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The deployment of adsorption cycles for heating and cooling purposes is often limited by poor efficiency and
high reactor volumes, both determined by the adsorber material used. The appropriate pre-selection of the
solid sorbent and the system design in the early stages of design can allow quick identification of the most
promising solutions. In this work, a reliable and robust methodology for adsorber material screening and pre-
selection is proposed and applied to a test set of state-of-the-art candidates. The improvement achieved in the
adsorption equilibrium prediction with respect to the most frequently used model is above 60%. In addition,
the adsorber material selection framework based on mixed-integer linear programming was applied to over 600
hypothetical cooling and mixed cooling/heating use cases. The analysis of exergy and volume performances
allowed to emphasize differences of design strategies using different system objectives (i.e. minimizing the
temperature of the heat sources and choosing compact materials). We provide the proof of feasibility of a
harmonic pre-design of adsorbent materials and energy system and show that it can be used to narrow down
the decision variables to the most promising options. This methodology can be considered as the foundation of
more extended and automated design methods for real scenarios constrained by kinetics, material integration
and costs.

1. Introduction demand only small amounts of material and allow the estimation of the

maximum achievable thermal energy performance, identifying the most

Adsorption energy technologies can play an important role in mak-
ing energy systems more sustainable [1,2]. Cooling, heating, and en-
ergy storage systems can be more efficient using the full potential of
adsorbent materials, which allows for providing those services requir-
ing little electricity (i.e. only auxiliary systems like valves and pumps).
Nonetheless, several factors are limiting their widespread application,
including low thermal efficiencies and large volumes when compared
to competing solutions [3].

The performance of adsorption equipment strongly depends on the
adsorbent-adsorbate working pair, and because of that, it is highly
sensitive to the operational conditions (i.e. temperature, pressure) [4].
The pre-selection of the appropriate working pairs in the early stage of
the design — before prototyping, testing and optimizing the equipment
— can therefore enable competitive applications [5] at minimum time
and costs for R&D. This can be achieved by characterizing the equilib-
rium thermophysical properties of the materials. These measurements

suitable adsorbents [6]. While these quantities do not take into account
the kinetics of the adsorption process, no good performance can be
reached without suitable equilibrium properties. Additionally the kinet-
ics depend heavily on the heat exchanger design and will need either
measurements on prototypes or advanced modelling. The adsorbent—
adsorbate working pair is not the only driver of the adsorption heat
transformer performance, but it is considered as a preliminary require-
ment. In fact, other aspects as material integration, heat exchanger
design and control are similarly relevant. However, their optimization
is not so dependent on the working pair obtained and can be included
in later stages of the system design.

Being such an important step in the development of adsorption heat
transformer, several approaches for material selection were already
developed. Specifically Aristov and colleagues played a central role in
developing the field. In [7] they considered the dynamic characteriza-
tion and optimization of materials as the key indicator performance.
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Nomenclature

Acronyms

Al — fum. Aluminium Fumarate from MOF Technolo-
gies

Al — iso. Aluminium Isophthalate from MOF Tech-
nologies

AC Activated Carbon

AQSOA - Z02 AQSOA-Z02 from Mitsubishi Plastics

ATL Averaged Temperature Lift

copP Coefficient Of Performance

DA Dubinin-Astakhov

EN Energy use

EX Exergy use

EV Energy-specific Volume

MILP Mixed Integer Linear Programming

MOF Metal-Organic Framework

MSE Mean Square Error

NU Normalized use (of energy/exergy)

OBJ Objective function

RDSilicaGel RD Silica Gel from Fuji Davison

RMF - AC Resorcinol-Melamine-Formaldehyde = AC
from Empa

RSE Residual Standard Error

SAPO - 34 SAPO-34 from Fahrenheit

Siogel Siogel from Oker Chemie

SEM Scanning Electron Microscopy

AHT Adsorption Heat Transformer

R&D Research and Development

PSA Pressure Swing Adsorption

Symbols

C Characteristic energy of adsorption [J/g,]

cp Specific heat capacity [J/g/K]

F Specific work of adsorption [J/g,,]

f Degrees of freedom of the model

H Specific heat of adsorption [J/g,]

k Total number of points predicted

M Molar weight of water [g/mol]

n Adsorption exponential shape factor [—]

L Latent heat of evaporation of water [J/g,]

p Pressure [mbar]

R Ideal gas constant [J/mol/K]

s Size of the unit [—]

T Temperature [K]

t Time [s]

0] Energy stream [J]

w Specific adsorbed water loading [g,, /gl

W, Specific adsorbed water at saturation
[2w/gw]

€2 Squared residuals

p Density [g/cm3]

T Characteristic time [s]

1) Dirac delta function

N Number of elements

In [8], they recognized the importance of adsorbent databases as
the foundation for comprehensive and quantitative evaluation of the
existing water adsorbents. Nowadays, with the computational power

d Particle size [mm]

A Difference

Sub- and super-scripts

ad Adsorption

c Critical point of water

con Condenser

de Desorption

env Environment

eva Evaporator

fi Final

hot Hot source of the cycle

train Training data

cool System’s cooling demand (also level)

sink System’s heat sink (also level)

V50 Volumetric median

tap Tap (density)

test Test data

ik Elements of the sums

in Initial

max Maximum

need Energy need/requirement of the system

s Solid adsorbent

sat Saturation

T Temperature level

w Water

param Model parameter

heat System’s heating demand (also level)

source System’s heat source (also level)

switch Switching point between isosteric and iso-
baric adsorption

/ Level

lift Temperature lift from evaporator to con-
denser

reg Regeneration temperature lift from con-
denser to hot source

growing unprecedentedly also within the scientific community, such
databases are becoming even more important and are currently being
maintained [9]. In [10] they reviewed the most promising classes
of materials being developed and systematically exposed their pros
and cons. More recently [11], they highlighted how adsorption cycles
and materials should be developed harmoniously to maximize the
thermodynamic synergy among them in both first-law and second-law
terms.

Moreover, more authors have been contributing the development of
the field. In [12], several working pairs have been simulated for differ-
ent working conditions, providing insights on how to achieve maximum
performance improving the cycles with heat recovery. In [13], several
working pairs are evaluated and compared for different types of heat
storage applications. In [14], modelling and simulations of several
working pairs was used as a method to design systems considering both
thermodynamic and dynamic aspects. In [15], a fingerprint method is
proposed to evaluate a give material with two different driving temper-
atures as representative of different classes of applications. In [16], the
adsorption isotherms extracted from a database are used to calculate
theoretical coefficient of performance for a cooling and a heating
cycle. In [17], a screening over a large number adsorbent-adsorbate of
working pairs was computed for heating and cooling applications, with
fixed evaporator and adsorption temperatures but with free desorption
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temperature. In their work, both thermodynamic and heat transfer
considerations are used as a selection criteria.

An important common aspect of all these works is the evaluation
of the properties of the investigated adsorbents, especially regarding
equilibrium and dynamic adsorption data. As special interest is often
dedicated to water as adsorbate fluid [14], many studies concerned
the water adsorption characteristics for relevant conditions [3]. When
comparing different materials from a thermodynamic standpoint, water
adsorption curves are used as a primary indicator and to feed mod-
els and simulations [18-21]. Models have been extensively used to
understand and predict the amount of water adsorbed on a material
surface in a given condition in the last century. Some of these models
were applied to many different classes of nanoporous materials, due to
their simple formulation. Among them, one should certainly cite the
Langmuir model, the Sips model, the Toth model, the UNILAN model
and the Dubin-Astakhov model [22,23]. In particular, the latter [24] is
able to describe adsorbents with an S-shaped adsorption characteristic,
which happens to be advantageous in heat transformers [16,25], and
it is based on a single driving force, the potential energy of adsorption.
The energy and entropy of adsorbed water may deviate from this
theory, being dependent on temperature [26]. However, it is generally
found that this description gives a good approximation of the first-
order effects. Furthermore, a single D-A equation is representative of
a uniform pore size distribution around a well-defined diameter, while
in many commercial and novel adsorbents more than one pore type can
contribute to the total adsorption [27,28]. This limitation, depending
on the nature of the adsorbent material, might be more difficult to cope
with, especially when characterizing over broad ranges of the potential
energy of adsorption. In fact it is sometimes overcome with artefacts
such as the segmentation of the fitting equation or the application
to a limited range of water pressures [6]. An alternative route to
model adsorption on heterogeneous surfaces is to generalize existing
models. In [29], the adsorption happening at different thermodynamic
conditions in different adsorption sites following the Langmuir model
are summed with a probability factor.

In the field of pressure swing adsorption (PSA) systems for gas sep-
aration, optimization methods have already been used to optimize the
design decisions. Those included the system design and operation [30-
33]. In the field of adsorption heat transformers, the optimization often
consisted in parameter sweeps, as for example in [34] where a dynamic
model is used to optimize the design and the control of an adsorption
chiller with two different adsorbent materials.

Analysing the state-of-the-art research some considerations can be
taken:

Experimental data on adsorbent material properties are needed to
estimate the performance of AHT;

Automated screening from a database of materials is possible and
enables novel solutions;

The description of adsorption characteristic in a general way is
necessary to analyse generally unknown materials;

Equilibrium properties can be sufficient to narrow-down the se-
lection of the materials to the feasible candidates (and dynamic
considerations are necessary afterwards);

The feasibility of complex adsorption system can be studied with
optimization algorithms.

In this work, we intend to fill some of the gaps necessary to estimate
the feasibility of complex water-based adsorption heat transformers
systems in a preliminary stage. In fact, by selecting at the same time
materials and system design, the maximum benefits can be obtained.
In a preliminary phase of the design, it is not worth to measure the
kinetic performance of tens (and even less of hundreds or of thousands)
of adsorbents under many different conditions, so one must rely on
as little data as possible. Here a simple formulation for the maximum
equilibrium performance is used to estimate the achievable energy and
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exergy efficiency and the minimum volume necessary. This estimation
relies heavily on the water adsorption characteristic, therefore we
propose a measuring and modelling solution to minimize the errors
deriving from the extrapolation of those characteristics. Having such
a simple description of the performance of the system, a simple opti-
mization algorithm based on algebraic equations will be sufficient to
demonstrate the feasibility of the approach, leaving a more detailed
application of the methodology for later stages of design (including
dynamic considerations and more representative process functions).

A similar effort was undertaken by Boman and colleagues [17].
However, some important differences between their approach and the
one here proposed can be found. Those differences concern the use and
validation of a more general and detailed adsorption model, and the
simultaneous choice of material and system design.

Therefore, a new methodology for screening adsorbents for water
as refrigerant fluid is reported, taking into account both the character-
ization and selection criteria. The aims include:

* a more accurate estimation of the maximum thermal perfor-
mance;

+ arobust method to identify the best adsorbent material depending
on the temperature boundaries;

+ a methodology that applies to a wide range of materials with very
different characteristics;

» a methodology that could be expanded and automated to find
optimal designs when connected to a database of materials prop-
erties.

This has been achieved by:

« introducing a novel model to describe the equilibrium adsorption
characteristics;

+ applying Mixed Integer Linear Programming (MILP) techniques as
a tool for material selection;

« testing the methodology by estimating the maximum energy per-
formance of a range of adsorber materials of different type, shapes
and formats (state-of-the-art silica gels, zeo-types, Metal-Organic
Frameworks (MOFs) and activated carbons (ACs)) for different
heating and cooling scenarios.

We will first describe the methods and modelling approach in detail,
namely the experimental measurements, the fitting of the equilibrium
water sorption as well as the optimization approach. This will be
followed by a discussion of the results. First we will be discussing
the measured properties (density, heat of adsorption and adsorption
isotherm) as well as the fitting of the equilibrium adsorption, ending
with a discussion of the results of the optimization framework and some
conclusions.

2. Materials and methods
2.1. Materials

Six adsorbent materials have been selected by virtue of their adsorp-
tion characteristics: two amorphous silica gels beads (Fuji Davison RD
Silica Gel and Oker Chemie Siogel), adsorbing water over a wide range
of relative pressures; two zeo-types (SAPO-34 powder from Fahrenheit
and AQSOA-Z02 beads from Mitsubishi Plastics), adsorbing at low rel-
ative pressures; two MOF pellets (MOF Technologies Al-OH Fumarate
and CAU-10-H) and one monolithic AC (developed in-house at Empa)
adsorbing at intermediate relative pressures.

The RD silica gel from Fuji Davison are irregular granules with an
average size of 0.84 mm. The Siogel from Oker are round beads with
an average diameter of 1.1 mm. The SAPO-34 powder from Fahrenheit
is an irregular powder with an average size of 0.025 mm. The AQSOA-
702 from Mitsubishi Plastics are round beads with an average diameter
of 2 mm. The Aluminium Fumarate and Aluminium Isophthalate from
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MOF Technologies are elongated, quasi-cylindrical pellets, with aver-
age dimensions 1.9 x 3.8 mm and 1.5 X 3.7 mm, respectively. The
Resorcinol-Melamine-Formaldehyde activated carbon from Empa is a
shapeable monolith with integrated macroporosity.

2.2. Material characterization

In order to compute first-law thermodynamic analysis on poten-
tial adsorbent materials, some of their thermophysical and structural
properties must be characterized, namely specific heat capacity, water
adsorption isotherms, specific heat of adsorption, and tap density.

To calculate the energy the sensible heat spent during each cycle to
heat up and cool down the adsorbent, specific heat capacity has been
measured on dry samples by differential scanning calorimetry using a
Mettler Toledo DSC 1 instrument, available at CNR/ITAE, following
the standard method DIN 51007. The accuracy of the method is +2%.
However, it should be noted how, due to the different formats of the
studied adsorbent candidates (powders, beads, monoliths; see Fig. 1),
the achieved thermal contact during thermal characterization is not
uniform. When comparing the obtained values for specific heat capacity
this should be kept in mind. For the same reason, for the specific heat
of sorption, the simplified theoretical value [6] H = L(T)+ F(T, p) was
preferred to experimental values H = H (w).

Water adsorption isotherms are fundamental to calculate the heat
released/absorbed during the adsorption/desorption process and the
sensible heat spent during each cycle to heat up and cool down the
adsorbed phase. This property is the main indicator for ranking adsor-
bent materials and the most complex to model, as it will be detailed
further below. For this reason, for each material multiple isotherms at
temperatures between 10 °C and 80 °C were measured with an SMS
DVS Endeavour and a TA Instruments VTI-SA+, available at Empa.
More details about the characterization protocol used can be found
elsewhere [35]. Adsorption and desorption isotherms of Oker Siogel,
Fuji Silica gel, Fahrenheit SAPO34, Mitsubishi AQSOA Z02 granules,
RMF-AC, CAU-10-H and AI(OH) fumarate were measured with a SMS
DVS Endeavour instrument, following the protocol reported in [35].
The measurement errors are in the order of 0.01 [g/g]. To improve
the reproducibility of the measurements, the water isotherms were
analysed according to the protocol produced in the framework of the
Hycool project [35]. Each ad/desorption step is fitted to an exponential
function (w = w;, + AW, * (1 — exp(’_ft"” ))), where w and w;,
are the current and initial loading, Aw,,,, is the equilibrium uptake
for the step, #;, and ¢ are the initial and the current time, and 7 is
the characteristic response time of the system using the Nelder-Mead
method [36] as implemented in R. If most of the steps were interrupted
after reaching 95% of the equilibrium loading change (r — 1, > 37),
the experiment was considered successful and the data accepted. This
systematic control leads to a significant improvement in the repro-
ducibility of the adsorption curves, reducing scatter and allowing a
more reliable interpretation of the results. For duplicates on 30 °C and
50 °C isotherms of Oker Siogel, RMF-AC and Fahrenheit SAPO34, the
maximum deviation between isotherm points, considered valid within
the limit of the a-posteriori validity check mentioned and with the same
relative humidity was +0.02 [g/g].

To have realistic information about the volume of adsorption heat
transformers, the effective density of the materials must be charac-
terized as well. Tap density, which depends not only on the material
structure, but also on its format, was measured on a Jolting volumeter
JEL STAV II, available at Empa. The dried material is put into a cylinder
and weighed. The sample will be tapped in multiple rounds until the
difference in volume between two consecutive round is less than 2%,
according to the American Standard ASTM D7481-18. The ratio of the
sample mass and filled cylinder volume is the tap density. The size of
the measurement cylinder was chosen in function of the particle size
of the powder/granules measured, as the particle size (dy5,) has to be
much smaller than the size of the cylinder to avoid surface effects (dy 5,
[mm] * 125 < cylinder volume [mL]).
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2.3. Water adsorption equilibrium modelling

For the characterization of equilibrium adsorption and desorption of
the selected materials at different temperatures, two different adsorp-
tion models were considered. The first is the widely applied Dubinin—
Astakhov (DA) modelling approach [24,37]. The DA model has been
developed for non-polar adsorbates and adsorption materials with a
uniform pore size distribution. When water is used as adsorbate, the
adsorption equilibrium should in general be expected to be temperature
dependent [26]. Additionally, many of the studied adsorbent materials
are characterized by multiple pore types, ranging from micropores to
macropores. This can lead to an inaccuracies of the DA modelling
approach [22]. Thus, an empirical modification of the DA model,
accounting for up to two different pore types and an additional lin-
ear dependence of the DA parameters on temperature, is proposed,
similarly to what was proposed in [38]. The aim of the modification
was to increase the accuracy of adsorption equilibria prediction under
different conditions, keeping at the same time the original generality.

As with the original DA approach, we assume the density of the
water to be constant. However, as in [38], we allow for up to two
different adsorption sites for every material (see Egs. (1)-(2), where
W,y is the equilibrium adsorption water loading, W}, is the maximum
loading capacities, C is the characteristic energy of adsorption, n is
characteristic of the width of the adsorption peak and F is the Polanyi
adsorption potential, T the temperature, R the ideal gas constant and
Dy the saturation pressure and M the molar weight of the sorbate. The
subscript 1 and 2 indicate the two adsorption sites.)

Wag =Wy -exp (=(F/C)") + Wy, - exp (—(F/Cy)™) 1)
F=ELinp/p) @)

In addition to the above, all parameters P € (WO C,n) are consid-
ered to be potentially linearly dependent on temperature (Eq. (3)). This
temperature-dependent description of the parameters allow for a more
robust application of the model to materials for which the researcher
does not know a priori the isotherm shape.

P=ap -T+bp 3)

To calculate the saturation pressure of water, we used the approx-
imation reported by Wagner and Pruss [39] (Egs. (4)-(5), where T,
and p, are the temperature and pressure of the critical point of water
respectively).

< (7860 v+1.844- V!5 — 1179 v+

S|

Psar = P - €xXp ( )
22,68 V39~ 1596 V' +1.801 173 ) )

v=1-T/T, )

Adsorption and desorption isotherms are in general different, and
the difference between them is known as hysteresis. The hysteresis will
significantly affect the amount of cyclable water under any conditions
that do not encompass both the full adsorption as well as the full
desorption peak. Geometrical and chemical features of the pores may
determine the need for additional energy to desorb from certain sites
(overcoming a bottleneck for example) [26,40]. As a consequence of
such “delayed” desorption, the latter can be concentrated in a smaller
range than during adsorption, leading to a higher desorption char-
acteristic energy C and a modified shape n [41]. Depending on the
material and the reason of the hysteresis, some physical model can be
used to describe them. As in this work we do not focus on a specific
type of hysteresis, instead of following the approach proposed in liter-
ature [41], it is preferred a general solution based on the curve fitting
results. This can be expressed according to Eq. (6), where AC and 4n
take into account the difference between ad- and desorption described
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Fig. 1. Images of some of the characterized materials. From left to right, SEM of SAPO-34 from Fahrenheit, optical microscopy of Siogel from Oker and Aluminum Fumarate from
MOF Technologies, picture of the Resorcinol-Melamine-Formaldehyde Activated Carbon from Empa.

above. The two terms describing hysteresis are also considered to be
potentially linearly dependent on temperature (Eq. (3)).

F ny+4ng
ae = Mo '”‘"(‘ <C+—AC> )
F ny+A4Any
e (-3 ©

2.4. Water adsorption equilibrium fitting

To ensure a good quality of the parameters describing the adsorp-
tion equilibria, and at the same time avoid over-fitting, a rigorous curve
fitting procedure has been followed.

The obtained data was split using a stratification based on the total
loading into a training set (80%) and a test set (20%), to have a
more robust fitting in both areas of high loading and low loading. The
random split was performed with the Python library scikit-learn [42].

The adsorption branch data were then fitted with both the original
DA and the adapted model (Egs. (1) and (3)). The optimal fit was
obtained with the R library nlrob [43]. Subsequently, the parameters
AC and 4n (Eq. (6)) were fitted on the desorption branches, using the
same procedure. To ensure that for each material only the significant
parameters are included in the final equation, when fitting the model
parameters we followed the procedure below:

1. all the model parameters are included in the curve fitting;

2. the least significant of the parameters with a p-value > 0.05 is
excluded;

3. if the overall quality of the model worsen, the parameter is
restored and the second least significant is excluded;

4. The parameters are excluded until only the minimum number
remains (either significant or necessary for the adsorption site
to exist);

5. if two out of three parameters for each adsorption site distri-
bution are significant, the distribution is kept, otherwise it is
excluded.

This routine can ensure that only the most significant parameters
are included in the fit. However, given the limited number of materials,
it was performed manually and before its application to a wide database
it should be automated.

2.5. Maximum theoretical performance estimation

While a precise analysis of the performance and the cost of ad-
sorption heat exchangers can only be obtained through a dynamic
analysis [44-47], for a first screening in the early stage of the design,
the effort of constructing the lab-scale prototype necessary for such an
analysis is excessive. From the measured equilibrium data, it is possible
to calculate the maximum achievable energy performance of cooling
cycles under well-defined working conditions [6]. While these values
do not take into account any kinetic effects, a reasonable performance
in terms of equilibrium properties is needed for a cycle to be efficient.

Therefore, the maximum achievable energy performance is a good
criterion for fast pre-selection of promising adsorption materials. For
cooling applications the maximum theoretical thermal coefficient of
performance (COP) - evaluating the ratio between delivered energy and
thermal energy needed to drive the thermodynamic cycle - can be cal-
culated as a function of the evaporator temperature 7,,,, the adsorption
temperature T,,,, and the hot source temperature T, (Eq. (7), where L
is the latent heat of vaporization of water). For an ideal cooling cycle,
the transformations are either isosteric or isobaric [4].

COP = L(T,,,) - Aw- < /
T,

con

T,

switch

[cp:(T) + pr(T) N w(peua’ Tcon)] dT+

Thot dw(peon,T) -1
/ [CPS(T) +¢py(T) - WP T) — Hgo(T) - T] dT )
T,

switch

2]
The temperature T, at which the ideal desorption process
switches from isosteric to isobaric is a function of the condensation
(T,,,) and evaporation (7,,,) temperatures [5] (Eq. (8)).
2
Typiten = =2 (8)
switc. Teva

The energy (EN) and exergy (EX) use of the cycles can be respec-
tively approximated as Egs. (9) and (10).

1
EN = ——
COP ©
EX = 1 1 Tenv (10)
T Ccop Thor

As a first indicator of reactor volume, at least in relative terms, the
energy-specific adsorbent volume (in cm?/J, Eq. (11)) can be used.

1

EV = ——mMm
L(Teva) CAw - Prap

1D

2.6. Formulation of the optimization problem

Finding the most advantageous solution to satisfy the heating and
cooling loads of a specific energy system can be formulated as an opti-
mization problem [48]. To this end, an objective function is defined and
optimization is used to find the best values of the decision variables,
within the limits of some constraints . This is also true for the number
and type of adsorption materials used. Even though only equilibrium
properties were considered within the current work, such optimization
will allow a better understanding of how the decision variables (type
and number of adsorber materials used) influence the objectives set
(exergy, energy, volume) and should allow for a good pre-selection of
materials.

To explore the possibilities of this approach, almost 700 feasible
scenarios have been simulated. The scenarios have been created with
cooling needs (goods and room cooling) during summer in Europe in
mind (environmental temperature 7,,, = 30 °C), using a solar thermal
heat source. The cooling needs can be complemented by a heating
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need, either within industrial processes or for domestic hot water.
Consequently each scenario has 1 < Ny, < 5 cooling demands

7 at temperatures 7; € {5, 10, 15,20,25 °C} and can additionally

cooling
have Nj.une < 5 heating demands QZZ’mMg at a temperature 7,, €
{35,40,45,55 °C}. The energy demands are normalized by an energy
unit Au (i.e. QZ’Q ring = (0] h:';’ Jing /4u) and can only have discreet sizes of
1 or2.

The number of adsorption heat transformers N,y used to meet
the energy needs is part of the optimization. The ideal adsorption
cycle of each adsorption heat transformer i is represented by three
temperature levels (1), < T! < T, , ie evaporation, condensation
and hot/desorption temperatures respectively). The temperature levels
were restricted to the following ranges: evaporator between 5 °C and
25 °C; condenser between 15 and 55 °C; hot source between 25 °C and
95 °C, for simplification with discrete levels every 5 °C. Furthermore,
each heat transformer is characterized by a size (s;) and three energy
streams associated with the three temperature levels (Q,.T"). Again the
energy streams are normalized by an energy unit Au (QI.T" = Q;T" /Au)
such that for each adsorption heat transformer the evaporator stream
is a unitary stream Q‘.T“’” = 1. The hot source stream is QiT"”f
—Q,.T“””/COP = —1/COP, and the condenser stream is Q,.T‘”” = Q,.T“”" .
(1 +1/COP) =1+ 1/COP. The sign convention used is positive for
energy streams entering the system (evaporators and hot sources), and
negative streams for energy streams leaving the system (condensers).
For each adsorption heat transformer, a different adsorber material can
be chosen. The hot energy demands of the heat transformers s, - QI.T"”’
are met by external sources Qgﬂf;ce and energy exiting the system at
temperatures above T,,, can be ejected to environmental sinks STf;Z

The systems thus defined is composed of a certain number of
temperature levels {T;} = |, T}, where k € {cool, heat, sink, source}.
For each temperature level 7;, an energy balance, defined in Eq. (12)

using the Dirac delta function §, has to be satisfied.

ZE(TZ_TI)’Si'QiTk =

ik
T, The
2 5Tt =T Oyt = ¥ 6T = T)) - Qe a2
cool heat
Tsin Tsource
+ Z (T i —Tp) - Qs,:nkk - Z 6T ource = T1) - Qsource
sink source

Namely this energy balance implies, that the cooling and heating
demands have to be met (Egs. (13)—(14)).
Z 5(7",: _ Tcaol) s Q[Tk — _QTcaol (13)
ik

cool

i T, T)
2 (T = Thea) -5 - Q[ <= —0) e (14
ik

The objective function to minimize can be formulated in a sim-
ilar way for both energy and exergy consumption, summing over
energy/exergy of the heating/cooling cycle (according to Egs. (9) and
(10) respectively), counting only hot temperatures/heat sources above

the environment temperature T,,, = 30 °C.

OBJgy = Y  si-EN, @s)
ie{i|r;'m,>rm, }

OBJpx = Y si-EX, a1e)

iE{ilT}im>Tem,}
In the case of minimum required volume, the objective function

is summed over the volume of all adsorption heating/cooling cycles
(Eq. (17)).

OBJgy = Z s; - EV, 17)
1
The Python library mip [49] was used to optimize the choice and
the connection of materials and boundary temperatures to deliver the
cooling and heating needs of the system, according to the defined
objective function. To speed up the optimization, the COPs of all
materials and temperature levels T were pre-calculated.
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Table 1
Material properties. Specific heat capacity is valid between 298 and 393 K.

Material Specific heat capacity Tap density
1/g/K] lg/em’]
Fuji Davison RD Silica Gel 0.7 +0.0019 - (T —273.15) 0.87
Oker Chemie Siogel 0.79 +0.0016 - (T — 273.15) 0.77
Fahrenheit SAPO-34 0.93 +0.0063 - (T —273.15) 0.85
Mitshubishi AQSOA-Z02 0.84 +0.0071 - (T —273.15) 0.60
MOF Tech. Al-Fumarate 0.97 +0.0034 - (T" —273.15) 0.51
MOF Tech. Al-Isophthalate 0.77 + 0.0086 - (T — 273.15) 0.33
Empa RMF Activated Carbon 0.93 +0.0063 - (T —273.15) 0.43

3. Results and discussion
3.1. Heat capacity and density

The experimental specific heat capacity and tap densities are shown
in Fig. 2 and summarized in Table 1, showing a good agreement with
the data available in the literature [44,50-53], except for Empa RMF
activated carbon that shows a higher specific heat capacity than typical
commercial activated carbons. The specific heat capacity of water has
been assumed to be ¢p,, = 1.271e -5 - T2 —8.170e — 3 - T + 5.493 [54].

3.2. Equilibrium water adsorption

Each adsorbent material was characterized with at least three full
isotherms (between 2% and 95% relative humidity) at three different
temperatures (between 20 °C and 70 °C). The zeolites were charac-
terized with an additional isotherm at 80 °C. Two isotherms of Siogel,
SAPO-34 and RMF-AC were duplicated to check for reproducibility (due
by the experimental method and by variations between samples). The
reproducibility of the results could be significantly improved with an
a posteriori equilibrium check and differences between duplicate mea-
surements were < 0.02 [g/g]. Taking into account larger variations due
to differences in measurement methodology in different laboratories
and variation between sample batches, a good agreement was found
with other data published in literature [6,50,55-57]. The complete
water adsorption isotherm data are made publicly available at [58].

The quality of the models has been evaluated according to the
residual standard error RSE, which is the square root of the ratio be-
tween the sum of the squared residuals ei2, and the degrees of freedom
calculated from the number of observations/measured updates N,
and the number of parameters of the model N param (Eq. (18)).

rain

3 ( G;rain)z

N, N -2

train — 1Y param

RSE = (18)

The quality of the fitted curves was checked on the test set according
to the mean square errors, obtained by dividing the sum of the squared
errors by the total number of points N,,,, (Eq. (19)).

()’
N,

test

MSE = (19)

The results of training set fitting and test set predictions of ad-
sorption equilibria for the Dubinin-Astakhov (DA) model are shown
in Fig. 3, while the same results for the proposed model are shown in
Fig. 4. The fitted parameters of the proposed model for the adsorption
branch are gathered in Table 2. The results of the proposed model for
the desorption branches are shown in Fig. 5. The fitted parameters for
the desorption branch are gathered in Table 3. The result metrics for
both models and both adsorption and desorption are summarized in
Table 4.

Looking at the differences between fitted and measured water up-
take for the DA model (Fig. 3), one can see systematic deviation
between fits and measurements. In addition with differences >0.1 [g/g],
the scatter of the residuals is larger than the observed differences
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Fig. 4. Adsorption modelling results of the proposed model for the training data set (left) and for the test data set (right).

between duplicate measurements (< 0.02 [g/g]). This indicates that
water uptake predictions can be improved with a more adapted model.

With the adapted model chosen here (Eq. (1)), the three parameters
of the DA model are replaced by minimum 6 and maximum 9 param-
eters (see Table 2). When comparing the standard DA model with the
proposed empirical modification, the latter seems to provide a better
of the equilibrium adsorption loadings, both with respect to accuracy
and significance. The relative improvement achieved in model quality
(residual standard error Eq. (18)) is normally between 60% and 87%.

The only exception is OKER silica gel, which goes from the lowest
residual standard error (1.2%) for the DA model to the highest (1.2%)
for the new approach, thus showing no model quality improvement.
This general model improvement is reflected in better predictions,
with an enhancement of the mean square error of 60% to more than
99%, the latter in the case of Al Isophtalate, which presents an almost
perfect step-like isotherm (see Fig. 5). Interestingly, also for OKER
silica gel, the predictions are greatly improved, highlighting an im-
proved predictive capability of the new approach compared to the DA
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Fig. 5. Desorption modelling results of the proposed model for the training data set (left) and the difference between the Dubin-Astakhov model and the proposed model for the
MOF Technologies Al-Isophthalate adsorption curve (right). For the latter, the X symbols represent experimental data.

Table 2
Proposed water adsorption model fitted parameters.
Code Wyl cl nl W,2 c2 n2 Nparam
lgy /gl /gl (-1 lg. /gl [I/gl [-] -1
RD Silica Gel 0.2 -0.00032 - T 260-032-T 0.01-T 0.16 710-092-T 1.7 9
Siogel 0.62 — 0.00086 - T 200 0.94 0.077 150 3.8 7
SAPO-34 0.15 500 1.4 0.39 - 0.00067 - T 910-1.8-T 20 8
AQSOA-Z02 0.088 +0.00014 - T 720-1.1-T 40-0.247-T 0.26 620 0.4 9
Al-fumarate 0.54 - 0.00073 - T 490-0.96-T 14 0.001-T 23 0.36 8
Al-isophthalate 0.087 110 3.6-0.0085-T 0.3 -0.00015-T 630-13-T 0.28-T 9
RMF-AC 0.25 150 6.2 0.12 210 1.5 6
Table 3
Proposed water desorption model fitted parameters.
Code AC1 Anl AC2 An2 Nouran
11/¢] [-] [1/gl [-] -1

RD Silica Gel 13 0.0092- T - - 2

Siogel 0.04-T 0.11 0.016 - T 32 4

SAPO-34 45 0.0011-T 280-0.63-T -0.017-T 5

AQSOA-Z02 169-032-T 92-025-T 170 0.29 - 0.00087 - T 7

Al-fumarate 0.027-T 0.014-T 75-02-T 0.044 5

Al-isophthalate 0.028-T - 170-05-T - 3

RMF-AC - 1.4 21 6.6-002-T 4

Table 4

Water adsorption modelling results. RSEs are calculated over the train sets, while MSEs are calculated over the test sets.
Code DA Ads. RSE DA Ads. MSE Own Ads. RSE Own Ads. MSE Own Des. RSE Own Des. MSE
RD Silica Gel 1.1% 1.1e-4 0.4% 1.6e-5 0.6% 1.4e-4
Siogel 1.2% 3.3e—4 1.2% 2.1e—4 0.8% 4.4e—4
SAPO-34 2.1% 5.0e—4 0.3% 7.6e-5 0.9% 1.6e—4
AQSOA-Z02 1.4% 2.2e-4 0.2% 3.9e-5 0.2% 1.8e-5
Al-fum. 2.7% 5.2e-3 0.4% 3.6e—4 0.7% 2.2e—4
Al-iso. 1.5% 5.7e-3 0.2% 1.9e-6 0.2% 4.4e—4
RMF-AC 2.2% 4.9e—4 0.7% 1.9e-4 0.9% 9.7e-5

model, justifying the additional parameters. Constraining the desorp-
tion branch equation to have the same maximum loading capacities
as the adsorption branch is, from the model fitting point of view,
an additional constraint, resulting in a slightly higher mean squared
error (average mean squared error of 2.16e—4 compared to 1.28e—4
for the adsorption branch). Nonetheless, the results of both the model
fit and the predictions remain comparable to the reproducibility of the
measurements, indicating a good fit.

Taking a closer look at the fitting results, one can notice how
not all the materials have the same dependence on temperature. The
Empa RMF activated carbon has an almost temperature-independent
adsorption behaviour, which makes it characterization less vulnerable

to misinterpretation (i.e. extrapolation of the curve to temperatures out-
side the characterization range). Other materials, such as Fuji RD Silica
Gel and Al-Isophthalate, have a stronger temperature dependence.
During the fitting procedure, from one hand it was observed that
only the inclusion of the temperature dependence of the model pa-
rameters could explain the differences observed between isotherms
measured at different temperatures. On the other hand, it was observed
that the most significant contribution to the improvement of the model
predictions over the wide range of relative humidity here reported
was due to the presence of an additional adsorption site (the second
term of Eq. (1)). This means that if the experimental resources are
scarce (e.g. the time available for the characterization of the adsorption
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curves, or the temperature range available), it would still be possible to
improve the D-A model even if the temperature effects are not detected
in the measurement range. This approach, which coincides with the
extension of [38] to include the desorption branches, would be suited
for a quick scan of the adsorbent materials available, but at the risk
of introducing errors. Those could be potentially extremely significant
for materials characterized by step-like adsorption characteristics. In
fact, the effects of temperature might shift the desorption peak towards
different adsorption potentials. In Fig. 5 (right), the adsorption peak
shift for Al-isophthalate can be easily observed.

3.3. Optimization

The maximum calculated cooling COP of the 212 possible, single,
ideal cycles with temperature boundaries as described in the methods
section ranged between 0.05 and 0.95, with most of the cycles between
0.75 and 0.85, in agreement with values found in literature [6,59].
The cycles performance have been pre-calculated to avoid calling the
performance model from within the optimization algorithm, therefore
lightening the computational effort required during the system design.

To show the applicability of the methodology to complex energy
needs and to screen among materials to see which ones are more
recurrently selected, the energy use, the exergy use, and the reactor
volume objective functions were minimized for almost 700 scenarios,
as described in the Methods section. As shown in Fig. 6, it was possible
to achieve good system efficiencies for most of the scenarios. For
analysing the results, the optimal solutions have been plotted against

the averaged temperature lift (ATL) with respect to the environmental
temperature 7,,, = 30 °C (Eq. (20)).

T,
Zl Q neet % Tneed

need
Theed
ZTneed Qneed
To compare scenarios with different amounts of energy needs, the
normalized energy and exergy use (NU, Eq. (21)) are plotted.
OBJ

ZT QTneed

need — need

ATL = T, (20)

NU = (21)

As is expected, higher ATLs allow for better thermodynamic per-
formance, including the ones that are generated as a combination of
energy needs at different temperatures. Only in a few cases, the NU of
energy was above 1.1 (for ATL <-15 °C) and the NU of exergy was
above 3. Interestingly, the synergies among multiple heat transformers
deliver NU of energy below one for ATLs below zero (ATL >-15 °C),
showing the potential of harmonic material choice and system design.

It can also be noted how, for some scenarios of mixed heating
and cooling (ATL between —5 and 10), extremely compact designs
are achievable (theoretical minimum energy-specific volumes below 1
mm?/J, see Fig. 7). This is the case when one adsorption heat trans-
former can provide cooling and heating at the same time, which means
that the temperature levels are not far from each other (e.g. cooling
at 15 °C and heating at 35 °C, with ATL of —1.7 °C). However, these
scenarios are less likely to exist in the industry. The less compact
outlayers at high ATL are due to the upper limit of 90 °C imposed on
the regeneration temperature.

Looking at the composition of the optimal solutions, as in Fig. 8, it
is possible to notice that most of the optimal solutions are composed
of 3 to 5 adsorption heat transformers. Cascade configurations (where
the condenser of one cycle feed the evaporator of another cycle) are
beneficial when the energy needs happen at very different temperature
(e.g. when cooling at 5 °C and heating at 55 °C are required, as in
Fig. 10). While this highlights the options offered by combining AHTs,
it also shows that the inclusion of cost functions in the optimization
algorithm is necessary to avoid an over-population of AHTs, as it is
known that manufacturing and equipment costs are an important share
of the total costs [60].

When the energy consumption is being minimized, the majority
of the adsorption heat transformers use Fahrenheit SAPO34 (for low
adsorbate partial pressure cycles) and Al-fumarate (for intermediate
adsorbate partial pressure cycles), proving that they are the most
promising materials for the here studied scenarios. On average, Fahren-
heit SAPO34 is used for temperature lifts (AT};;, = T,, — Topa) Of
30 °C with a COP of 0.73, but requires a regeneration temperature lift
(AT, oy = Thor — T,,y) Of 46 °C. On average, the MOF Tech. Al-fumarate
is used for AT};;, of 20 °C and needs 4T,,, of 32 °C, delivering a COP

reg
of 0.87. Most of the remaining cycles needed to balance the energy
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needs are using Mitsubishi AQSOA Z02 beads, specifically on average
for AT;;, of 11 °C and needing 47,,, of 33 °C, delivering a COP of 0.43.

Similarly, when exergy use is being minimized, Fahrenheit SAPO34
and MOF Tech. Al-fumarate are chosen the most. However, given
the different objective, their average regeneration temperature lifts
are reduced to 40 °C and 31 °C, respectively. The reported exergetic
COP for these two materials and Mitsubishi AQSOA Z02 are 0.61,
0.80 and 0.31, respectively. In this case, the extremely narrow shape
of adsorption curve (without hysteresis and temperature effects) of
the Empa RMF Activated Carbon combined with its high adsorption
capacity seem beneficial for exergetic performance, and this adsorbent
is used when small temperature lifts are required (47T};,, of 10 °C and
4T,,, of 27 °C), with an average exergetic COP of 0.83.

While these first two indicators are informative about the opera-
tional expenditure, having low running costs is often not enough, espe-
cially when competing with conventional heat pumps. In the scenarios
minimizing the reactor volume, the figure for cycles at intermediate
relative pressures change completely: the low density of the MOFs is
too penalizing, and almost only the denser zeo-types are used. This
emphasizes how a screening only based on the adsorption isotherms
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is not the most efficient, and some parameters representing the in-
tegration on the heat exchangers must be included. Using Vi is a
good first approximation, but it is important to keep in mind that
different material formats (powders, granules, monoliths) provide dif-
ferent packing densities according to their shape and size distribution.
More advanced stages of design would require the characterization of
the materials as integrated on the heat exchanger and more complete
thermodynamic and kinetic considerations, that can deeply change the
results in favour of faster and practical-to-handle materials. As stated
in the Introduction, those elements have to be ideally integrated in the
harmonic design of adsorption energy systems, however they cannot
be included when analysing materials as coming from the production
factories and laboratories. For minimizing the energy-specific volume
of the system, the most frequently selected material is Fahrenheit
SAPO34, with average ATy, of 21 °C, AT,,, of 53 °C and an energy
density of 350 J/cm?. Mitsubishi AQSOA Z02 is again mostly used to
balance the energy needs, with average AT}, of 23 °C, 4T,,, of 39 °C
and an energy density of 35 J/cm®.

As a general consideration on the material selection methodology
applied to simplified energy systems, it appears that the combination
of “heavy-duty” materials such as zeo-types and “light-duty” materials
such as MOFs and ACs is beneficial depending on the needs. The aver-
age working conditions chosen for the best materials are summarized
in Fig. 9. Fahrenheit SAPO34 seems to be able to work in conditions
that are more challenging for adsorption processes, such as high tem-
perature lifts and limited regeneration temperatures. Despite its very
interesting adsorption characteristic, the MOF Tech. Al-isophthalate
cannot compete with the high water capacity of the Al-fumarate. It
is also interesting to notice how the silica gels, despite their good
adsorption capacity, are rarely a good choice because of the adsorption
hysteresis and the broad adsorption peak, both limiting the actual
cycled water.

Looking at specific scenarios is the goal of a screening performed
by the system designer/developer interested in a specific application.
In general, simple energy needs lead to simple solutions. For example,
refrigeration at 5 °C is most energy-efficiently provided by a single
adsorption cycle using Fahrenheit SAPO34 fed by a hot stream at 85 °C
and discharging energy to a 35 °C condenser. This thermodynamically
challenging solution has an ATL of —25 °C and an overall NU of energy
of 1.3. The exergy minimization brings to the same choice, as the
COP loss using lower-temperature hot streams is in this case too big.
If the reactor must have the minimum possible volume, a hot stream
temperature of 95 °C is preferred.
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Fig. 10. Example of cascade configuration for mixed energy needs (cooling at 5 °C and heating at 55 °C, with minimum energy use). Part of the cooling needs are satisfied with
a less efficient cycle using Al-fumarate, but gaining overall efficiency thanks to its synergy with the heating cycle.

If the energy needs are more diverse, such as in the case depicted
in Fig. 10, having multiple reactors is more convenient. If the amount
of cooling energy needed does not surpass the needs for heating,
the minimum number of adsorption heat transformers is equal to the
number of temperature levels of the energy needs. From the illustration,
one can appreciate how the NU of energy is minimized thanks to the
double use of the Al-Fumarate adsorption cycle. This combined heating
and cooling scenario is characterized by an ATL of 0 °C and a NU of
energy of 0.85.

The use of energy sources at different temperatures, often recurring
in scenarios characterized by complex energy needs, adds some com-
plexity to the system, for example spilling some of the hot streams from
one reactor to another or having multiple heat generators. Anyway, it
brings efficiency improvements also on the generator side (e.g. mini-
mizing the fraction of solar collectors running at high temperatures).

4. Conclusions

In this work, a reliable and robust methodology to screen and pre-
select adsorbent materials for adsorption heat transformer systems was
presented. The characterization of tap density, and of specific heat ca-
pacity and equilibrium water vapour sorption at different temperatures
provided enough information to evaluate the maximum achievable
performances of heating and cooling cycles for energy use, exergy use
and volume required. In particular, measuring the adsorption curves
over wide ranges of relative humidity and temperature is fundamental
for extrapolating the results for simulation purposes.

The equilibrium adsorption data use was improved by the fitting
of a novel empirical modification of the Dubinin—-Astakhov model, that
shows increased significance and accuracy with respect to the original.
The effects of temperature and, especially, of multiple adsorption sites
explain in an effective and general way the observed water adsorption
behaviour.

Ideal adsorption cycles have been evaluated as a function of adsor-
bent temperature-dependent properties and target system temperatures
only. This enables the evaluation of the suitability of adsorbent ma-
terials as coming from the manufacturer for given adsorption energy
transformation applications. The simulation and optimization of dif-
ferent application scenarios allow for determining the most suitable
adsorbent materials and system designs at the same time, potentially
enabling high-performance solutions. In particular, the combination
of zeolites for high temperature lifts and MOFs or ACs for smaller
temperature lifts provided promising results.

In conclusion, the method presented here proved to be a powerful
tool to help material, equipment and system developers to estimate the
achievable performances, and to focus the R&D efforts only on the most
attractive adsorbent materials. While contributing to the foundation of
exhaustive adsorption energy systems design tools, this methodology
should be further expanded to integrate a more appropriate perfor-
mance evaluation, specifically including: kinetics, material integration
on the heat exchangers, cost functions, realistic applications.
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