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Abstract

The performance of commercial zeolites, with and without binder in its formulation
(SYLOBEAD® MS C 548: 13X with binder; Késtrolith® 13XBFK and NaYBFK: 13X
and NaY without binder, respectively), for water adsorption heating applications was
compared in this work. Accounting for a Box-Behnken design with four factors (time of
adsorption and desorption, taps+pgs; condensation temperature, T.snq; heat source
temperature, Tyrrnot; bed thickness, §) and three levels, a set of 25 simulations per
adsorbent was accomplished, and the performance of the adsorption units was evaluated
through the coefficient of performance (COP) and the specific heating power (SHP).
The results suggested that the presence of the binder inthe formulation of 13X does not
penalize the zeolite performance significantly, and that NaYBFK is the most promising
material. For the latter solid, statistical outcomes were analyzed and insights about their
usefulness to optimize the design and operation of adsorption heat pumps are provided.
Pareto charts displaying the impact ranking of the factors upon COP and SHP are
discussed, and simple equations are provided for the expeditious estimation of both
indicators. Such models were utilized to map system performance and to select optimal

geometric/operating parameters that meet specific performance requirements.

Keywords: adsorption heating application, experimental design, optimization,

simulation, zeolites



1. Introduction

The increasing energy global demands, the dependency of modern society on fossil
fuels and the need for reducing greenhouse gas emissions and ozone depletion have
motivated the development of eco-friendly technologies based on renewable sources or
powered by waste energy [1, 2]. Worldwide energy consumption for heating purposes
in the building sector represents a significant portion of energy demands. In residential
and commercial buildings, respectively, space heating accounts for 32 % and 33 % of
the total energy use, while domestic hot water consumption represents 24 % and 12 %
[3]. It is important to develop cost-effective technologies, allying energetic and
environmental sustainability with market needs and human comfort. Focus has been put
on cooling/heating technologies based on adsorption [4, 5] for the potential replacement
of conventional vapour-compression systems (VCS), avoiding the negative impact of
fluorocarbon type refrigerants through the usage of eco-friendly fluids such as water.
Additionally, adsorption-based systems may be powered by renewable energy sources
such as solar energy or waste heat (conversely, VCS use electricity), and present no
noise nor vibration problems [2, 6, 7].

Adsorption cooling/heating systems, specifically adsorption heat pumps (AHPS),
consist of four main units: an adsorbent heat exchanger (AHEX), condenser, evaporator
and expansion valve [8]. The operating cycle of AHPs involves four stages: isobaric
adsorption, isosteric heating, isobaric desorption and isosteric cooling [6, 9]. The
efficiency and cost-effectiveness of AHPs are strongly influenced by the performance of
the adsorbent/adsorbate working pairs. Several studies regarding the analysis of pairs
for AHPs have been reported in the literature. For example, Boman et al. [10] analysed
approximately eighty pairs for heating applications, namely activated carbons with

alcohols or ammonia as adsorbates, and MOFs/alcohols. Frazzica and Freni [11]
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investigated working pairs for solar thermal energy storage such as zeolite 13X/water,
composites of multi-wall carbon nanotubes and LiCl for adsorption of water and
methanol, and silica-alumina phosphate AQSOA® FAM-Z02/water, and concluded that
the latter two pairs were promising for heating applications. Freni et al. [12] identified
potential adsorbents using water as adsorbate and compared their heating performances,
namely the composite LiBr-silica, silica-alumina phosphates SAPO-34 and AQSOA®
FAM-Z02, and standard commercial zeolite 4A, and obtained higher COPs for the
composite and silica-alumina phosphates. The investigation of the composite adsorbents
is essentially in an academic scope, which hinders the industrialization of AHPs
incorporating these materials in the short to medium term. Regarding silica-alumina
phosphates, a general issue is the high costs of the synthesis process in relation to
standard commercial zeolites, and has<not reached production in relatively large scale
[12]. On the other hand, zeolites (crystalline microporous aluminosilicates) such as 4A
and 13X are cheaper and widely available in the market, albeit their use in AHPs
requires demanding regeneration conditions [12]. Zeolites are often commercialized as
binder based granules, but the binder introduces passive mass in the AHEX, may reduce
the adsorption capacity and hinder intraparticle mass transfer [13]. Aiming at materials
with improved performances, the company Chemiewerk Bad Kdostritz GmbH (CWK)
developed binderless formulated zeolites of the type NaX, NaA and more recently NaY
for thermochemical energy storage applications [14, 15], which exhibit improved water
adsorption capacity and kinetics in comparison to conventional zeolite beads [13, 16].
Particularly, NaY zeolite presents a higher molar ratio Si/Al than NaX, which
contributes to facilitated regeneration of the adsorbent [17].

In order to compete with VCS, AHPs require improvements in terms of coefficient of

performance (COP), power per unit mass of adsorbent (specific heating power, SHP)
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and/or per unit AHEx volume (VSHP), and costs, as they are still too big and heavy
appliances [18, 19]. Research and development priorities have been identified, which
include novel adsorbents, compact AHEx designs, and advanced control strategies
allowing the system to adapt to changes in operating conditions and user requirements
[19]. The performance of AHPs is strongly dependent on the operating conditions (e.g.
cycle time, temperatures of condensation and adsorbent regeneration) and geometric
factors (e.g. adsorbent configuration - coatings or loose grains - and bed thickness) [6,
20-24]. The cycle time, for instance, may impact conversely on COP and power [25-
27], which turns it an important optimization parameter. Nonetheless, the study of
AHPs is difficult due to the high complexity of the heat, mass and momentum transfer
phenomena occurring simultaneously in the adsorbent bed [28], and to the challenging
optimization of the system to fit variable working conditions or thermal demands [29].
The optimization of the AHP’s design and operation can be performed using
phenomenological models (usually coupled with complex numerical optimization tools)
[28-35], experimental setups/prototypes [18, 36-39] or a combination of both [40, 41],
which may often become a difficult and lengthy task. Specifically, (i) it may be very
time consuming, since a significant number of experiments or delayed simulations may
be necessary to determine optimal parameters in a broad range of conditions; (ii) it may
be very complex or even impossible to identify optimal combinations of
operating/geometric parameters to meet pre-established performance requisites; (iii)
assessing the impact ranking of several parameters on the performance may not be
straightforward. In this regard, statistical methodologies can be combined with
phenomenological modeling or experiments in order to perform optimizations much

more easily and efficiently.



The design of experiments (DoE) and response surface methodology (RSM) are
powerful statistical tools to help identify the main factors and interactions influencing
key indicators of a process and for performing expeditious optimizations [7, 42]. These
tools are versatile and have been used in distinct fields, allowing a considerable
reduction of the number of experiments or simulations required for establishing optimal
conditions; e.g. chromatography [43], supercritical fluid extraction [44], coagulation-
ultrafiltration for drinking water treatment [45], and synthesis of materials [46]. Despite
the great potential of these methodologies, very few studies were related to adsorption-
based technologies (and aimed specifically at cooling applications) [7, 8, 42, 47].

This work comprehends two distinct parts. Firstly, formulated zeolites with FAU
topologies, specifically binderless zeolite. NaY (Kostrolith® NAYBFK) and 13X
(Késtrolith® 13XBFK) from Chemiewerk Bad Kostritz GmbH (CWK), and binder-
containing 13X (SYLOBEAD® MS C 548, denoted by 13XB for simplicity) from Grace
were compared through modeling and simulation for adsorption heating applications,
using water as adsorbate. The necessary data for the AHPs simulations included:
isosteric heats of adsorption (Q.qs) assessed from experimental water adsorption
isotherms; thermal conductivities (Ags) Of the adsorbents determined as function of
temperature; measured solid densities (ps). The cyclic adsorption process was simulated
accounting for a Box-Behnken design with four factors and three levels per factor: time
of adsorption and desorption steps (taps+pgs), temperature of condensation (Tconq),
temperature of the heat transfer fluid (HTF) in the desorption stage (Tyrgnot), and bed
thickness (6). In the second part of this work, the statistical outcomes from DoE/RSM
were analyzed, as: Pareto charts for assessing concomitant impact of
operating/geometric parameters on COP and SHP, and polynomial equations for

expeditious performance predictions as function of the factors (and vice-versa). Insights
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into the usefulness of these outcomes for the optimization of AHEX designs and control
strategies of AHPs are provided for NaYBFK, which was the best material found in

terms of both COP and SHP.

2. Materials and methods

Zeolite NaY (Kostrolith® NaYBFK) was kindly provided by Chemiewerk Bad
Késtritz GmbH (CWK), which also commercializes 13X (Kdstrolith® 13XBFK). The
material 13XB (SYLOBEAD® MS C 548) contains a‘mineral clay binder (inorganic),
and was kindly provided by Grace.

The density (ps) of NaYBFK and 13XB was measured by helium pycnometry using
a Quantachrome Multipycnometer after pre-treatment of the powders at 473 K during
150 min (ca. 4 % error).

Pellets of NaYBFK and 13XB with 1 cm diameter and 0.5 cm thickness were
prepared to measure the effective thermal conductivities (g s) of the solid in the range
298.15-388.15 K, using the Gustafsson Probe method (or hot disk [48]) with a thermal
constant analyzer TPS 2500S, and the samples temperature was controlled using a
Thermo Scientific AC 200 immersion circulator. Prior to the data recording at a given
temperature, the samples were maintained at constant temperature during 30 min. The

accuracy of the measurements is ca. 5 %.

3. System description and mathematical modeling

3.1. Adsorbent Heat Exchanger (AHEX) geometry



The simulations were performed for the AHEX unit schematically shown in Fig. 1.
Amongst various designs reported in the literature [49], this simple geometry was
chosen since it is representative for modeling and simulation, and well-studied in the
literature [21, 35, 50], allowing to correctly evaluate trends and compare distinct

adsorbent/adsorbate pairs.

3.2. Modeling and performance indicators

The mathematical model of the unsteady state AHEX unit was written for a
differential volume element of radial thickness dr, and contemplates the material
balance to the bed, the material balance to the adsorbent particle given by the Linear
Driving Force (LDF) model, the energy balances to the adsorbent and vapour, the
equilibrium isotherms, and the momentum balance given by Darcy's law. The
corresponding equations, assumptions, initial and boundary conditions, and numerical
approach are given in the Supplementary Information (Section 1). The adsorption
isotherms for each working pair together with the linear driving force (LDF) model for
mass transfer-are given in Section 4.1.1 (Table 2, Eqgs. (11)-(14)). The LDF model is an
approximation to the material balance to the adsorbent particle, which, in its
unapproximated form, embodies Fick’s law [51]. Since it is simultaneously analytic,
simple and physically consistent, the LDF model has been frequently and successfully
used to describe gas and liquid adsorption Kinetics [51-54]. Moreover, it has been
successfully applied to describe intraparticle mass transfer Kinetics in a fixed bed
adsorption process with zeolite Késtrolith® 13XBFK (used in this work) [55].

For assessing the overall heating performance of each pair, the coefficient of

performance and the specific heating power were calculated as follows:



+ +
COP = |Qaps + Qcond T QcooLl )
Qpes + Quear

+ +
SHP = |Qaps + Qcond + QcoolLl @)
mstcycle

where Qaps, Qcoor and Q.onq are, respectively, the heats released during isobaric
adsorption, isosteric cooling and by the condenser, and Qpgs and Qyugat are the heats
supplied to the bed during the isobaric desorption and isosteric heating stages,
respectively; mg is the mass of the adsorbent and ¢, is the cycle time. The heats

involved in the cycle were computed as follows:

TADS fin _ 3 Wmax .
Qaps = f [ms(cp,s + WCp,a)] T + J_ Mg (—Qags)AW 3)
T ADS,ini Win
THEAT,fin . 4
Queat = f [ms(Cps + WCpa)] dT (4)
THEAT,ini
TDES,fin _ _ Wmin _
QDES = f [ms(cp,s + WCp,a)] dT + J-_ mg Qadde‘ (5)
TDES,ini Wmax
TcooLfin . _
QCOOL = f [mS (CPIS + WCp:a)] ar (6)
TcooL,ini
Qcond = - msAchcleAHv ) where A]/T/cycle: Wmax - Wmin (7)

where C, s and C,, , are, respectively, the specific heat capacities of the adsorbent and
adsorbate, Q.45 is the isosteric heat of adsorption, AVT/Cycle is the cyclic average loading
and AH, is the latent heat of vaporization of the refrigerant. The mass of the metal
components of the AHEX was not considered in Egs. (3)-(6), in order to extract specific
information regarding the influence of distinct adsorbents. The metal contribution
hinders COP, albeit the major COP trends may be similar with or without this

contribution [56, 57].



The average temperature (T), pressure (P) and loading (W) in the bed along time

(generically denoted by ¢@) were given by:

f;_" 2ro(t,r)dr

5 8
@(t) = RZ=RD) (8)

where t denotes time, r is the spatial coordinate, and R, and R; are, respectivelly, the

external and internal boundaries of the adsorbent bed (Fig. 1).

3.3. Design of experiments and response surface methodology (DoE/RSM)

DoE/RSM consists of a set of mathematical and statistical methods which fit
empirical models to experimental data (or simulation results). For applying this
technique, it is necessary to specify the factors (independent variables), the responses
(dependent variables), the levels of the factors (degrees of variation), the experimental
domain (minimum and maximum limits of the factors) and the experimental design
method [58]. In this work, a Box-Behnken design was adopted, which is efficient and
economical, requiring a number of simulations given by N = 2k(k — 1) + cp, where
cp is the number of central points and k is the number of factors, and is adequate when
data may present curvatures [58]. Due to the importance of both operating conditions
and geometric parameters in the performance of AHPs, the statistical studies considered
the time of the adsorption and desorption stages (taps+pes), the condensation and heat
source temperatures (Teong and Tyt not, respectively), and the bed thickness (6), with
three levels per factor, as summarized in Table 1. The values of the independent

variables were codified according to Eq. (9), for ranging between -1 and 1:

Xk — Xp (9)
X, =
k Axk
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where X, and xj are, respectively, the codified and real values of the independent
variable, x, is its real value at the central point, and Axy is its step change. The T.opnq IS
between 308.15 and 328.15 K, which allows the utilization of the heat produced by the
AHP for hot water production, while Tyt hot ranges from 398.15 K (which enables the
use of water as HTF) to 448.15 K (that implies alternative HTFs such as thermal oils,
due to pressure constraints in circuits).

The results submitted to the RSM analysis are usually well represented by a second

order polynomial. In the case of our simulations, the same equations are adopted:

k k k
V=Bt ) BXit Y BiXE+ ) BiXiX, (10)
i=1 i=1

1<i<j
where Y is the response (COP or SHP), X; and X; are the codified factors (taps+pes:
Teond» TutEhot: 8), Bo is a constant including the residual, and g;, f;; and B;; are model

coefficients related to linear, quadratic and pair interaction effects, respectively.
STATISTICA software (version 5.1, StatSoft Inc., Tulsa, USA) was used for
statistical modeling and treatment of the simulation results. An analysis of variance
(ANOVA) was performed to assess the statistical significance of factors and
interactions using Fisher's test and its associated probability level (p-value) for a
confidence interval of 95 %. For judging the significance of the estimated coefficients

Bi» Bii, Bij, t-tests were performed. The coefficient of determination (R*) and its adjusted

value (Rgd,.) were used to evaluate the goodness of fit of the regression models.

4. Results and discussion

4.1. Measurement and determination of properties of NaYBFK and 13XB

11



The Dubinin-Astakhov model was fitted to equilibrium data of water vapour onto
zeolites NaYBFK and 13XB, from which heats of adsorption were calculated, and the
solid densities and temperature dependency of thermal conductivities were measured.
Morphological and textural data (SEM images, N, isotherms, and specific surface area
and pore volume) for NaYBFK and 13XB are given in the Supplementary Information
(Section 2.1), and for 13XBFK are reported in Schumann et al. [59]. The properties
necessary for the simulations using the latter adsorbent were collected from Mette et al.

[55].

4.1.1. Water vapour isotherms, heats of adsorption and adsorption kinetics

For 13XBFK, the water adsorption isotherm in the temperature range 298.15 —
523.15 K was taken from literature [55] (Eq. (11), Table 2). In the case of the other two
adsorbents, the Dubinin-Astakhov (DA) model, often used to describe the adsorption
equilibrium in zeolites and zeotypes [2, 55, 60], was accurately fitted to data provided
by Chemiewerk Bad Kostritz GmbH (CWK) for NaYBFK in the range 298.15 — 353.15
K (Fig. 2), and to data from Grace for 13XB in the range 298.15 — 423.15 K (Fig. 3).
For NaYBFK, the parameters of the model obtained by unconstrained nonlinear
optimization are: W, = 0.301 kg kg™, C = 2.62x10® K** and n = 2.33 (see Eq. (12),
Table 2), with an average absolute relative deviation (AARD) of 3.5 %. In the case of
13XB, they are: W, = 0.231 kg kg™, € = 6.28x10° K** and n = 2.41 (see Eq. (13),
Table 2), with AARD = 6.2 %.

The isosteric heats of adsorption (Q.qs) at half coverage for NaYBFK and 13XB
were determined using the isotherm model and the Clausius-Clapeyron equation

(Supplementary Information, Section 2.2), and are equal to 3.05)(106 J kg1 and
g
12



3.34x10° J kg1, respectively, which are in close agreement (less than 10 %
differences) with literature data [62, 63]. For 13XBFK, Q.4s = 3.50x10°% J kg1 is
reported by Mette et al. [55].

Regarding kinetics, an estimation of the mass transfer resistances inside the porous
structure highlighted greater resistances in macropores and mesopores <than . in
micropores (detailed in the Supplementary Information, Section 2). Hence, Eq. (14)

(Table 2) is appropriate for calculating K pg [51].

4.1.2. Solid densities (ps) and thermal conductivities (Aegs s)

The measured values of ps for NaYBFK and 13XB are 2475 and 2447 kg m>,
respectively (Table 3), which are in agreement with literature data for zeolites [65]
(details in the Supplementary Information, Section 2).

Fig. 4 shows Aggs0f NaYBFK (Aegrnayprk) and 13XB (Aegrq13xp) Measured as
function of temperature in the range 298.15-388.15 K, and corresponding linear fittings
(details in the Supplementary Information, Section 2). In the simulations, average
values of Ag s between the minimum and the maximum temperatures of the bed were
used, which are in the range 0.272 — 0.293 W m™* K and 0.272 — 0.281 W m™* K™* for
NaYBFK and 13XB, respectively (Table 3). These results are in agreement with

literature data for zeolites, generally in the range 0.2-0.4 W m™ K™ [66, 67].

4.2. Simulation studies and optimization through DoE/RSM

In the first part of this section, the performances of NaYBFK, 13XBFK and 13XB

for adsorption heating applications are investigated by carrying out a set of simulations,
13



defined according to a Box-Behnken design with four factors (¢aps+pEs: Tconds THTF hot
and &) and three levels (Table 1). The main properties of the adsorbent/adsorbate pairs
considered in the simulations are given in Table 3. In the second part, the statistical
outcomes from DoE/RSM obtained for NaYBFK are presented and discussed, which
include: Pareto charts showing the ranking of effects on COP and SHP; polynomial
equations from RSM for predicting the AHP performance as function of the factors (and
vice-versa). Examples of the usefulness of these equations to map the system
performance and to easily select optimal operation times and geometric AHEX

parameters are presented.

4.2.1. Comparison of NaYBKF, 13XBFK and 13XB beds

Table 4 shows the set of simulations run for the conditions established by the Box-
Behnken design of four factors (taps+pes: Tcond, THTFhot @Nd &) and three levels listed
in Table 1, along with the results of COP and SHP obtained for NaYBFK, 13XBFK and
13XB. The material NaYBFK seems to lead to superior AHP performances than
13XBFK and 13XB, which is closely related to the higher values of Achcle within the
range of operating conditions under study. The two latter materials led to roughly
comparable results, suggesting that the presence of the clay binder in 13XB does not
affect considerably its performance. Based on these results, the formulation used to

produce commercial 13XB seems very efficient, avoiding loss of material performance.

4.2.2. Statistical outcomes from DoE/RSM for NaYBKF and insights into AHPs
optimization
4.2.2.1. Impact of operating/geometric factors on COP and SHP

14



Pareto charts allow the identification and classification of the factors and interactions
with (negative or positive) impact on a response variable.

Fig. 5 shows the Pareto charts of COP and SHP for the Box-Behnken design matrix
of Table 4, with confidence interval of 95 %, where factors with positive and negative
effects are ranked.

The increase of T.,nq has negative influence on the performance parameters, being
the greatest impacting variable on COP (Fig. 5(a)). As T.,nq iNCreases, the pressure
during desorption stage increases, leading to the decrease of the average loading swing
(AVT/Cycle) and of the heats generated per cycle. The bed thickness (o) is the second most
important factor on COP, and its increase predominantly reduces SHP. Incrementing &
increases the resistance to heat transfer along the adsorbent bed, influencing the
heating/cooling rates of the adsorbent, and ultimately the adsorption/desorption rates of
water vapour. Higher Tyrgnot impacts favorably on the AHEX operation, since it allows
better adsorbent regeneration-and thus higher AVT/cycle. The taps+pes (ranked in fourth
place in both Pareto charts) influences COP positively, since more time is given to heat
and mass transfer, approximating the system to equilibrium state, which enlarges the

differences between adsorption and desorption steps (AVT/Cycle). However, higher

taps+pes accounts for reduced SHP. There are quadratic (tZps.pgs. 62) and interaction
effects (Tcona X TuTFhot O X taps+pes) With statistical significance for COP and SHP,
albeit less important. The Pareto charts for 13XBFK and 13XB present similar trends to
those for NaYBFK (Supplementary Information, Section 3). Overall, these results show
that DOE/RSM can be successfully applied for the evaluation of impact of operating

conditions and geometric parameters on the performance of AHPs.

15



4.2.2.2. RSM models for COP and SHP

The RSM results of COP and SHP, for which RZ,, = 0.981,R3j; cop = 0.973,

Réyp = 0.978and RZ4; gp = 0.967, are:

COP = 29.905 + 6.686 X 10 5tpg,prs — 9-390 X 1072T,0, 4 — 5.692 X 102 Tyypp pot — (15)
54.6676 — 1.403 X 10 8t2pg, pes + 8.148 X 1073t 5ps,ppsd + 1.900 X 107 Teong Tyt hot

SHP = 3015.673 — 1.199 X 10 tzpssprs — 17.250Tzonq + 8.163Tyirp hot — 2954116 +

(16)
+404409662 + 11.259% s pes6 + 1400T¢0nq8 — 652Trrnotd

These simple equations are very useful for expeditious performance predictions since
considerable number of experiments or time consuming simulations are avoided, for
example, when a significant number of grid points need to be used to eliminate
numerical instabilities due to the non-linearity and stiffness of the equations, or even
when the isotherms are described by non-linear algebraic expressions (which greatly
prolongs the simulation time). Examples of the usefulness of these equations are

presented in the following.

(i) Mapping the AHP performance and assessing trends

The 'Egs. (15)-(16) enable mapping the system performance within a range of
conditions, based on the small number of simulations accomplished above. This may be
visualized using e.g. surface plots, which show the shape of the response surfaces, and
allow assessing trends and identifying minima and maxima when existent. As
illustrative case, the surface plots of COP and SHP as function of Tyt and &, with
fixed T.onq = 318.15 K and tapsipes = 2250 s, are given in Fig. 6. As side remark,
maximum values of COP and SHP around 1.50 and 400 W kg~!, respectively, are
achievable for Tyrgnor = 448.15 K and & =5x10°% m, which indicates somewhat

16



limited performances (namely in terms of power) for NaYBFK. Besides, Tyrphot =
448.15 K mimics a practical scenario requiring the use of thermal oils or even exhaust
gases for bed regeneration. This may turn the concept of the AHP unfeasible in some
applications, due to technical complexity, maintenance efforts (e.g. need for periodical
oil replacement) and costs. Regarding &, the results reiterate the need for developing
coated AHEXs, for example using dip coating or spray coating techniques, for which
6 <1 mm is commonly found [70], or even through the synthesis of thin adsorbent
coatings (with dozens or hundreds of microns) directly on the heat exchangers [70, 71],
in order to increase the technical and economic viability of AHPs (albeit a good
compromise in terms of metal to adsorbent mass ratio Is necessary to not significantly
hinder COPs). Coated AHEXxs enable SHPs > 1000 W kg™, while loose grains or pellets
generally do not exceed the order of hundreds: e.g., Dawoud [5], Restuccia and
Cacciola [21] and Dawoud et al.-[23] report SHP values in the range of ca. 900 — 2200
W kg™ for coatings of zeolites/zeotypes, while for beds of loose pellets they were
roughly in the interval 160 — 550 W kg™. The latter range of SHPs is somewhat in

agreement with the values in Figs. 6-7 in the interval ca. 100- 600 W kg™.

(i) Optimum times to fullfil performance requirements - insights into AHP control
strategies

In this section, the selection of optimum times to meet specific performance
requisites under variable T.,,q is exemplified, envisaging two distinct control strategies,
in which either SHP or COP are to be maximized. Fig. 7(a)-(b) shows the contour plots
of COP and SHP (Egs. (15)-(16)) as function of T.,nq and taps+pgs, under fixed

Tyrrnhot =448.15 Kand 6§ = 5x10° m, from which optimum times of operation can be
17



extracted. In the following discussion it is always assumed that T.,,q Should range from
308.15 to 328.15 K in order to meet consumer needs (this mimics the domestic hot
water production, in which the water temperature inside the tank rises along time).

Control strategy for maximizing SHP. If along the heating process COP > 1.40 and
the highest SHP are simultaneously required, the evolution of (taps+pgs, Tcona) PaIr
can be easily designed as shown in Fig. 7(a) (filled circles). In the first 3 cycles (308.15
< Teona(K) < 318.15), an optimum taps.pes Of 900 s is identified, and a progressive
decrease in the performance occurs (COP: 1.51 > 1.47 > 1.42; calculated from Eq.
(15)), for which the corresponding SHPs (W kg™1) in Fig. 7(b) are: 621 > 570> 519;
calculated from Eq. (16). In the fourth and fifth cycles (T.onq = 323.15 and 328.15 K,
respectively), taps+pes Needs to be increased to ca. 1260 s and 1800 s, in order to meet
COP = 1.40 and maximum SHP values around 450 and 360 W kg~! (Fig. 7(b)),
respectively.

Control strategy for maximizing COP. Fixing SHP > 400 W kg~! and seeking for
the highest COP values at each moment during the heating process, the resulting
evolution of tapsypgs can be easily established from Fig. 7(b) (open white circles). In
the first and second heating cycles (T.o,nq OF 308.15 K and 313.15 K, respectively),
taps+pEs = 3600 s allows SHP > 400 W kg~! and maximizes COP (which attains,
respectively, 1.63 and 1.59 (Fig. 7(a)). From the second to the third cycle, taps+pEs
needs to be reduced from 3600 to ca. 2700 s, while in the fourth cycle (T.ynq = 323.15
K) it must be further decreased to ca. 1980 s. The heating process ends in the fifth cycle
(Teona = 328.15 K), for which typs,ipgs rounds 1170 s, SHP is ca. 400 W kg~! and

COP approaches 1.36 (Fig. 7(a)).
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Overall, DoE/RSM methodologies may aid the development of advanced AHP
control strategies allowing adaptions to changes in working conditions and/or user

requirements, while simultaneously meeting performance requisites.

(iii) Optimal (8,taps+pEs) Pairs to meet performance requirements - insights into the
development of optimized AHEXs

Fig. 8(a)-(c) shows (SHP, COP) pairs estimated using Eqgs. (15)-(16) for Tyrg hot =
448.15 K, 6 and tapsipgs in the range 5 x 1073 — 10x 1073 'm and 900 - 3600 s,
respectively, and T,,,q Of 308.15 K, 318.15 K and 328.15 K. Exemplified requisites of
COP > 1.40 and SHP > 400 W kg™ are marked. The & Vs. taps.pes Values considered
in the performance estimations for each T.,,q are also shown, where the combinations
that satisfy COP and SHP requisites are highlighted with orange border.

For T,onq = 308.15 K (Fig. 8(a)), the performance requisites are met for 8 =5 x 1073
m in a broad range of txpsspes (900 — 3600 s), and for § = 6.25 % 10~3 m with
taps+pes lower than'~ 2750 s. Incrementing T.,nq to 318.15 K (Fig. 8(b)), only 6 =
5x 1073 m with tapsipes < 2750 s allows fulfilling the COP and SHP requirements.
For T.ong = 328.15 K (Fig. 8(c)), the pre-established performance requisites are no
longer met for any evaluated ( 0, taps+pgs) pairs evaluated. This example shows the
importance of analyzing the complete range of temperature conditions when seeking for
optimal AHEX geometry and operating parameters.

In the whole, DOE/RSM can easily aid the identification of optimal combinations of

operating and geometric features for meeting pre-established performance requisites.
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Conclusions

Modeling and simulation studies were accomplished to compare the performance of
binderless NaY (NaYBFK), binderless 13X (13XBFK), and binder-containing 13X
(13XB) for adsorption heating applications using water as refrigerant. Equilibrium,
kinetic and thermophysical properties were measured and/or estimated to carry out 25
simulations per adsorbent totally. With this purpose, four factors and three levels were
studied according to a Box-Behnken design: taps+prs between 900 and 3600 S; Teong
from 308.15 to 328.15 K; Tyt not from 398.15 to 448.15 K; and & between 5%107 and
10x10° m. The NaYBFK was the most promising adsorbent, with COP values up to
1.63 and SHP around 620 W kg~1. The 13XBFK and 13XB materials achieved similar
COP and SHP results, which means that the mineral clay binder of 13XB does not
hinder its performance within the studied range of conditions.

In a second part of the work, the statistical outcomes from DoE/RSM for NaYBFK
beds were analyzed, and-insights into their usefulness for the optimization of adsorption
heating pumps (AHPs) were illustrated. Simple models for the quick estimation of COP
and SHP were developed, allowing for: (i) mapping system performance in a broad
range of conditions with small number of simulations; (ii) the selection of optimal
operating times and geometric features of adsorption heat exchangers (AHEXs) under
pre-established performance requirements. Overall, DoE/RSM can aid the successful

development of optimized AHEXxs and advanced AHP control strategies.
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Nomenclature

AARD n |Valuecqiculated,i-V 2 Weexperimental,i
i=1

Valuegxperimental,i
Ndata

Average Absolute Relative Deviation (%)

cp Number of central points in Box-Behnken design
C Parameter of Dubinin-Astakhov isotherm

Co Specific heat capacity (J kg™ K™

COP Coefficient of performance

d, Adsorbent particle diameter (m)

Dy Effective diffusivity (m*s™)

Dx Knudsen diffusivity (m° s™)

D, Molecular diffusivity (m*s™)

H Equilibrium constant

k Number of factors in the Box-Behnken design
Kipr Linear driving force (LDF) global mass transfer coefficient (s™)
m Mass (kg)

M Molar mass of adsorbate (kg mol™)

n Parameter of Dubinin-Astakhov isotherm

N Number of runs in Box-Behnken design

P Pressure (Pa)

Q Heat (J)

Q.ds Isosteric heat of adsorption (J kg™)



Qaps Heat released during the isobaric adsorption stage (J),

QcooL Heat released during the isosteric cooling stage (J)
Qcond Heat released by the condenser (J)

QbEs Heat supplied during the isobaric desorption stage (J)
QuEAT Heat supplied during the isosteric heating stage (J)

r Spatial coordinate (m)

R Radial position in the adsorbent bed (m)

R Universal gas constant (J mol™ K™).

R? Coefficient of determination

R%4; Adjusted coefficient of determination

R, Adsorbent particle radius (m)

SHP Specific heating power (W kg™?1)

t Time (s)

teycle Cycle time (s)

T Temperature (K)

THTF cool Temperature of the cool heat transfer fluid (K)

TyTF hot Temperature of the hot heat transfer fluid (K)

w Adsorbate loading (kg kg™)

W, Adsorbate loading at saturation pressure (kg kg™)

Xo Real value of the factor at the central point in DOE/RSM

analysis

X Real value of the factor in DoE/RSM analysis



Xy, Xi, X

Greek symbols

Bo

Bi

Bii

Bi;
Bwater
)

AH,
AWeyele
Axy

&b

Codified value of the factor in DOE/RSM analysis

Response variable in DOE/RSM analysis

RSM model constant including the residual

RSM model coefficient related to linear effects

RSM model coefficient related to quadratic effects

RSM model coefficient related to pair interaction effects
Thermal expansion coefficient of water (K™)

Adsorbent bed thickness (m)

Latent heat of vaporization (J kg™

Cyclic average adsorption loading swing (kg kg™)

Step change of the real value of the factor in DOE/RSM analysis
Porosity of the bed

Porosity of the particle

Thermal conductivity (W m™ K™

LDF model constant dependent on the particle geometry
Density (kg m™)

Tortuosity of the particle

Generic notation of T, W and P

Generic notation of T, W and P
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Subscripts

ADS
cond
COOL
DES
eff

eq
evap
fin

HEAT

ini

max

min

sat

Adsorbate

Isobaric adsorption stage
Condenser

Isosteric cooling stage
Isobaric desorption stage
Effective

Equilibrium

Evaporator

Final

Isosteric heating stage
Internal boundary of the bed
Initial

Maximum

Minimum

External boundary of the bed
Particle

Adsorbent

Saturation
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Figure captions

Figure 1 - Schematic representation of the cylindrical adsorbent heat exchanger (AHEX)

studied in this work.

Figure 2 - Adsorption isotherms of water vapour on zeolite NaYBFK: experimental data

at 298.15 (o), 333.15 () and 353.15 K (L) provided by Chemiewerk Bad Kostritz

GmbH (CWK)); lines are the Dubinin-Astakhov model fitting.

Figure 3 - Adsorption isotherms of water vapour on zeolite 13XB: experimental data at
298.15 (0), 313.15 (9), 338.15 K (A), 368.15 K () and 423.15 K (V) provided by

Grace [61]; lines are the Dubinin-Astakhov model fitting.

Figure 4 - Variation of A 0f 13XB and NaYBFK with temperature. Squares are
experimental results (using the Gustafsson probe method), and lines are the

corresponding linear fittings.

Figure 5 - Pareto charts of (a) COP and (b) SHP for NaYBFK considering the Box-

Behnken design of Table 4 with confidence interval of 95 %.
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Figure 6 - Surface plots of (a) COP (Eg. (15)) and (b) SHP (Eqg. (16)) as function of
Tyrrnot and & obtained for NaYBFK with T onq = 318.15 K and tapspgs = 2250 s.

Dots are simulation results (Table 4, runs 13 and 18-21).

Figure 7 - Contour plots of (a) COP (Eq.(15)) and (b) SHP (Eg. (16)) obtained for
NaYBFK as function of T onq and tapsipgs, for fixed Tyypnot =448.15 K and 8 =
5x10° m. Filled black circles to the specification requiring COP > 1.40 and the
simultaneous maximization of SHP in all cycles; Open white circles concern the
requisite of SHP >400 W kg~! and the concomitant maximization of COP in all

cycles.

Figure 8 — Pairs of SHP and COP estimated using Egs. (15)-(16) for Tyrgnot = 448.15

K, & and tapsipes iN the range 5x 1073 — 10x 1073 m and 900 - 3600 s,
respectively, and T.onq Of (a) 308.15 K, (b) 318.15 K and (c) 328.15 K. Exemplified
performance requisites of COP > 1.40 and SHP > 400 W kg™ are marked (orange
squares). The (&, taps+pes) pairs considered for the performance estimations at each
T.ona are also shown (black circles), where the combinations that allow meeting the

COP and SHP requisites are highlighted (diamonds with orange border).
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Table 1 - Factors, levels and codification considered for the Box-Behnken design.

Level
Factor Low Medium High
(-1) (0) (+1)
taps+pes () @ | 900 (15 min) | 2250 (37.5 min) | 3600 (60 min)
Teond (K) 308.15 318.15 328.15
Tt hot (K) 398.15 423.15 448.15
5 (m) 5x107 7.5%x107 10x10°

@ |sobaric adsorption and desorption are the longest stages, therefore taps,pgs IS similar to teycle-



Table 2 - Dubinin-Astakhov (DA) isotherms of water vapour on 13XBFK, NaYBFK and 13XB, and expressions for the
linear driving force (LDF) global coefficient (Kypg)-

Description Equation Eq.
RT Psat 1.55

Weq = 3.4103 x 10™*p, exp —( In ) ]
13XBFK/water isotherm 11923 x10°M P an
(DA model) @b) where pa = Pwater,293.15 K

a 1‘l':Bwater,Z%.ls K(T_293-15)
NaYBFK/water isotherm B _ _g Poa)* ]
[ P, 2.417
13XB /water isotherm (DA model) Weq = 0.231 exp [—6.28 x 10~° <TlnsTat) (13)
. . Kipr = %,Where QQ =15 (for spheres),

Linear driving forceZ )(LDF) global mass R3H )
transfer coefficient © _ep (1, AT _ T IWeq (14)

Deff_rp(DK+Dm) and H = pp M P

@ The Buwater293.15 1S the thermal expansion coefficient of water at 293.15 K, which is 2.07x10™* K™ according with the Mugele model

reported in Fig. 1(b) of ref. [64]. ® The maximum loading (W,) corresponds to the term 3.4103 x 10~*p, (in kg kg™). © The equations for
Dy and D, are given in Supplementary Information (Section 2.2).




Table 3 - Main properties of the adsorbents, bed dimensions and operating conditions
considered in the simulations.

NaYBFK Ref. | 13XBFK | Ref. | 13XB Ref.
Cps G kg™ K™Y 855 — 898 @ [68] | 880 910 - 945 @ [68]
Aetts (W M K (3.272 ~0.293 0.24® 5 2).272 -0.281
Quis Okgh) | 305x10°0 35010 334 X 10°0
ps (kg m) 2475 @ This | g75 © THIS | 5447 0 This
work work work
pp (kg m?) 1117 @ 1150 1117 @
& 0.55 @ 0.60 [55] | 0.54@
Tp 3.8@ 4.0 3.9@
dp, (m) 0.5 x 107
&b 0.40 @
Adsorbent bed dimensions and operating conditions
R; (m) 7.5x10°
Tevap (K): Fevap 278.15; 870

(Pa)

THTF,cool (K) ©

308.15 - 328.15

@ Details given in the Supplementary Information (Section 2).

®)_Obtained considering Aegrs = A5(1 — &), Using A; = 0.4 W m™ K™ as reported in ref. [55].
© Calculated using data reported in ref. [55] for particle density (pp) and porosity (&) of 1150 kg m* and

0.6, respectively, as follows: p, =

[69].

© Thrp,cool Was coincident with T,qpng.

(1-&p)’
@ The porosity of undisturbed random beds of spheres normally lies between 0.36-0.42, as reported in ref.




Table 4 - Box-Behnken design matrix of four factors (¢aps+pess Tcond: THTF not, 4) and three
levels, and results of COP and SHP for NaYBFK, 13XBFK and 13XB beds.

NaYBFK 13XBFK 13XB

Run tADs(;;DEs (Ta)cond (X) (Ta;HTF,hot (X) & (m) @

) cop | SHP cop | SHP cop | SHP

(Wkg™) Wkg™) Wkg™)

1 900 (1) | 308.15(-1) | 423.15(0) | 7.5x10°(0) | 1.38 | 322 126 | 238 127 | 248
2 3600 (1) | 308.15(-1) | 423.15(0) | 7.5x10°(0) | 1.51 | 201 138" | 150 138 | 150
3 900 (-1) | 328.15(1) | 423.15(0) | 7.5x10°(0) | 1.05 | 141 1.00 | 105 1.06 | 129
4 3600 (1) | 328.15(1) | 423.15(0) | 7.5x10%(0) | 1.26 | 95 118 | 76 119 | 76
5 900 (-1) | 318.15(0) | 398.15(-1) | 7.5x10°(0) | 1.10 | 128 105 | 102 1.08 | 113
6 3600 (1) | 318.15(0) | 398.15(-1) | 7.5x10°(0) | 132 | 87 121 | 72 119 | 79
7 900 (1) | 318.15(0) | 448.45(1) | 7.5x10°(0)-| 131 | 333 120 | 245 121 | 265
8 3600 (1) | 318.15(0) | 448.15(1) | 7.5x10°%(0) | 1.47 | 220 133 | 153 137 | 164
9 2250 (0) | 308.15(-1) | 398.15(-1) | 7.5x10°(0) | 141 | 159 130 | 124 130 | 126
10 | 2250(0) | 328.15(1) | 398.15(-1) |-7.5x10%(0) | 1.05 | 48 1.01 | 40 1.09 | 47
11 | 2250(0) | 308.15(-1) | 448.15 (1) | 75x10°(0) | 151 | 308 138 | 223 139 | 247
12 | 2250(0) | 328.15(1) | 448.15(1) | 75x10%(0) | 1.34 | 196 117 | 138 125 | 155
13 | 2250(0) | 318.15(0) | 428.15(0) | 7.5x10%(0) | 1.36 | 171 123 | 129 1.26 | 139
14 | 2250(0) | 308.15(-1) | 42315(0) | 10x10°(1) | 1.40 | 148 127 | 110 129 | 118
15 | 2250(0) | 328.15(1) | 423.15(0) | 10x10%(1) | 110 | 68 1.03 | 52 1.07 | 62
16 | 3600(1) | 31845(0) | 423.15(0) | 10x10%(1) | 134 | 91 121 | 70 124 | 78
17 | 900(-1) |.81845(0) | 423.15(0) | 10x10%(1) | 112 | 142 1.04 | 105 107 | 111
18 | 2250(0) | 318.15(0) | 448.15(1) | 10x10°(1) | 1.33 | 154 122 | 113 124 | 127
19 | 2250(0) |318.15(0) | 398.15(-1) | 10x10%(1) | 114 | 62 1.06 | 50 113 | 56
20 | 2250(0) | 318.15(0) | 398.15(-1) | 5x10°(-1) | 1.36 | 176 1.26 | 146 124 | 124
21 /| 2250(0) | 318.15(0) | 448.15(1) | 5x10°(-1) | 1.48 | 431 135 | 318 136 | 304
22 | 900(1) | 318.15(0) | 423.15(0) | 5x10°(-1) | 1.36 | 427 124 | 322 126 | 344
23 |'3600 (1) | 318.15(0) | 423.15(0) | 5x10°(-1) | 1.47 | 224 136 | 177 133 | 136
24 | 2250 (0) | 308.15(-1) | 42315(0) | 5x10°(-1) | 153 | 412 141 | 311 139 | 275
25 | 2250(0) | 328.15(1) | 423.15(0) | 5x10%(-1) | 1.32 | 192 122 | 155 122 | 137

@ Values inside parenthesis are the codified levels of each variable under the context of DoE.



Highlights

Study of X and Y zeolites with/without binder for adsorption heat pumps (AHPs)

Results from Box-Behnken design and response surface methodology (DoE/RSM)
analyzed

Studied variables: bed thickness, time, condenser and heat source temperatures

The binder in the 13X formulation does not penalize AHP performance significantly

DoE/RSM aid efficient optimization of AHP design and control
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