms as shown
in[Equation 2.13} which are the heat capacity of the air in the bed voids (first term),
the heat capacity of the air in the beads pores (second term), the heat capacity of
the solid (third term) and the heat capacity of the adsorbed water (fourth term).
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It is dominated by the third and forth terms because of the higher density of the
solid phase compared to the gas phase.

PTP = ethCP,g +(1- €h>€pPgCP,g
+ (1 —ep)ppCpyp + (1 = €)ppqCrpoMo  (2.13)

In[Equation 2.11} the last term represents the heat loss from the inside reactor
wall, at inner diameter of the reactor d;, per unit of reactor volume. The heat loss
through the reactor wall is modeled by considering wall temperature (1) and the
thermal mass of the reactor wall in another energy balance for the reactor wall:

oT. o°T, T, — T Tg — T,
pRCP,RTtR . /\SS azzR _ ( ;J{iARR) . ( RROA;mh> (214)
in which d; and d, refer to the inner and outer diameters of the reactor, R; and
R, represent the heat resistances at the inner and outer sides of the wall, and A is
the cross-sectional area of the body of the reactor wall. The heat resistance at the
inner side of the wall (R;) is a summation of the convective heat resistance at the
inside wall and the conductive heat resistance in the teflon layer (R; = Reopd ref +

Reonv), see According to Ahn et al. (42 considering heat transfer in a
packed bed, the relation between the Nusselt number and the Reynolds number
is assumed to be similar as the case of heat transfer of flow in a circular tube. In
this model, the convective heat resistance at the inside wall is calculated using

the Nusselt number relation presented in[Equation 2.15

Nupp = 0.309Re%S, Pr (2.15)

where the Reynolds number in the porous medium is defined as Repy =
dpupg/pg(1 — €p) and Pr is the Prandtl number. The heat resistance at the outer
side of the wall (R,) is mainly determined by the conductive heat resistance of
the insulation layer. The convective heat resistance at the outside surface of the
insulation layer is neglected (Ry = Reopd,ins)-

2.5 Energy balance of system

The energy flows which contribute to the heat balance are shown in
The energy produced during the adsorption (Pe,ction) is partly consumed to heat
up the material inside the reactor itself (Pyeysipre), and the rest leaves the reactor
by means of air flow through the reactor (Peypection) OF is lost from the bed to the
reactor body (Pj.s). The net energy theoretically should be zero, thus the heat
balance is:

Pconvection — Preaction + Psensihle =+ Ploss =0 (2-16)

The abovementioned energy flows can be calculated by the equations pre-
sented in for the experimental and numerical results. The convection
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Figure 2.6: Schematic view of the energy flows in the reactor (shown in [Figure 2.2).

term (first term in [Table 2.3) in the reactor is calculated as the difference be-
tween the convective heat transfer by the outflow and inflow air, which are cal-
culated based on the flow rate and the temperature of the outlet (To,) and in-
let (T;;,) of the reactor (second and third terms in TaE!e 2.3), respectively. The
thermal power produced by the reaction (fourth term in the [Table 2.3) is cal-
culated based on the experimentally measured water accumulation in the reac-
tor ((11y iy — Mo0ut) / My), and based on the numerically calculated reaction rate
(dq/dt) integrated over the entire length of the bed (L). The stored sensible heat
in the bed (fifth term in[Table 2.3) is calculated based on the time derivative of the
bed temperature integrated over the whole length of the bed. To determine the
experimental value of this term, it is assumed that in each of the bed segments
(i =1,2,..5) the bed temperature is equal to the measured temperature at the cen-
ter of the bed at the thermocouple positions M1-5. The thermal loss power (sixth
term in is calculated based on the temperature difference between the
inside and outside wall of the reactor, and the heat resistance of the wall (R) in-
tegrated over the entire length of the bed. The calculated heat flows over time
based on the numerical and experimental results are shown in The
total produced or consumed powers are integrated during the entire process time
and the resulting energies are presented in

2.6 Model validation
The complete model as presented insection 2.4} is developed and solved in COM-

SOL Multiphysics, which is a Finite Element Method (FEM) based program. The
final set of equations consists of four PDEs:
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# term experimental numerical
1 Pconvection Puir,out - Puir,in Puir,out - Puir,in
2 Pﬂir,out (mﬂ CP,H + mU,OlthP,v)Tout (PairCP,u + CoutMvCP,vM)a Tout
3 Pﬂir,in (ma CP,a + mv,in CP,v) Tin (pllCP,a + Cin MvCP,v)¢u Tin
mv in 777’7),014 H d
4 Progction Huin oot AH Jo  prApyAH S dz
S ——  ATw H—=—dT,
5 Pesiie L pCrAsSgtAL Jo' pCpGtdz
i=
5
6 Pios y, Tuglw AL Jo' Bgedz
i=1

Table 2.3: equations of energy flows in the reactor

. for modeling the water concentration in the gas phase (c);
. for modeling the bed temperature (T});

. for modeling the wall temperature (TR);

. for modeling the water loading in the solid phase (7).

The PDEs are discretized in space by Lagrange linear shape functions. Both
the bed and wall domains are meshed with an element size of 1mm (chosen based
on a mesh convergence study). The solver is a fully coupled time-dependant
solver. A Backward Differentiation Formula (BDF) scheme (with a maximum or-
der of 5 and a minimum order of 1) with an initial time step of 0.001 s is used as
the time stepping method. The relative, absolute and event tolerances are set to
1E-2. The model is validated by means of comparing the numerically calculated
and the experimentally measured temperature profiles, and further by compari-
son between the thermal fluxes calculated by the model and the ones calculated
based on the experimental results.

In order to validate the model, experiments are performed for the conditions
as presented in [Table 2.1] [Figure 2.7|shows the temperatures that are experimen-
tally measured at the inlet and outlet of the reactor and at the thermocouple po-
sitions M1 — 5. The temperature of the bed increases immediately after the start
of the experiment because of the reaction in the bed near the inlet section. The
heat is convected to the downstream sections by means of the flow through the
bed. Hence the temperature is increased all over the bed. The measured inlet
temperature T;,, (which is also used as the inlet temperature in the numerical
model) gradually drops at the beginning of the experiment since the temperature
in the humidifier (CEM unit in drops due to the evaporation energy
extracted from it. Since the reaction causes an almost fixed temperature step in
the bed, a higher inlet temperature will result in higher bed and outlet temper-
atures. So the slightly higher temperature at the inlet at the start of the experi-
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ment is the reason for the corresponding initial peaks in the temperature of the
bed and the outlet air. During this peak, the outlet temperature Ty is slightly
lower than the bed temperature, which is caused by the heat loss to the reactor
wall. While the wall temperature increases over time, the heat transfer to the
wall decreases due to the heating up of the wall and the outflow temperature be-
comes equal to the bed temperature. After the material at a certain position in
the bed is completely hydrated and the reaction is finished, the temperature at
the corresponding location in the reactor drops to the cold air inflow tempera-
ture. The reaction front passes along the height of the bed and the temperature at
each height (at the thermocouple positions M1-5) drops when the reactive zone is
passed. The temperature at the outlet of the reactor, T,,;, remains high, because
of the reaction heat released in the reactive zone which is moving through the
bed over time. This process continues until almost 15000s when the reaction is
finished everywhere in the bed.
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Figure 2.7: Temperatures measured at the inlet and outlet of the reactor and at the thermo-
couple positions M1 — 5, for the experiment with the operational conditions mentioned in
Table 2.1

The numerically calculated and experimentally measured temperatures at five
different heights in the bed (M1-5) are compared in The comparison
of bed temperatures shows good agreement. The calculated wall temperatures
in the model are compared to the experimentally measured temperatures at five
different heights (W1-5) in The calculated wall temperatures show
a faster increase and decrease and higher maximum than the measured ones.
That is probably because of over estimation of the heat transfer coefficient at the
inside wall of the reactor in the model. A lower heat transfer between the bed
and the wall can also explain the slightly slower decrease in the bed temperature
calculated by the model at the end of the cool down process at each height, since
the wall looses its heat to the airflow more slowly than calculated.
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Figure 2.8: Numerical (solid) and experimental (doted) bed temperature at the thermo-

couple positions M1 — 5, for the experiment with the operational conditions mentioned in
Table 2.1
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Figure 2.9: Numerical (solid) and experimental (doted) reactor wall temperature at the
thermocouple positions W1 — 5, for the operational conditions mentioned in[Table 2.1

2.7 Results and discussion

2.7.1 Material performance

Several simulations are run with different equilibrium fits and kinetics coeffi-
cients, in order to investigate the influence on the results. The temperatures
calculated and measured in the middle of the bed at the thermocouple position
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M3 are compared, since the temperature profiles at the other thermocouple po-
sitions show the same trend. In the results from the model with
Langmuir-Freundlich and Langmuir adsorption isotherms, using the parame-
ters in are compared with the experimental results. The Langmuir-
Freundlich isotherm shows a better prediction of the temperature in the reactor
than the Langmuir isotherm, which is expected according to the higher accuracy
of the Langmuir-Freundlich fit.
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Figure 2.10: Temperature profiles at the thermocouple position M3 for different equilib-
rium isotherms, for the operational conditions mentioned in

* exp
---2.5x1071/s
10x10731/s
50x1031/s

temperature [°C]
N w
[6)] o

N
o

7000 7500 8000 8500 9000
time [s]

Figure 2.11: Temperature profiles at the thermocouple position M3 for different kinetics
coefficients, for the operational conditions mentioned in[Table 2.1}
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The effect of the kinetics coefficient of the adsorption reaction (k;pr) on the
temperature profile in the reactor is investigated, and the result at the thermo-
couple position M3 is presented in By increasing the kinetics coeffi-
cient, the temperature drop becomes steeper (a sharper reaction interface). The
best result is obtained when the kinetics coefficient is around 0.001s~!, and it is
best formulated by the corrected coefficient (indicated as k7 ).

2.7.2 Reactor performance

The heat fluxes from are calculated based on both the experimentally
measured temperatures and numerically calculated temperatures. As can be seen
in[Figure 2.12} the calculated heat fluxes based on the experimental and numerical
results are in good agreement, except for some deviations for the convection and
reaction powers at the end of the process. The difference in the reaction power
follows the same trend as the difference between calculated and measured water
vapor concentrations at the outlet of the reactor (Figure 2.13). The water vapor
concentration at the outlet of the reactor increases when the bed is fully hydrated
and no more water can be adsorbed by the material. The measured water vapor
concentration increases slower compared to the simulated one. This slower in-
crease does not seem to be related to any limitation in the kinetics of the zeolite,
since the decline in temperature after passing of the thermal front is very rapid,
as shown in[Figure 2.7} Possibly, this effect may be related to a faster completion
of the reaction in the near wall region than in the center of the reactor allowing
vapor to pass in the near-wall region, while the reaction in the center is still ongo-
ing. This could be caused by several effects, such as e.g. non-uniform flow due to
higher porosity near the wall, or due to less effective drying of the zeolite during
the charging state due to heat losses at the wall. The model, with the assumption
of one dimensionality, is not able to determine the significance of these effects and
validity of these hypotheses. It suggests that for better understanding of heat and
mass transfer phenomena in radial direction, a more sophisticated investigation
of the modeling is needed; however the difference is only seen in the powers at
the end of the process, and has only a limited effect on the energy, as the power
is overestimated in one part (from around 11000s to 15000s) and underestimated
in another (after 15000s).

Total energies are calculated by integrating the heat fluxes over the entire time

of the process (E = fot”d P), and are presented in The error in ex-
perimentally calculated energies is calculated as error = E ypection — Ereaction +
Esensivte + Eioss-

As can be seen in[Figure 2.12|and [Table 2.4] the heat loss to the wall based on
the numerical results is higher than the one based on the experimental results, be-
cause the heat loss based on the experimentally measured temperatures becomes
negative after around 8000s. It means that the reactor wall releases part of its sen-
sible heat back to the bed instead of losing it to the ambient. For the numerical
results, this happens in a later stage of the process. The heat loss predicted by the
model in the first phase, when the heat loss is positive and the wall temperature

22



Multi-level Approach

25
20
——convection num
— 15 ——reaction num
E loss num
= 10 ——sensible num
q;) - - -convection exp
o loss exp
o 5 - - -sensible exp
- - -reaction exp
0 fprles
-5 . . . .
0 4000 8000 12000 16000

time [s]

Figure 2.12: Numerical (solid) and experimental (dotted) heat fluxes in the reactor during
the hydration process, for the operational conditions mentioned in

term experimental [k]] numerical [k]]
Econvection 277 270

Ereuction 287 295

Esensible -3 -7

Ejoss 8 32

error -5 0

Table 2.4: Total energies calculated based on experimental and numerical results, for the
operational conditions mentioned in

is increasing, is close to the measured value. It suggests that the heat transfer
coefficient at the inside wall when the reactor body is releasing heat to the bed
should be calculated in a different way than when the heat is transferred from
the bed to the wall. In this specific condition, the heat loss and the sensible heat
stored in the bed are negligible compared to the reaction heat and the convection
heat transfer by the air flow. That is because the stored sensible heat in the bed
and most of the heat loss from the bed to the wall are released again to the air in
a later phase of the process. This happens when the temperature of the air drops.
The calculated sensible heats are negative because the starting bed temperature
is higher than the inlet temperature at the end of the process due to
the cooling down of the humidifier by evaporation (Tj;, < T,p).
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Figure 2.13: Numerical and experimental concentrations at the outlet of the reactor, for the

operational conditions mentioned in

2.7.3 System performance

In the model is validated by the experimental results from the lab-
scale reactor with the characteristics presented in In this section, the
validated model is used to study the effect of different parameters on the perfor-
mance of an up-scaled system with the characteristics presented in[Table 2.5} The
effect of the kinetics coefficient and the residence time on thermal performance
of a thermochemical heat storage reactor under full scale normal operating con-
ditions is investigated. A segment of a large scale reactor with a segment volume
of about 51L is defined in the model and a larger air flow rate (compared to the
lab-scale case) is applied to get a high heating power in the order of 1kW. The
inlet water concentration is chosen at around 13mbar water vapor pressure, and
the whole reactor is initially at ambient temperature. The characteristics of this

large scale reference case are presented in[Table 2.5

property value
Bed height (H) 0.56 m
Reactor inner diameter (d;) 0.34m
Reactor outer diameter (d,) 0.35m
Air flow rate (¢) 0.04 m3/s

inlet water concentration (c;,) 0.57 mol /m?>
Ambient temperature (Tj,) 21.5°C

Table 2.5: Characteristics of the large scale reference case
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Effect of kinetics coefficient

The thermal performance of the reactor for different kinetics coefficients is inves-
tigated by introducing the efficiency of the reactor as 4§ = E oyvection / Ereaction and
the average power (Econvection/ tend) Of the reactor. The results are shown in
[ure 2.14]and [Figure 2.15| respectively, for three cases where the inlet temperature
is set as: (1) the experimentally measured inlet temperature in the lab-scale exper-
iment, (2) ambient temperature, and (3) 40°C. The first case is the one presented
in The second one is simulating the condition that the humid cold
air is heated up to the ambient temperature before entering the reactor. The third
case is resembling the reactor under normal operating conditions for heating pur-
poses in the built environment. In this case, since the achievable temperature step
in the reactor by means of the reaction is limited, a heat recovery system should
be used to preheat the inflow air of the reactor. This can be done by transferring
the existing excess of heat in the exhaust air from the system, which is discussed
In [Figure 2.14) for the first case (Tj, = Texp), it can be seen that the efficiency
slightly decreases for larger values of the kinetics coefficient. A higher efficiency
is obtained for a slower reaction, caused by the fact that the inlet temperature
is lower than the ambient temperature. It means that at a certain time in parts
of the reactor where the reaction is finished, the bed actually gains energy from
the ambient, so the efficiency increases by decreasing the kinetics coefficient. By
increasing the inlet temperature to the ambient temperature, the change in the ef-
ficiency of the reactor for different kinetics coefficients is not significant, because
there is no energy gain from the ambient. By further increase in the inlet temper-
ature to 40°C the efficiency drops further. For this case, the efficiency decreases
for lower values of the kinetics coefficient. Because of slow reactions, the total
process time is larger, which leads to a higher heat loss.

In[Figure 2.15} it can be seen that the power is lower for higher inlet tempera-
tures due to the higher heat loss, but for the higher kinetics coefficient this differ-
ence is small. The declining trend of the average power by decreasing the kinetics
coefficient is similar in all the cases. In addition, the average power decreases for
lower values of the kinetics coefficient, which leads to a smaller temperature step.
A lower temperature in the reactor leads to a higher water uptake by the zeolite
material (Figure 2.3), and more adsorption energy is released. Also heat loss de-
creases because of the smaller temperature gradient over the reactor wall. It can
be seen that for the kinetics coefficients larger than around 0.001s ! the efficiency
remains in a same range. On the other hand, for faster reaction (higher kinetics
coefficient) the total adsorption energy produced is lower because of the lower
water uptake at higher temperatures, and the heat loss is larger. This is caused by
the larger temperature gradient over the reactor wall. However, the total reaction
time is shortened because of the fast reaction. Hence, the change in the total heat
loss energy is limited, resulting in almost the same efficiencies for high kinetics
coefficients.
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Figure 2.14: Effect of the kinetics coefficient on the efficiency of the up-scaled reactor at
different inlet temperatures, for the operational conditions mentioned in
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Figure 2.15: Effect of the kinetics coefficient on the average power of the up-scaled reactor
at different inlet temperatures, for the operational conditions mentioned in

Effect of residence time

A parameter study is carried out into the effect of the gas flow rate on thermal
performance of a thermochemical heat storage reactor under full scale normal
operating conditions. The same reactor as in the previous section is considered

(Table 2.5) and the results are presented in|Figure 2.16| The efficiency of the reac-

tor in all the cases increases by increasing the gas flow rate to around 80//s. By
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further increasing the gas flow rate for the cases with inlet temperature the same
as in the lab-scale experiment and with the inflow at ambient temperature, the
efficiency stays the same. However, the efficiency decreases for high volumetric
flows for the case with the inlet temperature at 40°C. An optimum flow rate of
around 80!/s can be seen for this case.
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Figure 2.16: Effect of the flow rate on the efficiency of the up-scaled reactor at different
inlet temperatures, for the operational conditions mentioned in

In order to investigate the effect of the gas flow rate on the performance of
reactors with different sizes, the residence time of the gas flow in the reactor is
defined as the reactor volume divided by the gas flow rate. The efficiencies of
reactors with different sizes for different residence times are shown in[Figure 2.17}
In all cases the aspect ratio of the bed is the same (H/D = 1.65). By increasing the
size of the reactor, the efficiency generally increases. For each reactor size, there is
an optimum residence time (around 0.6- 0.7 s), which corresponds to an optimum
flow rate. The optimum flow rate for each reactor size is shown in
and the optimum residence time is found to be 0.62 s.

The effect of the kinetics coefficient on the efficiency of a reactor with a vol-
ume of 51 liter is investigated (Figure 2.19). By decreasing the kinetics coefficient,
the efficiency of the reactor generally decreases. The optimum efficiency of the
reactor (at the optimum residence time) drops from around 84% for a kinetics co-
efficient of 100 x 10~ to around 53% for a kinetics coefficient of 0.10 x 10~*. In
addition, the curves get flatter for lower kinetics coefficients, which means that
the efficiency of the reactor is less sensitive to the residence time change. In other
words, the performance of a thermochemical reactor is limited by the kinetics for
the case of a slow reaction, and by the flow rate for the case of a fast reaction. This
can be seen in[Figure 2.20} where each point represents the optimum efficiency of
a reactor (with volume of 51L) working with the corresponding kinetics coeftfi-
cient. The points are fitted with a linear function to the inverse of the kinetics
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Figure 2.17: Effect of the gas residence time in the reactor on the efficiency of the up-scaled
reactor for the different reactor volumes with the inlet temperature at 40°C (the kinetics

coefficient is calculated by [Equation 2.4).
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Figure 2.18: Optimum residence time for different reactor volumes with the inlet temper-

ature at 40°C (the kinetics coefficient is calculated by [Equation 2.4).

coefficient. For slower reaction (smaller values of kinetics coefficients in the right
hand side of the graph) the optimum residence time is larger, because the water
vapor in the flow needs more time to be adsorbed by the material. However, for
fast reactions (larger values of the kinetics coefficients in the left hand side of the
graph) the optimum residence time is not dependent on the kinetics coefficient
but has a constant value of T = 0.62s, as shown This suggests that
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for fast reactions the optimum residence time is related to the inflow water con-
centration and the kinetics coefficient as T =~ ¢;;,.V,, / ki pp, where V;, is the molar
volume of water vapor, which is around 0.0224m3 /mol for ideal gas at 25°C tem-
perature and latm pressure. However, it needs to be checked for other inflow

water concentrations.
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Figure 2.19: Effect of the gas residence time on the efficiency of the up-scaled reactor with a
segment volume of 51L and the inlet temperature at 40°C for different kinetics coefficients.
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Figure 2.20: Optimum flow rate in the up-scaled reactor with a segment volume of 51L
and the inlet temperature at 40°C for different kinetics coefficients.
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2.8 Conclusions

A study using a multi-level approach is performed on thermochemical heat stor-
age, in order to investigate the performance of the different levels (i.e. material,
reactor and system). A lab-scale test setup is realized and modelled numerically.
The test setup is an open system working with a packed bed reactor filled with
zeolite 13X as TCM. The numerical model is a non-isothermal and non-adiabatic
model to simulate the thermal performance of the test setup. The model is val-
idated by comparing the numerically calculated and experimentally measured
temperatures in the material bed. By employing the validated model, predictions
can be provided for the thermal performance of a thermochemical heat storage
system.

On the material level, the effect of the adsorption reaction between the gas and
solid phases on the thermal performance of the system is investigated. In particu-
lar, attention is given to the choice of the isotherm model between Langmuir and
Langmuir-Freundlich. Based on a comparison between model and experiment, it
is found that the Langmuir-Freundlich fit is a better option than a simple Lang-
muir fit, although using the Langmuir fit makes the simulation slightly faster. For
the LDF model, an accurate value of the kinetics coefficient is determined to be
the one corrected by the thermodynamics correction factor (presented in
ffon 2.9).

On the reactor level, the thermal powers are calculated to study the perfor-
mance of the reactor. The model is also validated by comparing the numerically
and experimentally determined thermal powers. The calculated heat fluxes based
on the experimental and numerical results are in good agreement, except for some
deviations for the convection and reaction powers at the end of the process. The
powers calculated based on the model drop faster compared to the ones calcu-
lated based on the experiment. The difference in the reaction power follows the
same trend as the difference between calculated and measured water vapor con-
centrations at the outlet of the reactor. The water vapor concentration at the outlet
of the reactor increases when the bed is fully hydrated and no more water can be
adsorbed by the material. The measured water vapor concentration increases
slower compared with the simulated one. This slower increase does not seem to
be related to any limitation in the kinetics of the zeolite, since the decline in tem-
perature after passing of the thermal front inside the bed is very rapid. Possibly,
this effect may be related to a faster completion of the reaction in the near wall
region than in the center of the reactor allowing vapor to pass in the near-wall
region, while the reaction in the center is still ongoing. This could be caused by
several effects, such as non-uniform flow due to higher porosity near the wall, or
due to less effective drying of the zeolite during the charging state due to heat
losses at the wall. The model developed in this chapter, with the assumption of
one dimensionality, is not able to determine the significance of these effects and
validity of these hypotheses.

On the system level, the mode