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Abstract

Physisorption heat storage in buildings can be a key technology for the
more effective use of heating energy. However, a better understanding of
key factors influencing the design and control of such systems is necessary.
This paper presents the sensitivity analysis of the modeling parameters in
the case of an open zeolite 13X / moist air heat storage system for building
applications. The quantities of interest are the heat storage density and the
discharge power density of the system. At the beginning, the whole analysis
space is composed of 21 physical properties and 7 operating conditions and
geometrical properties. After a first threshold selection, analysis of variance
is carried on the remaining parameters, with a full factorial design of exper-
iments to perform a complete sensitivity analysis of the model. The results
show that only 3 thermophysical properties, i.e. the heat of adsorption, the
water vapor molar mass and the adsorption equilibrium, and 3 operating
conditions and system geometry parameters, i.e. the inlet relative humidity,

the bed length and the inlet fluid flow rate, drive the outlet power density
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and heat storage density. The way those 6 parameters influence the outputs
is also discussed and quantitatively assessed.
Keywords: Physisorption; Heat storage; Numerical modeling; Sensitivity

analysis; Optimization; Control




LIST OF SYMBOLS

A void fraction in the adsorbent bed —
B solid fraction in the storage tank —
B, weighting factor for adsorption phe- —
nomenon
c heat capacity Jkg 1K1
dy particle diameter m
h convection heat transfer coefficient Wm2K™!
K bed permeability m~?2
km, LDF coefficient s~1
L length m
M molar mass kg mol !
m mass kg
P, power density Wm™3
P pressure Pa
Qa energy density Jm™3  or
kWhm™3
QU airflow rate m3s~!
q adsorbed water kg, m~3
R gas constant JK !'mol™!
S area m?
T temperature K
t time S
Uy global heat transfer coefficient Wm2K™!
Vv volume m3
U local velocity ms~!
x,y,z,7  coordinate m
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Greek letters

AH

T > 2 S Al

Subscript
0

b

conv

da

end

exch

eq

max

Differential heat of sorption
porosity between bead interstices
bead internal porosity
conductive heat flux density
relative humidity

multiplication coefficient
thermal conductivity

dynamic viscosity

density

initial

bed
convective
dry air
equilibrium
final
exchange
equivalent property
fluid
maximum
solid sorbent
water vapor

adsorbed water

Wm~™
Pas™!

kgm

1K—1

-3
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1. Introduction

Currently, physisorption heat storage represents a possible solution for
high-energy-density heat storage, especially for building applications [1] (the
definition of physisorption can be found in [2]). However, the technolog-
ical readiness level of this solution remains low and requires advanced re-
search. [3]. The target, identified in [4], is a storage system 4 times more
compact than water at the system level for being competitive. [5] also em-
phasized the necessity to reduce the size of systems and physisorption remains
definitely an appropriate solution.

During the last 10 years, researchers have been interested in developing
concepts allowing the use of physisorption materials. In most laboratory
system developments, the sorbate has been water vapor, and the sorbent has

been zeolite:
* zeolite 13 X open reactor developed by ZAE Bayern [6],

* silica gel closed reactor developed in the framework of the project Mode-

store [7],

* zeolite 4A open rotating reactor developedin the framework of the

project Flow-TCS [8],

* zeolite bA closed reactor developed in the framework of the project E-

hub [9],
* zeolite 13 X open reactor developed by INSA Lyon [10],

* zeolite 13 X open reactor developed by TU Eindhoven [11].
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In most of the cases, dry air is used as a carrier fluid for water vapor; the
mixing of dry air and water vapor is called moist air. On the whole, the
technology readiness level of the systems from the literature doesn’t exceed
6 [1], except for the 7000 kg of 13X zeolite storage system installed in Munich,
Germany [6]. However, extrapolation of experimental results are difficult
because of the limitations of test possibility or flexibility. Even if a lot of
materials are potential candidates for physisorption heat storage [12], zeolite
remains the most studied material because of availability and price.

In parallel with real systems, researchers have also been interested in the
numerical modeling of zeolite energy storage. Indeed, the numerical modeling
of sorption heat storage systems remains fundamental for 1) optimization,
2) control and 3) energy efficiency assessment. Basically, all the numerical

models are based on the same set of partial differential equations:
¢ the mass conservation of dry air or moist air and water,
¢ the energy conservation of dry air or moist air and solid sorbent,
¢ the momentum conservation of dry air or moist air.

Differences in numerical models depend mainly on the variables of interest
and the assumption concerning the sorption and diffusion physical phenom-
ena. Mette et al. [13] developed a numerical model of an open zeolite 13 X /
moist air storage reactor validated using their own experimental data. The
heat and mass transport inside of the reactor was described with a quasi-
homogenous model, meaning no temperature difference between the solid
and fluid phase. Experimental data were also used to fit some model pa-

rameters. The same type of reactor was studied in Gaieni et al. [14]. The

6
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quasi-homogeneous fluid and solid temperature assumption was assumed, as
well as the Langmuir isotherm. The effect of the kinetics coefficient on the
efficiency of a large scale reactor was also studied. It was found that slower
adsorption reduces both the efficiency and the power of the reactor. Smejkal
et al. [15] developed a two-temperatures model of a zeolite 13X heat storage
and found that the temperature difference between fluid and solid can reach
up to 2 K. Unfortunately, the authors did not analyze the parameters sen-
sitivity of their finite-element model. A zeolite / water vapor closed system
was studied in Dusquene et al. [16] considering sorption having an instan-
taneous kinetic. The model is validated using data from the literature but
issues about the sorption kinetics are only raised in the conclusions. A simi-
lar approach was used in the work of Schaefer and Thess [17, 18] except for
the kinetics expressed by a linear driving force model. The authors discussed
an optimum of the thermal performance over the channel or particle size.
A computational fluid dynamics (CFD) approach was employed in Reichl et
al. [19] to model the heat and mass transfers in an open rotating drum. De-
spite the accuracy of such model, the computational cost and time of CFD
eliminates it for control or sensitivity analysis purposes. It is also worth
mentioning that composite zeolite / hygroscopic salt has also been studied
in the literature, for instance, packed beds of salt / zeolite composites in the
work of Lehmann et al. [20] and zeolite 13X / magnesium sulfate in the study
of Xu et al. [21]. However, composite materials are out of the scope of the
present study as the physical phenomena differ from pure physisorption.
Validated numerical models can also provide substantial information when

conducting a sensitivity analysis. One possible definition of sensitivity anal-
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ysis is given in Saltelli et al. [22]: The study of how uncertainty in the output
of a model (numerical or otherwise) can be apportioned to different sources
of uncertainty in the model input.. More information can also be found from

sensitivity analyses, including, albeit not an exhaustive list,

e Understanding of the relationship between the inputs and outputs of

the model,

e Reducing the model complexity by retaining the most important inputs

or parameters (also called model reduction), and
e Optimizing the system.

The scientific literature is surprisingly limited concerning the sensitivity
analysis of zeolite heat storage systems, even though it has been a subject
of interest for other thermal storage technologies: Bonanos et al. [23] for
thermocline thermal storage tank design, Woloszyn et al. [24] for rock mass
sensible heat storage, Woloszyn et al. [25] for borehole sensible heat stor-
age, Caliano et al. [26] for biomass-fired combined cooling heating and power
system with thermal energy storage systems, Zalba et al. [27] for a phase
change material (PCM) thermal mass and Kuznik et al. [28] for PCM build-
ing walls. In Kamdem et al. [29], a first and simple attempt is presented and
concerns only the linear driving force (LDF) parameter, the wall heat trans-
fer coefficient, the mass dispersion coefficient and the effective axial thermal
conductivity. The sensitivity analysis is qualitative, and no cross-effects are
investigated. The results lead to the conclusion that among the tested pa-

rameters, the LDF parameter and the wall heat transfer coefficient have the
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Figure 1:  Overall methodology.

strongest influence on the power released. Those results are in agreement
with those from Gaieni et al. [14] concerning the reaction kinetics.

We propose to bring additional understanding of open zeolite system by
analyzing the parameters and variables related to materials, operating con-
ditions and geometry and their impact on heat storage density and discharge
power density. Then, we decided to conduct a systematic sensitivity study
based on analysis of variance. The overall methodology developed and car-
ried in the paper is presented in Fig. 1. The system under consideration, i.e.,
a zeolite heat storage system for the heating of a building, is described in
section 2. Note that the experimental analysis of the laboratory prototype
of the storage system has been presented in a previous article written by

the authors [30]. The numerical model, which is the basis of the analysis, is
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heat storage system (sec. 2)

numerical model (sec. 3.1)

quantities of interest (sec. 3.2.1)
21 thermophysical properties (sec. 3.2.2) 7 operating conditions & system geometry (sec 3.2.2)
OAT threshold selection: 8 remaining parameters (sec. 3.2.2) ANOVA analysis: 3 main parameters (sec 4.2)

ANOVA analysis: 3 main parameters (sec 4.1)

Figure 2:  Schematic overview of the article.

presented in section 3.1. More information on the model development, val-
idation and verification can be found in [31]. Only the governing equations
are presented in this article. The methodology used for the analysis of vari-
ance is presented in section 3.2. The results are presented and discussed in
section 4, and the conclusions are given at the end of the paper. The Fig. 2

gives an overview of the article.

2. Description of the thermal energy storage system

Detailed information about the heat storage system, the experimental
procedure and the measurements and analysis can be found in [30, 32]. For
the sake of understanding, only the most important information is given

hereafter.

10
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Figure 3:  Sketch of the storage system integration in the building.

The purpose of the heat storage system was to shave the peak electricity
load occuring in winter at the end of the day, between 6 and 8 PM. For a
low-energy house of 100 m?, the specification requirements become 2 kW [33]
during 2h . The developed strategy consist in integrating the storage in the
ventilation system of a single-family house or residential apartment [34, 35].
The integration concept of the storage system is presented in Fig. 3 and the
objective is to use, preferably, solar heat. Note that if solar energy is not
available, the heat can be supplied by an electrical heater (i.e., resistance) or
a heat pump.

The figure Fig. 4 shows the experimental setup. The prototype was ini-
tially developed in our laboratory. Basically, it is composed of two reactors in
order to test different configurations: serial or parallel. Each reactor is filled
with Faujasite zeolite Na — X (Alfa Aesar, 13X, beads 1.6 mm to 2.5 mm;

see Fig. 4a). Basically, one reactor contains 40 kg of zeolite. The geometry of

11



11 each reactor is a cylinder 72 cm in diameter, with a bed thickness of 20 cm.
12 At the design stage, the shape of each reactor was optimized to generate a

163 vertical and radially homogeneous air flow (Fig. 4b and4d).

(a) Zeolite beads (b) Sketch of the prototype

(¢) Experimental setup without insu- (d) Experimental setup with loaded

lation and opened reactors

Figure 4:  Experimental setup.

164 The insulated reactors were connected to a airflow generator allowing
15 to control the airflow rate at the entrance, as well as the temperature and

¢ humidity level (Fig. 4c). The experimental campaign has been designed to

1

D

17 address, with a minimum number of tests, the influence of:

168 - desorption temperature (120°C vs. 180°C),
160 - air flow rate (180m*h™" vs. 90m?*h~! vs. 60m3h~1),

12



170 - relative humidity in discharging mode (50% vs. 70%),

1 - bed thickness (20 cm vs. 10cm),
172 - serial /parallel configurations.
173 Inlet experimental conditions of all the tests are summarized in Tab. 1:

s desorption temperature and airflow rate; desorption temperature, aiflow rate

175 and humidity. On the whole, the released heating power is about 27.5 W kg~! [30].

16 3. Methods

w o 3.1. Governing equations, numerical procedure and validation
178 The content of this subsection is detailed in [31]. For the sake of under-

o standing, only the most important information is given hereafter.

o 3.1.1. Governing equations

181 The domain of the numerical model is the zeolite bed with the metal
12 container. An sketch of the physical domain under consideration is presented
13 in Fig. 5. Because of the cylindrical shape of each reactor, we consider a
18s  symmetry around the z axis.

185 The content of the reactor tank is considered as being 2 medium: the solid
15 and moist/dry air. Solid parts are composed of sorbent material (indicated
157 by the subscript s) and adsorbed water (indicated by the subscript w). The
s fluid (indicated by the subscript f) is composed of dry air (indicated by the
180 subscript da) and water vapor (indicated by the subscript v).

19 Two phases, solid and gas, are considered in the reactor, with each
11 phase having their own thermophysical properties, thermodynamical prop-
12 erties and, of course, governing equations. This choice is guided by physical

13 considerations and representativeness of the underlying physics [36].

13
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Figure 5:  Sketch of the cylindrical reactor.
104 The energy conservation equation of dry air is given by
0 Tf Mv Cy 0 Do Sexch
A Ca—+A :hcom)— T, =T
[ pda d ] at [ R :| 025 V ( f) (1)
M, c, . ) —
—div ((pda Cda Ty + 7 pv) u) + div ()\f grad(Tf)>.
195 The energy conservation equation of the solid can be written in the fol-
s lowing form:
8 Ts Sezch 8 q
Bpscs+ Bqci] — = U, T —T,)+ B, |AH| — 2
Bpoco+ Bae) 52 = Uy "2 (T~ 1) + B JAH| 5L (2)
197 The water mass conservation equation can be straightforwardly formu-

108 lated as

py M, | 0T} M, | 9p, M, . [ po_ dq
' il A . Ly
[ RTA ot +[ RTf] ot 7T o O

199 In the reactor, the worst-case estimation of the Reynolds number is 10.6.
200 Since several overestimations led to this value, assuming that the Reynolds

20 number remains below 10 in the whole adsorbent bed seems reasonable.

14



22 Darcy’s law is therefore chosen for the calculation of the fluid velocity:

i —%gr?um (4)

203 where the bed permeability is derived from [37] as:
d2 3
K=—2% (5)
180 (1 - Eb)

+ d, being the particles diameter and ¢, the bed porosity.

2

o

205 The Linear Driving Force (LDF) model is chosen to approach kinetics.

26 The equation takes the following form:

dq

ot = km (g — q) (6)
207 The adsorption equilibrium model developed in our previous work is ex-
208 pressed as a sum of three terms:
200 e the Langmuir isotherm for low relative humidity,
210 e a linear function for the transition region, and

211 e a term in the BET model for high relative humidity.

by @
= + a + 7
4= s @ Qeap T (7)
S—— transition zone
Henry’s region capillary condensation

22 The fitting coefficients for adsorption isotherms are given in [31].
213 The following correlation is used to obtain the differential enthalpy of
a4 adsorption AH of zeolite 13X as a function of water uptake Am,. It is

25 derived from the polynomial fitting of the zeolite 13X curve given in [38].
AH =759 x 107*Am?, — 5.34 x 107>Am?,

(8)
+ 1.12Am3 — 2.38Am?2 — 186.8Am,, + 4984

15



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

3.1.2. Numerical procedure

Space is discretized using the control-volume method in (z,r) coordinates
considering z as the symmetry line (see Fig. 5). This strategy is suitable
to ensure tye enenrgy balance, the mass balance and the momentum bal-
ance locally. The spatial derivatives (gradient, divergence and laplacian) are
second-order accurate in space. The velocity et each control-volume bound-
ary is calculated with the staggered grid strategy [39]. An upwind numerical
scheme is used to calculate the advection terms. The set of differential equa-
tions is solved using Gear’s method, i.e. an implicit linear multi-step method

based on backward differentiation.

3.1.3. Validation
Given the good agreement between the experimental data and the numer-
ical results, fully presented in [31], the model is considered as fully validated

in the following range of operating conditions:

charging temperature from 120°C to 180 °C,

inlet humidity on charge of 30 % at 20°C,

inlet humidity on discharge from 50 % at 70 % at 20°C,

inlet fluid velocity from 0.01ms~! at 0.03ms™ !, and to a lesser extent

for lower inlet fluid velocities.

3.2. Sensitivity analysis
3.2.1. Definition of the quantity of interest (QOI)
When using sensitivity analysis, the first task is to define the outputs or

the response variables (the exact term depends on the scientific area). As the

16
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numerical model posses as many outputs as the number of nodes, we prefer
defining the observed variable under investigation as the quantity of interest

(QOI). In the work here, two different QOIs are analyzed:
e the maximum discharge power density, Py .. [W m™3], calculated using
the following formula:

p _ Qv X Pia X Cda
dmar 3600 x S x L,

X (Ttpae — To) (9)

e the heat storage density, Q4 [kWhm™3], calculated via

- tend
QU X Py X Cda /

- c T — Tyl,_,) dt 10
3600 x S x L. | (Tlozr. = Trlzo) (10)

to

Qa

Note that other quantities of interest could be defined concerning, for
instance, the time characteristics of both charge and discharge phases. How-
ever, multiplying the QOI does not change the methodology. The final choice
of the QOI strongly depends on the specifications of the heat storage system.

3.2.2. Definition of the parameters

Two families of parameters are investigated: 1) the thermophysical prop-
erties and 2) the operating conditions and the system geometry. They are
studied independently as this is their underlying nature. When analyzing
the thermophysical properties, the objective is two-fold: on the one hand,
the identification of parameters requiring careful measurement and, on the
other hand, the material optimization possibilities. Concerning the analy-
sis of the operating conditions and geometry, the goal is to understand how

these parameters influence the discharge power and the energy density.

17
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Thermophysical properties

Among the thermophysical properties required to model the storage sys-
tem, the adsorption kinetics and the adsorption equilibrium are curve-shape-
dependent parameters (the curves are the equations 7 & 8). Therefore, for
the sake of consistency, we have decided to vary these parameters while
maintaining the curve shape. Then, 2 parameters are defined: ~,, and yjan|.
Those parameters are multiplication coefficients for the curves representing
the sorption kinetics and the sorption equilibrium, respectively. The same
technique is also used to assess the LDF parameter k,, and then a multipli-
cation coefficient vy, is also introduce in the analysis.

Thermophysical properties are too numerous to consider all possible in-
teractions between variables (more than 25 thermophysical properties!). A
filtering step has to be performed first to select the most strongly influential
parameters. To achieve a reasonable computation time for the initial screen-
ing, we chose to perform a one-at-a-time (OAT) sensitivity analysis. This
local technique analyzes the impact of one parameter on the QOI at a time,
therein keeping the other parameters fixed. This step enables one to rank
parameters from the most influential to the least influential. No interaction
effects between factors are considered at this step.

The methodology here consists in a design of experiments set up with
three levels: minimum value, default value and maximum value. Based on
our expertise, only 21 parameters have been selected. Tab. 2 presents the
variation range of the parameters as well as the sensitivity according to the
QOI defined previously. The definition of the variation range of the param-

eters was decided based on expert judgment, i.e., the authors of the present

18
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article. The mean square (abbreviation Mean Sq. in Tab. 2) is an estimate of
the population variance. It is calculated by dividing the corresponding sum
of squares by the number of degrees of freedom. In the sensitivity analysis,
the mean square is used to determine whether factors are significant. More-
over, the mean square value of each factor is compared to the overall mean
square value sum into a weighting term (called Weight in Tab. 2).

The results from Tab. 2 show that the seven most influential parameters
(overall) are also the seven most influential parameters for both outlet power
density and heat storage density. The seventh parameter accounts for 0.9%
of the mean square sum for the power density (Ay) and 1.6% of the mean
square sum for the storage density. The eighth parameter ¢, still accounts
for 0.6% of the mean square sum on the storage density, while all other pa-
rameters account for less than 0.1% on both the power and energy densities.
It then seems relevant and conservative enough to keep only the top eight
most influential parameters from Tab.2 for the analysis of variance carried
in section 4.1.

Operating conditions and system geometry

The operating conditions are defined as the controllable parameters. Five

parameters are identified as important operating conditions:

e inlet flow rate during charge Qm,charge with a variation range of 60 m® h~!

to 250m3h~!,

e inlet flow rate during discharge Qin discharge With a variation range of

60m®>h~! to 250m®*h~!,

e charging temperature T, cherge With a variation range of 110°C to

19
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328
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330

180°C,

e charging humidity ratio @, charge With a variation range of 0.5% to

0.1%,

o discharging humidity ratio @i, gischarge With a variation range of 50% to

80%.

The volume and shape of the adsorbent bed necessarily have an influ-
ence on the QOIL. However, it seems wise to conduct an operating condition
study and geometrical study together since they can influence each other.
The influences of the bed length L. and cross-sectional area S are thus also
investigated with variation ranges of 40 cm to 10 cm and of 0.2m? to 0.8 m?,

respectively.

3.2.3. Methodology

Analysis of variance (ANOVA) applied to sensitivity analysis allows to as-
sess the main effects of each parameter on the overall variance (i.e., the sum
of the squared differences between each simulation and the overall mean). In
contrast to the OAT sensitivity analysis, ANOVA can also assess the inter-
actions between factors. Additional details on the application of ANOVA to
sensitivity analysis, including the mathematical and technical background,
can be found in [22, 40].

Analysis of variance is based on a 2% full factorial design of experiment.
It means that all possible combinations between two levels (low and high) of
each of the k parameters are run. A full factorial design enables to examine
the influence of main effects (as in OAT analysis) but also the influence of

all interaction effects between groups of two variables. This can technically

20
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be achieved on Matlab® by using the N-way analysis of variance function

anovan from the Statistics Toolbox, with the interactions model.

4. Results and discussion

4.1. Analysis of variance: thermophysical properties

The results from the analysis of variance are given in Tab. 3. They are
ranked by descending order of influence.

The mean squares represent an estimate of the population variances.
They are calculated by dividing the corresponding sum of squares by the
degrees of freedom (called Mean Sq. in Tab. 3). In analysis of variance, the
mean squares are used to determine whether factors are significant or not.
The ANOVA-based sensitivity index of a parameter can be defined as the
ratio of the sum of its squares to the total sum of squares. This is called
Weight in Tab. 3. The overall weight value (called Overall weight in Tab. 3)
is calculated by averaging the weight values on the outlet power density and
storage density. Only the most influential interactions are presented in the
table. The leftover weight is calculated as the sum of the remaining terms
(called Left over in Tab. 3).

Note that in Tab. 3, weights can only be compared by column, not by
rows. For instance, a higher weight on power density compared to on storage
density does not mean the influence of |AH| on power is stronger than the
influence on storage density. It only reveals weaker contributions of the other
parameters on the power density.

It is clear from Tab. 3 that the most influential parameters are the heat of

adsorption, the water vapor molar mass and the adsorption equilibrium: their

21



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

added contributions, including interactions, represent more than 90% of the
ANOVA sensitivity index for both QOIs. The importance of the interactions
between these 3 parameters demonstrates the necessity to adopt a variance-
based sensitivity method. To quantify the sensitivity of each parameter,
Tab. 4 shows the increase or decrease in the QOI when the parameters are
varying from their minimum value to their maximum value: a positive value
means an increase in the QOI, whereas a negative value means a decrease.

The strong influence of the differential heat of sorption |AH| on both the
storage density and power is greater than expected. Table 4 shows that there
is a 39.7% increase in outlet power when |AH| varies from 50% to 150% of
its default value. The increase in storage density is even higher, i.e., +47.4%!

The second most influential parameter is the vapor molar mass M,,. This
parameter is very well known and precisely measured in the literature and
therefore not intended to vary if water is used as a fluid. However, this
parameter is used in the calculation of the water vapor density p,. It thus
shows that the vapor density strongly influences the results. It also means
that changing the sorbate can be an option to increase the energy and power
densities.

The adsorption equilibrium is a function of the fluid temperature and
pressure; thus, it is not a direct parameter. To assess the influence of high or
low equilibrium values on the results, a weighting factor is used to artificially
modify ge: 7,. Table 4 shows that ¢, has a stronger influence on the storage
density (+42.3% when ¢. changes from 50% to 150% of its default value)
than on the outlet power (+5.6%).

Clearly, ¢, has an influence on the heat releasable to the system. Indeed,
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a quantity |AH]| is released on adsorption. However, this reaction requires a
water molecule to be turned from vapor to the adsorbed state. The energy
contained in the vapor phase is proportional to the product of the vapor
heat capacity ¢, and fluid temperature 7. But, the energy contained in the
adsorbed layer is proportional to the adsorbed layer heat capacity ¢, and the
solid temperature 7. An amount ¢, X Ty — ¢, x Ty is then provided to
the water vapor to transform it to the adsorbed phase. In other words, the
net amount of heat released in adsorption is |[AH| — (¢, Ts —c, Ty). Conse-
quently, the higher ¢, is, the more energy required to trigger the adsorption
reaction, the lower the net heat released.

Experiments are performed with a low value of ¢, = 1000 Jkg=! K=! and
a high value of ¢, = 4000Jkg ' K~!. The same comment on the water
molar mass is necessary: the goal here is not to address the influence of
small changes in water vapor mass but rather to evaluate, for instance, the
importance of considering its variation with temperature changes. The goal
is also to address the influence of the fluid heat capacity to investigate the
opportunity to use another fluid. The results from Tab. 4 show that the vapor
heat capacity influences the energy storage density (+9.8%) and outlet power
(8.6%). The same considerations as for the interpretation of the adsorbed
layer heat capacity influence are relevant. With a higher ¢, and the same
inlet temperature, the energy gap from the vapor to adsorbed phase is lower.
The net heat released on adsorption is consequently higher.

In this study, the fluid thermal conductivity was strongly varied from a
very low value (0.025 Wm ™" K™!) to a very high value (1.0 Wm~' K~!). Sur-

prisingly, this very large variation range does not lead to significant changes
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in outlet power or storage densities. Diffusion does not require mass trans-
port and is proportional to As, and advection relies on mass transport (and
hence fluid velocity). In charging and discharging modes, the advection term
is approximately 500-times greater than the diffusion term. Thus, it is not
surprising that it does not influence the results much (—4.0% on power and
+0.8% on storage density, with a high value 40-times larger than the low
value).

Investigations on the solid density influence have been conducted with a
low value of 600 kg m— and a high value of 1500 kgm™3. Table 4 shows that
ps has a quiet weak influence on the outlet power (—3.1% from low to high
values) but has a stronger influence on the storage density (—10.4%). A high
solid density tends to limit the temperature drop within the solid and hence
the temperature drop within the fluid. This explains why the outlet power
is limited by the high solid density.

The bed porosity influence is investigated with a low value ¢, = 0.32 and
high value ¢, = 0.40. Table 4 shows that the influence of ¢, on the outlet
power is quiet negligible (—0.9%), whereas it is more important on the storage
density (—5.7%). €, has a direct influence on the fluid/solid volume ratio, as
well as on the exchange surface between fluid and solid. A higher ¢, tends to
lower the exchange surface, increase the fluid volume and decrease the solid

volume.

4.2. Analysis of variance: operating conditions and system geometry

The results from the analysis of variance are given in Tab. 5. The analysis
indices are similar to those defined in the previous section. The parameters

are ranked in descending order of influence. The main influential parameters
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are the inlet relative humidity, the bed length and the inlet fluid flow rate:
their contributions, including interactions, represent more than 92% of the
ANOVA sensitivity index for both energy density and power density. Table 6
shows the increase or decrease in the QOIs when the parameters are varying
from their minimum value to their maximum value.

The inlet relative humidity has a strong influence on the results in both
charge and discharge phases. In the present case, Tab. 6 shows a 13.2kWhm ™3
(17.9%) and 12.4kWhm™ (16.8%) storage density difference for the charge
and discharge inlet relative humidity, respectively. The outlet power density
is also changed in approximately the same proportions (12.5% on charge and
24.2% on discharge).

The inlet flow rate is an operating condition that has a strong influence on
system behavior and can be easily adjusted. Table 6 shows that the inlet flow
rate has few influence on the energy storage density (i.e., +2.2%). However,
the outlet power is strongly influenced by the inlet flow rate: +61.4% from
60m>h~! to 250 m3 h~! equivalent. An increase in the inlet flow rate during
discharge increases the water vapor in the system. As the reaction kinetics are
fast enough and the bed long enough to adsorb all incoming water molecules,
the adsorption sites are filled faster.

Adsorption equilibrium depends on temperature and vapor pressure. At
high temperature, molecular agitation is higher, and the adsorbed layer den-
sity is lower. The inlet temperature during charging has a strong influence
on the adsorption equilibrium and hence the system charge. A higher charg-
ing temperature is expected to allow a dryer final charging state. The heat

storage density increases by +5.1% within the studied temperature range.

25



455

456

457

460

461

462

463

464

465

466

467

468

470

471

472

473

474

475

476

477

478

The outlet power density is decreasing, i.e., —12.5%, because of obvious in-
teractions between i charge a0d Tt in charge-

The bed geometry, defined by the bed length L. and cross-sectional area
S, is investigated jointly for the sake of being thorough. The results clearly
show a strong correlation between bed length and outlet power density. A
shorter bed provides a higher power density (+61.3% from 40 cm to 10 cm).
The influence on the heat storage density is only 2.8%. For a narrow bed
(S = 0.2m?) and for a large bed (S = 0.8m?), the results of Tabs. 5 and 6

show that the cross-sectional area has no influence in all results.

5. Conclusions

The work presented in the article is one of the first attempt to carry a
systematic, extensive, sensitivity analysis of a zeolite heat storage model.
The influence of twenty one parameters, five operating conditions and two
geometric characteristics on heat storage density and discharge power density
has been addressed. The following guidelines must be followed for material

development, system design and control strategy optimization.

= The most influential thermophysical properties are the heat of adsorp-
tion, the water vapor molar mass and the adsorption equilibrium: their
added contributions, including interactions, represent more than 90 %

of the sensitivity index for both QOIs.

— The differential heat of sorption |AH| is the most influencing pa-
rameter for the two quantities of interest. The linear increase is
0.4 % and 0.48 % per percentage of |AH| increase for, respectively,
the power density and the energy density.
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— The fluid density, the second most influencing parameter, is also

to be maximized to benefit the power and energy storage densities.

— The adsorption capacity q. is a key parameter that is also to be
maximized. Nevertheless, the highest outlet power densities are
obtained at low g, values, to the detriment of the storage density.
The linear increase is 0.42 % and 0.06 % per percentage of ¢. in-

crease for, respectively, the energy density and the power density.

= The most influential operating conditions and system geometry param-
eter are the inlet relative humidity, the bed length and the inlet fluid
flow rate: their added contributions, including interactions, represent

more than 92 % of the sensitivity index for both QOIs.

— The most influential parameter is the inlet relative humidity. Dur-
ing the charge phase, the decrease is 12.5 % and 17.9 % for a
variation range of i, charge between 0.1 % to 0.5 % and for, re-
spectively, the power density and the energy density. During the
discharge phase, the increase is 24.0 % to 16.8 % for a variation
range of Yin discharge Petween 50 % and 80 % and for, respectively,
the power density and the energy density. Then, the difference
between the inlet relative humidity on charge and discharge is to

be maximized to maximize the QOIs.

— The inlet flow rate strongly influences the time characteristics.
A higher inlet flow rate on charge mostly reduces the charging
time but few the QOIs. The inlet flow rate on discharge strongly

increases the outlet power at the cost of system autonomy. During
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the charge phase, the increase in QOIs doesn’t exceed 2.2 % for a
variation range of Qm,charge between 60m*h~! to 250m3*h~! and
for the power density and the energy density. During the discharge
phase, the increase is 61.4 % and 2.2 % for a variation range of
Qin.discharge between 60m3h~" to 250 m® h~' and for, respectively,

the power density and the energy density.

— The bed length has a strong influence on the power density, a

shorter bed being preferable.

There are two main limitations underlying this study. The first one is the
model by itself: the choices concerning the physical phenomena representa-
tion limit the work to the model presented in the article and, consequently, to
the configuration under consideration. No doubt that a closed heat storage
system would lead to different conclusions. The second limitation is related
to the range of variation of the parameters given in section 3.2.2.

From the results given in section 4, it is possible to determine the most
influential parameters depending on the QOI: this is an interesting starting
point for the development of a metamodel of the system. Based on the results
of section 4, it is possible to keep 3 thermophysical properties and 3 oper-
ating conditions and system geometry parameters to derive the metamodel.
Such metamodel is usually designed to be fast and accurate and can be an

interesting solution for thermal energy storage real-time control.
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Table 1:  Experimental configurations.

9¢

Configuration Desorption (charge) Adsorption (discharge)
S: Series Madsorbent Ref. 7%, Qvn Ref. Ty, i Qvn
P: Parallel kg. °C m?h~! °C % m?h~!
1 1 40 1H 180 180 1D 20 70 180
2 2P 40 2H 180 90 2D 20 70 90
3 2P/2S 40 3H 180 180 3D 20 70 180
4 2P 40 4H 120 90 4D 20 70 90
5 2P 40 5H 120 90 5D 20 50 90
6 25 40 6H 120 180 6D 20 70 180
7 1 20 7TH 180 180 D 20 70 180

8 2P 40 8H 180 60 8D 20 70 60




LE

Table 2: List of thermophysical properties inventoried with default, minimum and maximum values, and influence weight on
maximum outlet power density and energy storage density

Values Power density Storage density

Rank Parameter Units
Default Min Max Mean Sq. Weight Mean Sq. Weight

1 Yan % default 100%  50%  150% 4119 53.3% 2680.6  34.8%
2 M, kg mol ! 0.018  0.012 0.040 23.3  30.2% 3020.6  39.2%
3 . % defpult 100%  50%  150% 352 4.6% 13442 17.4%
4 Ca Jkg 1K1 2000 1000 4180 3.22 4.2% 218.3  2.8%
5 ¢ Jkg 1K1 2000 1000 4000 2.49  3.2% 1795  2.3%
6 s kg m~3 760 600 1500 2.69  3.5% 99.2  1.3%
T ) Wm™K™! 0025 0.025 1.00 0.72  0.9% 1222 1.6%
8 & — 037 032 040 0.0003  0.0% 42,55  0.6%
9 Cs Jkg ' K™! 1200 500 1500 0.040  0.1% 0.00  0.0%
10 X\ Wm2K™' 010 002 050 0.024  0.0% 049  0.0%
11 % default 100%  50%  150% 0.020  0.0% 0.04  0.0%
12 cu Jkg 1K1 1000 700 1300 0.0022  0.0% 0.54  0.0%

Note: Other investigated parameters are the bead diameter d),, particle porosity €,, dry air density pq,, heat transfer
coefficient U, (whose value is probably too high to lie in a range with tangible effects), moist air dynamic viscosity py
and insulation properties such as the insulation thickness e;, conductivity A\; and convective heat transfer coefficient on
the inner and outer wall hcony,int a0d Reony,ert- The mean square values for all 9 coefficients are very low for both outlet
power density (< 0.0007) and storage density (< 0.11).
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Table 3: Analysis of variance on outlet power density and heat storage density for selected thermophysical properties

Power density Energy density Overall Left

Rank  Num.  Factor Mean Sq. Weight Mean Sq. Weight weight over

1 1 yam 2742.8 54.8% 1313929  28.0%  414%  58.6%
2 2 M, 741.9 14.8%  127006.1  27.1%  20.9%  37.7%
3 3 Y 65.7 1.3% 104919.2  22.4%  11.8%  25.8%
4 1x2  yam x M,  567.7 11.3% 296278 6.3% 8.8%  17.0%
5 2x3 M, X 7, 252.3 5.0% 21780.0 4.6% 48%  12.2%
6 1x3  Yan| X Yq. 0.2 0.0% 20768.1 4.4% 22%  9.9%
7 4 ¢ 148.5 3.0% 6713.7 1.4% 22%  T.7%
8 5 ¢ 145.7 2.9% 5616.9 1.2% 21%  5.7%
9 2x6 M, X p; 138.3 2.8% 166.8 0.0% 1.4%  4.3%
10 3xT 7, X ps 87.2 1.7% 604.6 0.1% 0.9%  3.4%
11 6 A 10.1 0.2% 6291.1 1.3% 0.8%  2.6%
12 25 M, xe, 39.8 0.8% 2231.6 0.5% 0.6%  1.9%
13 2x4 M, xec, 31.6 0.6% 1822.8 0.4% 0.5%  14%
14 2x6 M, x )\, 3.0 0.1% 2281.9 0.5% 0.3%  1.2%
15 T ps 19.0 0.4% 36.4 0.0% 02%  1.0%
16 1x6  Yam X Af 0.4 0.0% 1528.5 0.3% 02%  0.8%
17 8 & 0.7 0.0% 1408.2 0.3% 02%  0.6%
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Table 4: Mean difference on outlet power density and heat storage density between sets of maximum physical parameter values
and sets of minimum physical parameter values

Power density = Storage Density

Factor
kWm= % kWhm=3 %

1 Yaw 32 39.7% 22.6 47.4%
2 M, 1.7 21.2% 22.6 47.3%
3 Y. 0.5 5.6% 20.2 42.3%
4 c, —-0.8 —10.0% —5.8 —12.0%
5 ¢ 0.7 8.6% 4.7 9.8%
6 X —0.3 —4.0% 0.4 0.8%
() —0.3  —3.1% -50  —10.4%

8 & —-0.1 —0.9% —2.7 —5.7%
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Table 5: Analysis of variance on outlet power density and heat storage density under different operating conditions

Factor Power density Energy density Overall Left
Mean Sq. Weight Mean Sq. Weight weight over
1 1 Qincharge 1187.9 1.5% 22256.1 43.9%  22.7%  77.3%
2 2 Qin,discharge 4467.8 5.5% 19706.2 38.8% 22.2% 55.1%
3 3 L, 28697.4 35.6% 534.1 1.1% 18.3% 36.8%
4 4 Vindischarge 28782 35.7% 342.9 0.7% 18.2% 18.6%
5 3x4 L. X Vincharge 10752.4 13.4% 51.4 0.1% 6.7% 11.9%
6 1X5  Qincharge X Trin.charge 91.7 0.1% 4342.1 8.6% 43%  7.5%
7 5 Trincharge 1198.8 1.5% 1847.7 3.6% 2.6% 5%
8 2X4  indischarge X Vin.charge 1670.8 2.1% 274.8 0.5% 1.3%  3.7%
9 2x3  Yindischarge X L. 1667.5 2.1% 40.2 0.1% 1.1% 2.6%
10 3x5 L. X T¥incharge 529.6 0.7% 82.3 0.2% 0.4% 2.2%
11 1x3  Qincharge X Lo 496.7 0.6% 87 0.2% 04%  1.8%
12 6 Vincharge 3.5 0.0% 337.4 0.7% 03%  15%
13 3x6 L. X Vin discharge 3.3 0.0% 331.4 0.7% 03%  11%
14 4%5  Vincharge X Thin.charge 4421 0.5% 34.3 0.1% 0.3%  0.8%
15 2X5  Qindischarge X Tfin.charge 48.3 0.1% 268.4 0.5% 0.3%  0.5%
16 1X6  incharge X Vin.charge 446.1 0.6% 0.3 0.0% 0.3%  0.2%
21 7T S 0.1 0.0% 0.5 0.0% 0.0% 0.0%
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Table 6: Mean difference on outlet power density and heat storage density between sets of maximum operating condition
parameter values and sets of minimum operating condition parameter values

Power density Storage density

Factor
kW m—3 % kWhm™3 %

1 Pin,charge —3.0 —12.5% —13.2 —-17.9%

2 Pin,discharge 5.9 +24.2% 12.4 +16.8%

3 L. 150 —61.3% 20  —2.8%
4 Vindischarge 150 +61.4% 1.6 +2.2%
5 Tincharge —31  —125% 3.8 +5.1%
6 Vincharge 017  +0.7% 1.6 +2.2%

7S 0.02 +0.1% 0.07 +0.1%
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