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Toward Optimal Metal-Organic Frameworks for
Adsorption Chillers: Insights from the Scale-Up of

MIL-101(Cr) and NH,-MIL-125

Stefan Graf, Florian Redder, Uwe Bau, Martijn de Lange, Freek Kapteijn, and

André Bardow™

The metal-organic frameworks (MOFs) MIL-101(Cr) and NH,-MIL-125 offer high
adsorption capacities and have therefore been suggested for sustainable energy
conversion in adsorption chillers. Herein, these MOFs are benchmarked to
commercial Siogel. The evaluation method combines small-scale experiments with
dynamic modeling of full-scale adsorption chillers. For the common temperature
set 10/30/80 °C, it is found that MIL-101(Cr) has the highest adsorption capacity,
but considerably lower efficiency (—19%) and power density (—66%) than Siogel.
NH,-MIL-125 increases efficiency by 18% compared with Siogel, but reduces the
practically important power density by 28%. From the results, guidelines for MOF
development are derived: High efficiencies are achieved by matching the shape of
the isotherms to the specific operating temperatures. By only adapting shape,
efficiencies are 1.5 times higher. Also, higher power density requires matching the
shape of the isotherms to create high driving forces for heat and mass transfer.
Second, if MOFs’ heat and mass transfer coefficients could reach the level of
Siogel, their maximum power density would double. Thus, development of MOFs
should go beyond adsorption capacity, and tune the structure to the application

1. Introduction

More than 20000 different metal-organic
frameworks (MOFs) have been studied in
recent years.'! MOFs are highly crystalline
and porous adsorbents with a high pore vol-
ume and surface area,'”” made from metal-
containing units connected by organic
ligands. Both, the metal-containing units
and the organic ligands, can be varied
almost indefinitely, which allows tuning
the MOF structure to specific applica-
tions,®! as demonstrated, e.g., for carbon
capture,*® natural gas purification,” stor-
age of methanel®'% or hydrogen,"" and
for electrochemical applications.[?!
Recently, MOFs have also been shown to
be highly efficient adsorbents for water.!**!
Efficient water adsorption enables natural
gas dehydration,™! water harvesting from

requirements. As a result, MOFs could to serve as optimal adsorbents for

sustainable energy conversion.
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humid air,**** thermal energy storage,*®
and sustainable thermal energy conversion,
as discussed for adsorption heat pumps
and adsorption chillers by de Lange
et al.l'”) The application of MOFs in adsorp-
tion chillers seems highly promising to enable sustainable cool-
ing, as water can be used as a natural and safe refrigerant and the
driving energy is low-temperature heat, which is readily available
from solar, geothermal, or waste sources. In adsorption chillers,
MOFs adsorb water, which is evaporated to satisfy a cooling
demand. For regeneration, the MOF is desorbed by low-temper-
ature heat, making the adsorption chiller a sustainable alternative
to conventional chillers.!"®%

Besides water as refrigerant, ethanol and methanol are
investigated as refrigerants together with MOFs in adsorption
chillers.?®*"! The working pair MIL-101(Cr)/ethanol shows very
high adsorption capacities up to 1.2 kg kg™ ".*?) Kummer et al.**!
investigated MIL-101(Cr) with methanol as refrigerant and found
the uptake twice as high as for activated carbon. Yet, in this study,
we focus on water as refrigerant since it has a global warming
potential (GWP) of zero and is easily applicable.

The great potential of MOFs for adsorption chillers is due to
the high adsorption capacity.**"?*! For the most promising MOF
MIL-101(Cr) with water as refrigerant, an analysis of the equilib-
rium properties suggests a high efficiency in terms of a high
coefficient of performance (COP) of 0.89, which is 29% higher

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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compared with the commercial benchmark AQSOA-Z02."”!
The high efficiency is very promising, but this estimate only con-
sidered the MOF’s isotherms. The actual performance in an
adsorption chiller is more complex: The performance strongly
depends on heat transfer and diffusion resistances in the actual
configuration of the full-scale adsorption chiller.””! Low heat
transfer and diffusion coefficients lead to low power density, a
major drawback of adsorption chillers.”® Thus, an analysis
of the actual potential of MOFs for adsorption chillers requires
both efficiency and power density for a full-scale adsorption
chiller.?3°!

For power density, a heuristic specific cooling power (SCP)
was determined for the MOFs NH,-MIL-125 and MOF-801 with
water, suggesting a high power density compared with bench-
mark materials.”>*! Lenzen et al.*? recently also determined
the power density from a heuristic for the MOF CAU-10-H.
The power density was in the same range as for benchmark mate-
rials. Progress is hampered by the fact that performance assess-
ments require large amounts of MOF. For example, Lenzen
et al.’? required 157 g of the MOF CAU-10-H to determine
the power density in a full-scale adsorption chiller.

However, MOFs are more complex to synthesize compared
with, e.g., zeolites and therefore are still much more expensive.!!
First MOFs can already be synthesized under rather mild condi-
tions (ambient temperature and water as the sole solvent) and
thus more cost efficient. Also, continuous flow and extrusion
synthesis allow to synthesize MOFs at a larger scale.**! Yet, their
applicability for adsorption chiller applications needs to be
proven.®>**3%! Thus, often, only small amounts of MOF samples
are available, especially at the early development of new MOFs,
being insufficient for evaluation in a full-scale adsorption chiller.
Hence, we investigate MOFs for use in adsorption chillers by
small-scale experiments, which still allows us to parametrize a
full-scale adsorption chiller model.

For this purpose, we characterize MOFs in infrared-large-
temperature-jump (IR-LT]) experiments to extract heat transfer
and diffusion coefficients.*® We combine the IR-LT] method
with dynamic modeling and optimization of a full-scale adsorp-
tion chiller to determine the efficiency and power density.*”! The
full-scale model allows examining the performance, without
the need for a complete adsorption chiller setup.

We investigate the promising MOFs MIL-101(Cr) and NH,-
MIL-125 with the refrigerant water. MIL-101(Cr) was first synthe-
sized by Férey et al.*®® and the water sorption isotherms were
first described by Khutia et al.**) We choose MIL-101(Cr), since
it has the highest reported maximum adsorption capacity with
1.7gg ", leading to an estimated COP efficiency (for a cooling
application) of 0.89, as mentioned earlier. The water isotherms of
NH,-MIL-125 were first described by Jeremias et al.*” The max-
imum adsorption capacity of NH,-MIL-125 is with 0.45gg ™' in
the same range as for silica gels; however, in an adsorption
chiller process, the maximum adsorption capacity is limited
by the process temperatures.*!] For typical temperatures in an
adsorption chiller process (temperature set 10/30/80 °CH***¥),
NH,-MIL-125’s adsorption capacity is still 0.38 gg ™", while for
silica gel (Fuji RD) it decreases to 0.11 g g~ ".*") Besides the high
adsorption capacity of MIL-101(Cr) and NH,-MIL-125, both
MOFs have been shown to be water stable either for multiple
cycles or direct immersion in boiling water for 1week."”**
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Kim et al*” found MIL-101(Cr) to be stable for 10 cycles.
Furthermore, certain MOFs have shown to be stable for thou-
sands of cycles without performance losses.”’! In addition to
NH,-MIL-125 and MIL-101(Cr), we also investigate the silica
gel Siogel® as a broadly discussed benchmark for adsorption
chillers.

We find that only NH,-MIL-125 reaches efficiencies higher
than the commercially available adsorbent Siogel but at consid-
erably lower power densities. MIL-101(Cr) has the highest
adsorption capacity. Still, it has both considerably lower efficien-
cies and power densities than Siogel. These findings show that
maximizing adsorption capacity can be a misleading design cri-
terion for MOFs. To guide future MOF design, we show how the
equilibrium properties have to match the application. Current
MOFs have poorly positioned isotherms, reducing the efficiency
and power density. In addition, low heat transfer and diffusion
coefficients reduce power density. From our findings, we derive
properties of an optimal MOF and develop novel design guide-
lines for MOFs to increase the performance in thermal energy
conversion applications.

In Section 2, we briefly present the methods to describe the
equilibrium properties, to determine the heat and mass transfer
coefficients, and to determine the efficiency and power density of
the investigated materials. In Section 3, we present the resulting
efficiency and power density of the investigated materials and
discuss how to increase the performance of MOFs compared
with the commercially available adsorbent Siogel. Finally, we
conclude the study in Section 4.

2. Model-Based Scale-Up of Small-Scale
Experiments

In this section, we combine small-scale experiments with full-
scale modeling to investigate MOFs for full-scale adsorption
chillers. For this purpose, we briefly introduce the Dubinin
model describing the equilibrium properties of the investigated
materials (see Section 2.1). In Section 2.2, we summarize the
small-scale experiment, the so-called IR-LT] method, to extract
heat transfer and diffusion coefficients. We use heat transfer
and diffusion coefficients in a dynamic model of a complete
adsorption chiller to determine the efficiency and power density
in terms of the COP and volumetric cooling power (VCP),
respectively. The adsorption chiller model is described in
Section 2.3.

2.1. Describing the Equilibrium Characteristics

To describe the adsorption equilibrium, the loading of the adsor-
bent w as a function of temperature T and pressure p, we use the
Dubinin model.*”! In the Dubinin model, the loading w is
modeled via the filled pore volume W

w
p1(Taq)

w(A) M
with p|(T,q) as the liquid density of water at adsorbent
temperature T,q. Essential for Dubinin’s theory is that the filled
pore volume W is a function of the adsorption potential A,
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which itself is a function of adsorbent temperature T,4 and
pressure p,g

A= RTad In <psat(Tad)) (2)
Pada

with the universal gas constant R and saturation pressure of
water vapor at given temperature pg,(T.q).

The function of the pore volume W(A) is called characteristic
curve, see Figure 1. To describe the characteristic curve W(A),
we use the arctangent function*® which describes the
equilibrium properties of various working pairs.

A— A AW
Wo—— 3
Aslope ) * < 0 2 ) ( )

The arctangent function directly allows interpreting the char-
acteristic curve’s parameters: The parameter AW describes the
theoretical, maximum change in pore volume, which is equiva-
lent to the maximum change in loading (cf. Equation (1)); the
parameter W, describes the maximum (absolute) pore volume;
the parameter A,y describes the slope of the function, for small
values, e.g., for Agepe = 1 k] kg™?, the function’s shape becomes
step like; and the parameter A;,q sets the inflection point of the
function.

The adsorbent materials were synthesized at TU Delft, follow-
ing synthesis routes from the literature.™*?! Furthermore , the
adsorbent materials were filtered and washed with hot water
and dried at 160 °C in air to remove any solvents. In our labora-
tories, the adsorbent materials did not come in direct contact
with any solvents.

The investigated adsorbents were synthesized manually under
laboratory conditions. Therefore, the equilibrium properties can
differ for each synthesis and the literature data might not accu-
rately describe the equilibrium properties of the present adsorb-
ents NH,-MIL-125 and MIL-101(Cr). Thus, we redetermined the
equilibrium properties of the adsorbents. For details of the mea-
surement procedure and experimental results, see Section B,

W(A) = arctan(

T T

A Aun Al
Wo
T <
i
oo - i
I~ .
g adsorption AW
g Awa — Aug
= [ > Aslopo 1
Aa® _——

A = RT,q n(psai (Tha) /Paa) in kJkg™!

Figure 1. Schematic characteristic curve W(A): pore volume W (cf.
Equation (1)) as a function of the adsorption potential A (cf. Equation
(2)). The characteristic curve is described by a trigonometric function
(Equation (3)) with the following parameters: maximum change in
pore volume AW, maximum pore volume Wy, slope Ao, and inflection
point Aq.
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Supporting Information. The determined equilibrium properties
agree well with the values from literature.*”!

2.2. Determining Heat and Mass Transfer Coefficients with the
IR-LT| Method

To determine the performance of MOFs in adsorption chillers,
not only are equilibrium properties necessary, but also effective
heat transfer and diffusion coefficients Ug and Deg. To deter-
mine the effective heat transfer and diffusion coefficients U.g
and D.y, we use the IR-LT] experiment with dynamic
modeling.*® For an IR-LTJ experiment, only a small sample
of adsorbent material of less than 250 mg is necessary, allowing
to assess MOFs at an early stage of material development.

In an IR-LT] experiment, we place the adsorbent in a packed-
bed configuration with a bed height of 1 mm. We impose a tem-
perature jump on the adsorbent, leading to adsorbing water
vapor from a constant vapor volume. In the constant vapor vol-
ume, the pressure decreases. The temperatures of the adsorbent
and of the sample carrier are recorded. The pressure and tem-
perature information is used in a dynamic model, consisting
of energy and mass balances of the adsorbent and the vapor
phase, as well as equations for heat and mass transfer. We invert
the model to determine time-resolved values of the heat transfer
coefficient U4 and the mass transfer coefficient Dg. The values
are time averaged for further use in the model of the adsorption
chiller. Further information on the experimental setup and
the dynamic model can be found in Section C Supporting
Information, and in studies by Graf et al.*®

In this study, we determine effective heat transfer and diffu-
sion coefficients for a reference case of a cooling application with
an evaporation temperature of Ty, = 10°C, a condensation and
adsorption temperature of T ynqg = Tags = 30°C, and a desorp-
tion temperature of T4., = 80°C (10/30/80 °C). This temperature
set represents typical working conditions of an adsorption chiller
for air-conditioning applications.****! In studies by Graf et al.,*"
we showed that the such determined heat transfer and diffusion
coefficients are also valid for other temperatures with high
accuracy. Therefore, we use the same effective heat transfer
and diffusion coefficients for other temperature sets.

2.3. Determining the Performance of an Adsorption Chiller

The effective heat transfer and diffusion coefficients U.g and
Degr are used in a dynamic model of a thermal energy conversion
application. In this study, we investigate the performance of
MOFs exemplarily for adsorption chillers. The adsorption chiller
configuration consists of the adsorbent placed on a heat
exchanger (together called the adsorber), an evaporator, and a
condenser and is based on the adsorption chiller constructed
by Lanzerath et al.®!

The MOFs are evaluated for a packed-bed configuration in a
finned-tube heat exchanger (Figure 2). In packed-bed configura-
tions, interparticle mass transport resistances are low; however,
heat transport resistances are considered higher as, e.g., in con-
solidated layer configurations.”?® To account for the higher heat
transport resistances in a packed-bed configuration, we choose a
bed height of 1 mm only in the adsorber (cf. Figure 2). The bed

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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adsorbent bed with
particle diameter dgrain

heat exchanger

Figure 2. Adsorber structure: the heat exchanger is made from extruded
aluminum pipes with fins. The adsorbent material is placed as a packed
bed between the fins, as in studies by Lanzerath et al.”" Mean height of
the adsorbent bed is f,eq = 1 mm. Geometric properties of the adsorber
are shown in Table 1.

height is the same height as for the IR-LT] experiments (cf.
Section 2.2), allowing us to use the determined heat transfer
and diffusion coefficients U.g and Dy in the adsorption chiller
model. We use a finned-tube heat exchanger as a well-balanced
compromise between high efficiency and power density;®? we
use water as a refrigerant, since it is environmentally friendly
and nontoxic compared to, e.g., ammonia or methanol. The
geometry of the adsorber is based on the adsorption chiller con-
structed by Lanzerath et al.b"

In this study, we limit the volume of the adsorber for all inves-
tigated adsorbent materials to determine only the influence of the
adsorbent material on efficiency and power density. For a limited
volume, the density of the adsorbent py.q has a strong influence
on the overall performance of the system, as the mass of the
adsorbent changes with bed density. As we restrict the adsorber
volume, we use the VCP as a measure for power density. The
parameters of the adsorber are summarized in Table 1.

The adsorber has already been modeled in a complete adsorp-
tion chiller in previous studies’®” and has been experimentally
validated using the working pair silica gel 123/water. The
adsorber model showed excellent agreement between simulated
and measured efficiency and power density. Thus, in this study,

Table 1. Parameters of adsorber geometry, as given in Lanzerath et al.®"!

Outer surface area Apy, is the contact area of adsorber and adsorbent
material.

Outer area Ands 2.154 m?
Adsorbent bed height Pgor 1mm
Adsorbent bed volume Veor 0.002154 m*
Tube length Inds 6.799 m
Mass Mags 4.212Kg
Specific heat capacity Cads 0.888 kJ kg ' k™!
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we use the same adsorber model, consisting of models for the
adsorbent, the heat exchanger, and mass transfer. The adsorber
model is inserted in a full-scale adsorption chiller model, includ-
ing the evaporator and the condenser (cf. Figure 3).

The models are based on the open-source adsorption systems
library SorpLib,? using the object-oriented modeling language
Modelica.’* The adsorbent model describes the equilibrium
properties of the working pair (cf. Section 2.1) and determines
the energy released during adsorption or needed during desorp-
tion. The heat exchanger model includes the sensible heat of the
heat exchanger geometry and the heat transfer between the
adsorbent and heat exchanger with the determined heat transfer
coefficient U (cf. Section 2.2). To resolve only the performance
of the adsorbent material, evaporator and condenser are modeled
as ideal components, neglecting any pressure drops or heat
losses. Thus, the calculated values for the efficiency and power
density are an upper bound for the performance of the MOFs.
The mass transfer models describe the mass transfer with the
linear-driving-force approach® and the determined diffusion
coefficient Deg (cf. Section 2.2). To model the fluid properties
of water, we use the TILMedia library.’® TILMedia uses
REFPROPP”! with data from Cox et alP® and Chase.”
Further details of the adsorption chiller model can be found
in Section D, Supporting Information.

Inputs of the adsorption chiller model are the equilibrium
properties, heat transfer and diffusion coefficients, and the pro-
cess temperatures. In this work, we study a reference case with
the temperature set 10/30/80 °C (cf. Section 2.2). To determine
the effect of temperature on the MOFs’ performance, we addi-
tionally investigate a condensation and adsorption temperature

adsorbent

W, Taa evaporator
(UA):;:lrs/des Dggs
Th HE o —
heat ’
Thx exchanger des
T D eff
input 1;put
Tads/des evap
mass transfer
condenser

input
Tcond

Figure 3. Scheme of the adsorption chiller model, consisting of models
for adsorbent, heat and mass transfer, evaporator, and condenser. Inputs
are the temperatures of the adsorber inlet during adsorption T,4 and
desorption T, the temperature of the ideal condenser T,nq, the tem-
perature of the ideal evaporator Te,,, and the times for adsorption
and desorption 7,q; and 4. Differential states are temperature T,q
and loading w of adsorbent, temperatures of heat exchanger Ty, and heat
exchanger fluid Tyq. The effective heat transfer and diffusion coefficients
Ues and Deg are determined with the IR-LT) method (cf. Section 2.2).
Outputs are efficiency and power density in terms of the COP and the
VCP, respectively.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of 20°C (resulting temperature set 10/20/80 °C) and a desorp-
tion temperature of 60°C (10/30/60°C).

The adsorption chiller model simulates heat flows and allows
to determine the efficiency (COP) and the power density (VCP).
The efficiency COP relates the provided cooling energy Q.,, to
the needed energy to regenerate the adsorber Q,.,

Qevap o ()TadS Qevapdt
Qreg frzdde: Qadsdt

COP = “4)

The power density VCP is a measure for the size of the adsorp-
tion chiller and relates the mean cooling power Q..,/(7.as +
Tges) to the volume of the adsorber V4

Tads ([
VCP = Qevap _ 0 ¢ Qevapdt (5)
Vads * (Tads + Tdes) Vads * (Tads =+ Tdes)

Often, the mean cooling power is related to the adsorbent
mass, leading to the SCP.*” The SCP is more important in appli-
cations where mass is restricted, e.g., in mobile applications. In
contrast, the power density VCP assesses the size of the system:
If the power density VCP is low, the volume of the adsorbent
material is larger, leading to a larger heat exchanger and thus
overall adsorber.

For a 1-bed adsorber, as in this study, the control strategy is
determined from the times for adsorption 7.4 and desorption
Tges- The optimal times for adsorption and desorption are
affected by the equilibrium properties and the heat transfer
and diffusion coefficients. Thus, the optimal times for adsorption
and desorption are specific for each adsorbent. A comparison of
adsorbents is only consistent after determining optimal times for
adsorption and desorption for each adsorbent.’”! Otherwise, the
comparison would mix adsorbent properties with the impact of
suboptimal operation. Efficiency and power density represent
two opposing objectives: Long times for adsorption and desorp-
tion increase the efficiency but decrease the power density and
vice versa. This results in a multiobjective optimization problem
with the objective functions efficiency and power density. We
solve the optimization problem using the dynamic optimization
algorithm MUSCOD I1,°” resulting in a Pareto frontier regard-
ing the efficiency and power density.

The presented model for the 1-bed adsorption chiller allows to
predict the efficiency and power density with high accuracy when
compared with full-scale experiments: For a 1-bed adsorber using
silica gel, we found that both COP and the cooling power VCP are
predicted within the measurement of the full-scale experiment.
The predicted COP differed less than 7% and the cooling power

www.entechnol.de

VCP less than 2% on average compared with full-scale
experiments.[*!

3. Performance and the Potential of MOFs in
Adsorption Chillers

In this section, we present and discuss our findings for the inves-
tigated MOFs MIL-101(Cr) and NH,-MIL-125 and the commer-
cially available adsorbent Siogel: In Section 3.1, we present the
equilibrium properties of the investigated materials. From the
IR-LT] experiments, we determine heat transfer and diffusion
coefficients (Section 3.2). From the equilibrium properties and
heat transfer and diffusion coefficients, we determine the effi-
ciency and power density (Section 3.3). In Section 3.4, we discuss
possible improvements of MOFs to increase the performance of
adsorption chillers.

3.1. Equilibrium Characteristics

In this study, we investigate the MOFs MIL-101(Cr) and NH,-
MIL-125 and the commercial benchmark Siogel as reference,
all with water as refrigerant. Table 2 shows the adsorbent prop-
erties and Figure 4 shows the characteristic curves of the inves-
tigated materials (for experimental data, see the ESI, Section B,
Supporting Information). For a better interpretation, we multi-
plied the characteristic curve with the constant density of water
Pad = 1000kgm = to receive the loading w (cf. Equation (1))
(right axis in Figure 4a,b). The MOF MIL-101(Cr) has the highest
maximum loading (adsorption capacity), followed by NH,-MIL-
125 and Siogel.

However, the highest maximum loading is not achieved in an
actual adsorption chiller cycle due to the corresponding temper-
ature settings. For an adsorption chiller application, the reference
temperature set is typically 10/30/80°C (cf. Section 2.3). We
transform these temperatures into adsorption potentials
(Equation (2)). The adsorption potential at the end of adsorption
AMS (T, Pevap) 15 basically the difference of the vapor pressure
of water at the adsorption temperature T,q, and the actual pres-
sure provided by the evaporator at the temperature Tey,, and
measures the driving force for adsorption for an indefinite
adsorption time. The corresponding pore volume W(AX) is
the maximum reachable pore volume for the given application.
In analogy, we determine the adsorption potential at the end of
desorption A% (T, peona) and the corresponding pore volume

W (Ages). The change in pore volume W (AXS) — W(Ad) can be

Table 2. Equilibrium properties, heat capacity c,, grain size dg,in, and bed density pyq of investigated materials MIL-101(Cr), NH,-MIL-125, and Siogel,
all with refrigerant water. Also given are details of optimal MOF (cf. Section 3.4). Heat capacities from Ehrenmann et al.®! (MIL-101(Cr)), Gordeeva

et al.B" (NH,-MIL-125), and Sapienza et al.l*® (Siogel).

AW 10 mPkg ] Wo [x10'mlkg ] Amldke]  Aupeldkg] kg K] dganlmml  prealkgm ]
MIL-101(Cr) 5.767 5.769 158.5 28.20 1.250 0.4 282.19
NH,-MIL-125 3.164 3.194 228.7 26.78 1.045 0.4 373.85
Siogel 5.121 4.906 118.7 135.75 0.700 0.9 577.11
Optimal MOF 5.430 5.500 283.40 10.00 1.250 0.4 577.11
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Figure 4. a) Characteristic curves W(A) over adsorption potential A
(Equation (1) and Equation (2)) and b) volumetric characteristic curves
W(A)ppeg Of the investigated materials MIL-101(Cr), NH,-MIL-125,
Siogel, and optimal MOF (cf. Section 3.4) with refrigerant water. For a
better interpretation, we multiplied the characteristic curve with the
constant density of water p,q = 1000kgm~3 to receive the loading w
(cf. Equation (1)) (right axis in (a) and (b)). The adsorption potentials
Af‘fs(TadS,pevap) and A% (Tye, pong) are the maximum achievable
adsorption potentials during the sorption process, indicating the
maximum achievable change in loading Aw (cf. Table 3).

transformed to a change in loading Aw (cf. Equation (1)), which
describes the maximum change in loading Aw for the given
temperature set.

Table 3 shows the change in loading for the investigted work-
ing pairs. For the typical temperature set 10/30/80°C of an
adsorption chiller, NH,-MIL-125 has the highest change in load-
ing Aw, followed by MIL-101(Cr) and Siogel. Even though MIL-
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101(Cr) has the highest maximum loading and is for this reason
broadly discussed in literature, it does not have the highest
change in loading for the given adsorption chiller application.
The reason for this change in order is the position of the inflec-
tion point of the characteristic curve Ayyq (cf. Section 2.1).
Shifting the inflection point to higher adsorption potentials
(equivalent to a shift of the isotherms to lower relative pressures,
cf. Equation (2)) would increase the change in loading, as dis-
cussed in Section 3.4.

In addition, the bed density pp.q is halved for the MOFs
NH,-MIL-125 and MIL-101(Cr) compared with Siogel. Thus, less
mass of the adsorbent fits into the fixed volume of the adsorber
(cf. Section 2.3), leading to less water to be adsorbed. The effect
can clearly be seen when multiplying the loading with bed den-
Sity Wppeq, resulting in the volumetric change in loading, see
Figure 4b and Table 3: The volumetric change in loading
Awpreq for MIL-101(Cr) is 28% smaller than for Siogel.

The ranking of the adsorbents differs for other temperatures.
To show this effect, we changed the condensation and adsorp-
tion temperature to 20°C (resulting temperature set was
10/20/80°C). A smaller condensation and adsorption tempera-
ture is beneficial for all adsorption chiller processes,*"
since the adsorption potential at the end of adsorption
AMS(T g, Pevap) decreases and the adsorption potential at the

end of desorption AS(Tye, peong) increases (cf. Equation (2)),
leading to a higher change in loading. In practice, the condensa-
tion and adsorption temperature is limited to the ambient tem-
perature plus a temperature difference in the heat exchanger.
Thus, temperatures below 30 °C for condensation and adsorp-
tion are generally difficult to achieve. Still, if we consider the tem-
perature set 10/20/80°C, MIL-101(Cr) would yield both the
highest change in loading Aw and volumetric change in loading
Awpypeq (Table 3), since the inflection point A;,q of MIL-101(Cr)
occurs at lower adsorption potentials. However, the volumetric
loading is only slightly smaller for Siogel.

In general, a higher desorption temperature leads to a higher
change in loading."*"! However, the effect of a high desorp-
tion temperature is small for the MOFs MIL-101(Cr) and
NH,-MIL-125: Increasing the desorption temperature increases
the change in loading only slightly, because the characteristic
curve’s inflection point of both MOFs is closer to lower
adsorption potentials (cf. Figure 4a).

Since the characteristic curve’s inflection point of both MOFs
is closer to lower adsorption potentials, they seem to allow lower
desorption temperatures from energy sources with lower tem-
peratures. For a desorption temperature of 60°C, both MOFs
reach a change in loading Aw almost three times higher than

Table 3. Maximum change in equilibrium loading Aw and change in volumetric loading Awppeg of MIL-101(Cr), NH,-MIL-125, Siogel, and the optimal

MOF for the temperature sets 10/30/80, 10/20/80, and 10/30/60°C.

10/30/80[°C]

10/20/80[°C] 10/30/60 [°C]

Aw[gg] Awpeq [kgm™] Aw [gg] Awpyeg [kgm ] Aw(gg] Awpyeg [kgm ]
MIL-101(Cr) 0.176 49.7 0.492 138.7 0.136 38.3
NH,-MIL-125 0.254 94.9 0.287 107.3 0.147 54.9
Siogel 0119 68.9 0.237 136.6 0.056 323
Optimal MOF 0.510 294.3 0525 303.2 0.028 16.1
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Siogel. Yet, the volumetric change in loading Awp.q for
NH,-MIL-125 is only 1.5 times higher than for Siogel and for
MIL-101(Cr) even almost identical (cf. Table 3).

In summary, MIL-101(Cr) has the highest maximum loading,
but the isotherms are poorly positioned for an adsorption chiller
application. For the adsorption chiller application, the change in
loading is highest for NH,-MIL-125. However, both MOFs
MIL-101(Cr) and NH,-MIL-125 have low densities pp.q compared
with Siogel, reducing the effect of high changes in loading Aw.
As a first design rule, we can conclude that equilibrium
properties of MOFs need to fit the process temperatures in order
to achieve a high change in loading. Besides, a high density is
important for a high volumetric change in loading.

3.2. Heat and Mass Transfer Coefficients

The discussed change in loading corresponds to equilibrium
conditions: In actual adsorption chillers, heat transfer and
diffusion resistances slow down the sorption process. Heat trans-
fer and diffusion coefficients need to be identified to comprehen-
sively evaluate the performance of MOFs for thermal energy
conversion. To determine the heat transfer and diffusion coeffi-
cients, we perform IR-LT] experiments and use a dynamic model
(cf. Section 2.2). For the model, the following information is
necessary: The equilibrium properties, the mean grain size
dgrain, the packed bed density pyeq, and the heat capacity cp,
summarized in Table 2.

Table 4 shows the resulting effective heat transfer and diffu-
sion coefficients Uy and Deg of the investigated materials. The
experimental data can be found Section C, Supporting
Information. The effective heat transfer coefficient Ug during
adsorption and desorption is almost half for NH,-MIL-125
and MIL-101(Cr) compared with Siogel. The lower packed-bed
density of the MOFs (cf. Table 2) might lead to thermal insulation
and thus lower heat transfer coefficients. To our knowledge, no
heat transfer coefficients for the studied MOFs are reported.
Only one value for thermal conductivity is reported for MOF-5
with 0.32 Wm ' K.1* The value is also almost half of thermal
conductivity as for silica gel with 0.55 W m™* K.** Thus, our
findings are in line with the literature.

Also, the effective diffusion coefficient D.g is considerably
lower for the MOFs: It is lower by a factor of 20-40 compared
with Siogel. The mean pore size of NH,-MIL-125 is 5.9 AP
and thus smaller than for Siogel with 20 A,1*® probably leading

Table 4. Effective heat transfer coefficients U.s and effective diffusion
coefficients D.g for adsorption and desorption of the investigated
MOFs MIL-101(Cr) and NH,-MIL-125 and the benchmark Siogel, all
with the refrigerant water. The coefficients are determined by the IR-LT)
methodP® for a packed-bed configuration with 1 mm layer height and
a temperature set 10/30/80°C. The experimental data can be found
Section C, Supporting Information. Coefficients for Siogel taken from
Graf et al.?9

U (Wm™2K™'] D3 [m?s™'] U [Wm™?K™'] D& [m*s™]
MIL-101(Cr) 111.0 6.22x 107" 114.7 3.09 x 10 °
NH,-MIL-125 164.0 9.79 x 107" 165.3 1.51x 107"
Siogel 223.6 1.48 x107° 277.4 9.89 x 10°
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to smaller effective diffusion coefficients. On the contrary, how-
ever, MIL-101(Cr) has considerably larger pores with pore sizes
between 24 and 36 A compared with Siogel.'*"* To our knowl-
edge, diffusion coefficients for MIL-101(Cr) with water have
not been reported. Yet, the diffusion process has been
discussed for MIL-101(Cr) with other adsorptives than water:
Ma et al.®®! found that at early stages of the adsorption process,
the diffusion rate of the working pair MIL-101/isobutane is con-
siderably lower than for activated carbon/isobutane. For the
working pair MIL-101(Cr)/ethanol, Saha et al.l* determined a
higher activation energy, leading to slower adsorption rates, com-
pared with activated carbon/ethanol. Also, Rezk et al.*’! noted
that the adsorption kinetics of the working pair silica gel/water
are faster than for MIL-100/water. For the working pair silica
gel/water, Gurgel et al*’ determined an effective diffusion
coefficient during adsorption of 1.9 x 107> m*s™", which is in
line with our findings. This literature review supports our
finding that the diffusion in MIL-101(Cr) is slower than for
commonly used adsorbents regardless of the adsorptive.

Low heat transfer and diffusion coefficients inhibit the
sorption process, and thus reduce the power density, which
we discuss in the next section. As a second design rule, we con-
clude that the heat transfer coefficients of MOFs need to be
increased by factor 2 and diffusion coefficients by one magnitude
compared with Siogel

3.3. Performance of MOFs in Adsorption Chillers

The previously discussed equilibrium properties and heat trans-
fer and diffusion coefficients are the necessary inputs for a
dynamic model of an adsorption chiller. The model allows us
to determine the efficiency and power density of the MOFs in
terms of COP and VCP, respectively (cf. Section 2.3). Figure 5
shows the Pareto frontier of power density VCP over efficiency
COP for the reference case 10/30/80 °C as well as for the varied
temperature sets.

For the standard temperature set (10/30/80°C), even
though MIL-101(Cr) has the maximum adsorption capacity

300 : : : .
—2)10/20/80°C
| [——=MIL101(Cr) (—)10/20/
200 | NH,-MIL-125 1
= Siogel
= 200} B ]
= - T~
%150t — = RN
g ~ \
& 100 h \
= ~)10/30/80°C \
(-)10/30/ DN
50 —_— (=-—)10/30/60°C
0 . T ‘ |
0.2 0.3 0.4 0.5 0.6

COP in kJ kJ!

Figure 5. Pareto frontiers of power density VCP (cf. Equation (5)) over
efficiency COP (cf. Equation (4)) for the adsorbents MIL-101(Cr) (in blue),
NH2-MIL-125 (in green), and Siogel (in yellow). Pareto frontiers for the
reference case 10/30/80°C (solid lines) and in addition 10/20/80°C
(dashed lines) and 10/30/60 °C (dash-dotted lines). For a colored figure,
the reader is referred to the web version of this article.
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(cf. Section 3.1), both Siogel and NH,-MIL-125 outperform
MIL-101(Cr) regarding both efficiency COP and power density
VCP: The maximum efficiency of MIL-101(Cr) is 0.36 and thus
19% smaller than for Siogel (0.43) and 44% smaller than for
NH,-MIL-125 (0.52). As discussed in Section 3.1, the reason
is the inflection point of MIL-101(Cr)’s equilibrium properties.
In addition, we keep the adsorbent volume constant
(cf. Section 2.3). Since the bed density pypq is lower for the
MOFs compared with Siogel (cf. Table 2), the mass of MOFs
in the constant volume of the adsorber is lower as well, leading
to a lower change in loading multiplied with the bed density
Awpyeq for MIL-101(Cr) than for Siogel and NH,-MIL-125
(cf. Table 3).

It is noteworthy that the maximum power density VCP is not
achieved by any MOF but by Siogel: Siogel reaches a maximum
power density of 137.6kWm™°, whereas for NH,-MIL-125
the maximum power density is 99.1kWm™ and thus 28%
smaller, and for MIL-101(Cr) the maximum power density is
40.8kWm > and thus even 70% smaller than for Siogel.
Since Siogel has higher heat transfer and diffusion coefficients
than the MOFs (cf. Table 4), the power density is higher. To
conclude, Siogel and NH,-MIL-125 outperform MIL-101(Cr)
regarding efficiency and power density. For high power densi-
ties, Siogel is preferable, whereas for high -efficiencies
NH,-MIL-125 is preferable for the reference case.

When reducing the recooling temperature from 30 to 20 °C,
all materials perform better, as the change in loading increases,
as discussed in Section 3.1. For this case (10/20/80°C), MIL-
101(Cr) has a maximum efficiency COP of 0.57 and a maximum
power density VCP of 182.0kW m™> and thereby outperforms
NH,-MIL-125 with a maximum efficiency of 0.51 and a maxi-
mum power density of 161.4kW m ™. This change in order
shows the high sensitivity of performance on the temperatures
in the application. However, Siogel still outperforms MIL-
101(Cr) with an equally high maximum efficiency of 0.57 and
a 32% higher maximum power density of 268.4kWm .
Again, Siogel’s high heat transfer and diffusion coefficients
and high density compared with MIL-101(Cr) overcompensate
the smaller change in loading.

From the equilibrium properties, it can be seen that a high
desorption temperature is not necessary for MOFs to achieve
a high change in loading (cf. Section 3.1). To show where this
property could be beneficial, we decreased the desorption
temperature from 80 to 60°C. Then, the change in loading
for MIL-101(Cr) decreases by only 22%, whereas for
NH,-MIL-125 by 44% and for Siogel by 53% (cf. Table 3). The
maximum efficiency of MIL-101(Cr) even increases compared
with the reference case 10/30/80 °C because the high desorption
temperature is not necessary for a high change in loading
but increases the amount of heat that needs to be recooled, lead-
ing to a smaller efficiency. Still, the change in loading for NH,-
MIL-125 is higher than for MIL-101(Cr), resulting in a 19%
higher maximum efficiency COP of 0.50 compared with 0.42.
Additionally, NH,-MIL-125 has a higher maximum power den-
sity VCP of 35.0kW m > compared with 23.9 kW m > for MIL-
101(Cr). Therefore, NH,-MIL-125 still outperforms MIL-101(Cr).
For Siogel, the maximum power density is 46.2 kW m ™ and thus
slightly higher than for NH,-MIL-125. However, the power den-
sity decreases for all materials considerably, as the lower
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desorption temperature reduces the driving force for heat trans-
fer. As for the reference case, for high power densities, Siogel is
preferable; for high efficiencies, NH,-MIL-125 is preferable.

In summary, Siogel is the best choice, when high power den-
sities are desired, whereas NH,-MIL-125 is in most cases bene-
ficial for high efficiencies. Currently, NH,-MIL-125 is not
competitive in the perspective of high power densities, compared
with the commercial adsorbent Siogel, whereas MIL-101(Cr) is
not competitive at all, despite its high maximum loading. In
the next section, we quantify the potential of MOFs for use in
adsorption chillers and derive how the performance of MOFs
regarding efficiency and power density can be improved by apply-
ing our proposed design rules (see Section 3.1 and Section 3.2).

3.4. The Potential of MOFs

In this section, we discuss how an optimal MOF could perform
in an adsorption chiller. For the optimal MOF, obviously, the
change in loading and density should be as high as possible
for high efficiencies; heat transfer and diffusion should be as fast
as possible for high power densities. To limit the study to realistic
values, we define an optimal MOF by combining the most favor-
able properties of all studied materials, i.e., the adsorption capac-
ity is equal to the maximum adsorption capacity of MIL-101(Cr)
and the density, heat transfer, and diffusion coefficients are equal
to the properties of Siogel, Table 2.

As discussed in Section 3.1, the position of the characteristic
curve has a high influence on the actual change in loading in the
application.®® For this reason, Erdés et al.?Y screened several
MOFs regarding their adsorption capacity for a fixed application.
Also, Boman et al.®” screened several adsorbent materials by
considering the position of the characteristic curve. In both stud-
ies methanol and ethanol are used as refrigerants, whereas in
this study, we investigate the potential of MOFs with water as
the refrigerant.

In addition to these properties, the shape of the characteristic
curve has a high influence on power density: Okunev et al.”” and
Glaznev et al.”" found that the concave shape of the adsorption
isobars influences the sorption process and leads to a slower
adsorption process than the desorption process. Aristov”? con-
cluded in a theoretic study that a step adsorption isobar is pref-
erable and Okunev et al.”*! refined this study by modeling the
adsorption isobar with a consistent model for equilibrium, heat
transfer, and diffusion. These authors simulated the isobaric
adsorption and desorption stages for an exemplary temperature
set and identified the optimal position of the step isobar. The
optimal step isobar position shortened the adsorption and
desorption times by a factor of 3 compared with the reference,
increasing the power density also by a factor of 3.

The step isobar can be translated into the characteristic curve
of the Dubinin model (cf. Figure 1): a step isobar also corre-
sponds to a step characteristic curve, which is achieved by small
values for the slope of the characteristic curve Agqope (cf. Equation
(3)). In addition, the driving force for heat transfer (T,q — Thy)
can be translated into the Dubinin model. For this purpose, we
assume an exponential correlation between temperature and the
corresponding saturation pressure used in the adsorption poten-
tial (Equation (2)), e.g., with the Antoine equation.”* Then, the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

driving force for heat transfer (T,q — T},) is proportional
to the difference in adsorption potentials (A, — Ap,). In
Figure 1, the benefit of the step isobar is visualized: Due to
the step, the driving force (A, — Ay) stays constant at its maxi-
mum value during the sorption process. In addition, the optimal
position of the inflection point A’%; can be identified as the mean
of A¥s and Al if assuming identical heat transfer coefficients
Uds = U%s for adsorption and desorption.

A step isobar is also optimal for mass transfer: The driving
force for mass transfer is the difference between equilibrium
loading we, and the actual loading of the adsorbent
W: [Weq(Py> Tad) — W(Pad, Taa)]- For a steeper isobar, the equilib-
rium loading weq changes faster, leading to a constant and high
driving force.

Thus, a step isobar, or translated into the Dubinin model, a
step characteristic curve, is optimal for maximum heat and max-
imum mass transfer, resulting in high power densities. The
resulting equilibrium properties of the optimal MOF are shown
in Figure 4a and summarized in Table 2.

In addition to the optimal MOF that summarizes all the
best characteristics, we study the effect of improving a single
characteristic, i.e., changing the inflection point, the density,
and heat transfer and diffusion coefficients to the value of Siogel.

Figure 6(1) shows the resulting Pareto frontiers for
NH,-MIL-125 with modified characteristics. When changing
the inflection point of NH,-MIL-125 to the optimal position,
the maximum power density VCP increases by 22%, whereas
the efficiency COP stays almost constant. The efficiency stays
constant, because the change in loading is constant, when chang-
ing the inflection point of NH,-MIL-125. The largest influence on
the efficiency comes from changing the density of NH,-MIL-125
to the density of Siogel. Then, the maximum efficiency increases
by 16% (and the maximum power density by 21%). The largest
influence on the power density comes from higher heat transfer
and diffusion coefficients: When changing the heat transfer and
diffusion coefficients of NH,-MIL-125 to Siogel’s heat transfer
and diffusion coefficients, the maximum power density increases
almost by factor 2 from 99.1 to 193.3kWm >.

Modifying all properties to the best values results in the opti-
mal MOF. The maximum power density VCP is 265.1 kW m >
and thus 2.7 times higher than NH,-MIL-125’s maximum power
density of 99.1 kW m > and still 93% higher than Siogel’s maxi-
mum power density. Also, the maximum efficiency COP of the
optimal MOF is 0.73 and thus 40% higher than for NH,-MIL-125
and 67% higher than for Siogel. Due to the higher change in
loading multiplied by bed density Awpyeq (cf. Table 3), both
the maximum power density and efficiency of the optimal
MOF increase.

Figure 6(2) shows the resulting Pareto frontiers for MIL-
101(Cr) with modified characteristics. The inflection point of
the characteristic curve Ay has the largest influence on both
power density VCP and efficiency COP: Changing MIL-
101(Cr)’s inflection point to the optimal inflection point leads
to a 2.8 times higher maximum power density and a 67% higher
maximum efficiency. By moving the inflection point, the change
in loading increases, leading to both higher power densities and
efficiencies. Also, the driving force for heat transfer is constant at
a high level, as discussed earlier (cf. Figure 1). The modified
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Figure 6. Pareto frontiers of power density VCP over efficiency COP for (1)
NH2-MIL-125 (solid line) and modified NH,-MIL-125 (dashed lines) and
(2) for MIL-101(Cr) (solid line) and modified MIL-101(Cr) (dashed lines)
with Siogel properties: density, heat transfer and diffusion coefficients, or
optimal position of inflection point. Also shown is the Pareto frontier of
the optimal MOF (cf. Figure 4 (a)) for the reference case 10/30/80 °C. For
a colored figure, the reader is referred to the web version of this article.

MIL-101(Cr) would outperform Siogel now, with almost the
same power density but a considerably higher efficiency. As
for modifying the density of NH,-MIL-125 to Siogel’s density,
modifying MIL-101(Cr)’s density mainly leads to an increase
in maximum efficiency by 56% compared with MIL-101(Cr) with
optimal position of the inflection point. Changing the heat trans-
fer and diffusion coefficients of MIL-101(Cr) to the heat transfer
and diffusion coefficients of Siogel increases the maximum
power density by a factor of 2.3.

We find that the choice of adsorbent material has a greater
influence than the choice of adsorber design: In a study of
Bau et al.,*”) the influence of adsorber geometry is broadly inves-
tigated with a similar approach as in this study. The authors
found that from optimizing the number of fins of the adsorber,
COP could be increased by 12% and the SCP could be almost
doubled. In our study, we found that both COP and power den-
sity VCP could almost be doubled when the optimal adsorbent
material is used. Thus, especially when it comes to high COP
values, the choice of adsorbent material seems to be more crucial
than the choice of adsorber geometry. Still, optimizing both
adsorbent material and geometry is required to explore the full
potential.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In conclusion, to increase both the power density and effi-
ciency of MOFs, the highest potential for improvement comes
from the position of the inflection point of the equilibrium prop-
erties. Therefore and as the first design rule when designing
MOFs, great attention should be directed to fitting the equilib-
rium properties to the process temperatures. As the second
design rule, increasing the heat transfer and diffusion coeffi-
cients is necessary to increase the power density. Besides,
increasing the density leads to higher efficiencies.

These generic guidelines toward an optimal MOF should be
helpful to guide material development or identification. While
the derivation of specific synthesis strategies is beyond our
own scope of work, we hope that the derived guidelines help
material developers properly assess novel materials.

4. Conclusions

MOFs are highly promising materials: High water uptake capac-
ities suggest that MOFs are well suited for sustainable thermal
energy conversion, such as for the adsorption chillers discussed
here. However, most attention is currently often given to
maximize adsorption capacity.

The MOFs MIL-101(Cr) and NH,-MIL-125 offer a high
adsorption capacity for water and have therefore been suggested
for sustainable thermal energy conversion in adsorption heat
pumps and chillers. In this study, we showed that these
MOFs are still only partly competitive to commercial silica gels.

For this purpose, we combined small-scale experiments with
dynamic modeling of full-scale adsorption chillers: First, we
determined heat transfer and diffusion coefficients with the
small-scale IR-LT] method. To our knowledge, we provided
the first data on heat transfer and diffusion coefficients for
the MOFs NH,-MIL-125 and MIL-101(Cr). Second, we used
the adsorbent information in a dynamic model of a full-scale
adsorption chiller to determine the COP as a measure for the
system’s efficiency and the VCP as a measure for the power den-
sity and system size.

For the practically relevant temperature set 10/30/80 °C, we
found that NH,-MIL-125 reduces the power density by 28%
compared with the benchmark Siogel. However, NH,-MIL-125
increases the efficiency by 18% compared with Siogel.
Noteworthy, MIL-101(Cr) is not suitable at all for the temperature
set 10/30/80°C, despite being the adsorbent with the highest
adsorption capacity. The same results apply for lower tempera-
tures for desorption, adsorption, and condensation. For lower
adsorption and condensation temperatures, both MOFs are clearly
outperformed by Siogel.

Analysis of the model allows to derive design rules to exploit
the full potential of MOFs for adsorption chillers. Material
development of MOFs should focus on three design rules:
1) Matching the shape and position of the isotherms to the given
application: Since the possibilities to tune the structure of MOFs
are countless, the shape of the equilibrium isotherms should be
step wise and tailored to the specific temperature conditions.
Moving the step position of current MOFs would give power den-
sities in the same range as for the commercial adsorbent Siogel
but with 1.5 times higher efficiencies. 2) Increasing heat transfer
coefficients by factor 2 and diffusion coefficients by 1-2 orders of
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magnitude. Then, the power density would increase by a factor of
more than 2. 3) Increasing the density by factor 2 to increase the
efficiency by factor 1.5.

Applying all three design rules of material development would
lead to an optimal MOF allowing for a maximum power density
of 350.5 kW m > and efficiency of 0.73, both values being almost
twice as high for Siogel—with the same adsorption capacity
already achieved by MOFs today. Such optimal MOFs would
be able to realize their promise to serve for more sustainable
energy conversion in adsorption chillers.

In this study, we investigated the MOFs MIL-101(Cr) and
NH,-MIL-125 with water as the adsorptive. While we believe that
the presented methodology extends to other MOFs or other
adsorptives (e.g., methanol and ethanol), quantitative results will
differ and require further study.
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