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Preface

The regulation of the balance of the sensible and latent loads remains a critical problem for
built environment control. Unlike the traditional vapor compression system that features high-
energy consumption and environmental-unfriendly processes, desiccants represent an
alternative air-conditioning method that takes advantage of the low-grade energy, decreases
energy consumption, and even employs the use of water vapor. Though the desiccant-based
systems can achieve spatial moisture transfer through the periodic adsorption/desorption
process, however, the water-stable desiccants with high water uptake and mildly reversible
adsorption are required, and the traditional desiccants (e.g. silica gel, zeolite, etc.) cannot
meet these requirements.

Metal-organic Frameworks (MOFs) are an emerging class of porous materials. Most MOFs
can exhibit very high surface areas and large adsorption capacity for gas. Due to their
structural and functional tunability, MOFs have become one of the most fascinating classes of
materials for both scientists and engineers. In the area of built environment, MOFs can be
used for moisture regulation, pollutant removal, air purification, thermal storage, and
atmosphere water harvesting, etc. This report contains 8 recent selected papers of DTU
Building Physics concerning preparation, characterization, and applications of metal-organic

frameworks for built environment control.
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ARTICLE INFO ABSTRACT

Keywords: The regulation of the balance of the sensible and latent loads remains a critical problem for built environment
MOFs control. Unlike the traditional vapor compression system that features high-energy consumption and
Intrinsic properties environmental-unfriendly processes, desiccants represent an alternative air-conditioning method that takes
Adsorption mechanism .
Screening advantage of thg low-grade energy, decreases. the energy con.sumptlon and even employs us‘e of water VaPor.
Active/passive-type Though the desiccant-based systems can achieve spatial moisture transfer through the periodic adsorption/
Solid desiccant system desorption process, however, the water-stable desiccants with high water uptake and mildly reversible adsorp-
tion are required, and the traditional desiccants cannot meet these requirements. In this respect, metal-organic
frameworks (MOFs), possessing a variety of structures and precise functional ability to optimize their properties,
are promising porous materials exhibiting high potential for rational design and sorption-based applications. In
this review, intrinsic properties and prevalent water adsorption mechanisms of the potential micro/mesoporous
MOF desiccants have been elucidated. Subsequently, the selection criteria of the promising MOF desiccants for
water loading removal from air in the built environment is proposed and some currently available water-stable
MOFs based on different working humidity ranges have been analyzed for the potential humidity control from
the aspects of microstructure, isotherms and regeneration conditions. Finally, approaches for screening the well-
suited MOFs from material and system levels is presented. Overall, the cases of actual applications in the active or
passive way have confirmed that MOF-based systems can effectively regulate the humidity load within the
desirable range, thus, underlining the high potential of large-scale applications in the near future.

introduction of desiccant materials is an alternative method to achieve
effective humidity control within a desirable range, and extensive

1. Introduction

Benefitting from the scientific inventions of the contemporary era,
people’s lifestyle has evolved from early open-air living spaces into more
comfortable and enclosed air-conditioned ones. The energy consump-
tion by the air conditioning systems represents more than 40% of the
total building energy consumption. In the traditional cooling dehu-
midification, the cooling air below the dew point, used to remove both
sensible and latent loads, gives rise to a large extent of energy waste
owing to the low trigger temperature for the latent load removal [1,2].
Therefore, the critical problem in the indoor air-conditioned zones is to
achieve an independent control of temperature and humidity [3,4]. It is
to be noted that either moisture accumulation or deficiency will cause
discomfort to human beings and damage to building materials, and 45%
~65% relative humidity (RH) in residential buildings has been recom-
mended by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) [5]. In this regard, the
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studies have been devoted to the synthesis and application of new des-
iccants possessing high water capacity and gentle regeneration condi-
tions [6,7].

Desiccants can generally be classified into liquid and solid phase. As
the liquid desiccant dehumidifiers suffer from large and complicated
systems, metal corrosion, etc., the solid desiccant systems (SDSs) pro-
gressively exhibit potential as promising methods for indoor humidity
control [8,9]. Some commercially used materials, like zeolites and silica
gels, have been incorporated into the air-conditioning systems, but these
are incapable of achieving high-performance dehumidification due to
the harsh regeneration condition or low work loading [10,11]. There-
fore, research efforts are going for the development of novel solid des-
iccants with an ability to improve the whole system performance with
respect to the built environment control. Recently, micro- and meso-
porous materials such as metal-organic frameworks (MOFs) have
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emerged as an effective alternative to the currently used desiccants [9].
The MOFs are constructed by the formation of strong chemical bonds to
bridge inorganic metal-related units with organic ligands, thus, creating
open frameworks with ordered structure [12,13]. A high level of
structural flexibility and ultra-high porosity make these materials
promising desiccants in the sorption-based applications [14]. In addi-
tion, most of the MOFs have S-shaped isotherms with a steep rise in a
narrow relative humidity (RH) range. The observed steep rise is directly
correlated with the special adsorption mechanism of MOFs, however, it
does not rely on the formation of strong bonding sites in the crystalline
frameworks, thus, partly indicating their gentle regeneration condition
[15].

To date, more than 80000 different MOFs have been reported, but
only a small number of literature studies have investigated their distinct
advantages over traditional materials in the air-conditioning system [16,
17]. One critical challenge appears to be the effective screening of the
available MOF desiccants. First, the long-term water stability is the
precondition that ensures the conservation of their frameworks [10].
Hydrothermal stability tests over several thousands of adsorption/
desorption cycles have been proven only for a few structures [18-21],
while most reports have presented only a few dozen cycles on laboratory
scale. Second, the working performance (adsorption and desorption) of
MOF desiccants is of importance for the working efficiency. At present, a
small number of studies have been reported on the MOF-based open
SDSs (directly contacting the ambient air) for humidity regulation in
buildings. However, water-harvesting applications [22-24] and explo-
rations of the sorption-based close SDSs (without contacting the ambient
air) such as heat pumps [25-31] and adsorption-based refrigeration [20,
32-34] provide more information about the basic hydrothermal prop-
erties of MOFs. Third, the intrinsic properties of the MOF chemicals
decide the application area. In general, it is also preferred to use green
and safe materials with low cost in the practical applications [35]. Be-
sides, the other challenge is to classify the MOF desiccants. In general,
MOFs such as MOF-801 [36], MOF-841 [37], MIL-160 [25], CAU-10
[38], CoyClo(BTDD) [39], etc., have been investigated for good work-
ing capacity in the 0-30% RH range, while MIL-100 (Cr, Fe, Al) [27,40],
MIL-101(Cr) [41],Cr-soc-MOF-1 [42], Y-shp-MOF-5 [21], UiO-66 [37],
etc., exhibit high working capacity in the 30%~65% RH range. Espe-
cially, Y-shp-MOF-5 [21] and Cr-soc-MOF-1 [42] demonstrate autono-
mous humidity control within a desirable range (45%~65% RH) for the
building environment. Thus, the ongoing work on the classification of
MOFs should be intensively developed.

To the best of our knowledge, most previous review papers on the
topic of water adsorption applications of MOFs are mainly focused on
heat transformation in mechanical systems (e.g. heat pump, adsorption
chiller, etc. [16,17,43]) and atmospheric water harvesting (AWH) [44].
Very few reviews have a special emphasis on the MOF application for
built environment. In this review, we will discuss in detail the potential
applications of MOF materials for built environment control from both
the material and system levels. A brief review of the compositions and
intrinsic properties of the MOF materials has been presented. Some basic
selection criteria of MOFs for humidity load control have been subse-
quently proposed, and three groups of MOFs have been classified and
discussed based on their different trigger point (a turning point P/Pg
before a steep rise in isotherms). At the end of this review, the strategy
and design of systems using MOF materials have been provided for
either passive or active methods. Though it is hard to review the vast
number of literature studies on MOFs and make a well-considered
evaluation on this subject, it is still hoped that the review provides
some insights into the selection of the most suitable MOFs depending on
the different conditions with reference to their application in the built
environment control.
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2. Compositions and intrinsic properties of MOFs
2.1. Compositions

A specific MOF requires the provision of metal ions derived from the
inorganic metal salts, organic ligands, and possibly solvents. MOFs with
desirable structures can be prepared through the component exchanges
in the metal ions, ligands or solvents.

Metal ions: metal-containing units are used for bonding with organic
groups. To date, many metal ions have been reported for developing
MOFs with high hydrolytic stability, most of which traditionally are
divalent metal ions such as Cu?*, Zn?*, zr**, Ni2*, Co?*, Mg?" and cd?*
[30,39,45-47], trivalent metal ions such as Fe®t, Cr®* and AI** [27],
and even tetravalent ions such as Ti** and Hf * [48,49]. In past decades,
many studies have also been conducted on lanthanide series (i.e., Ce, Pr
and Eu), p-block elements (i.e., Ga and In) and even mix-metals [10,50,
511.

Ligands (linkers): the ligands are used to connect the metal clusters,
which shape the crystal framework. The structure of ligands can provide
insights about the hydrophilicity/ hydrophobicity of the pore surface.
Theoretically, longer ligands bear larger surface area, thus, providing
more adsorption sites and storage space, and correspondingly affecting
the adsorption capacity. Common ligands used in the synthesis of water-
stable MOFs include BTC (1, 3, 5-benzene tricarboxylic acid), TPA
(terephthalic acid), TDC (thiophene-2, 5-dicarboxylic acid), fumaric
acid, etc. [40,41,49].

Solvents: the solvents are not a necessity during the synthesis of
MOFs, especially for mechanochemical synthesis. However, the solvents
can provide a benign environment for the chemical reactions, resulting
in the diversity of the formed structures. Besides, the solvents can also
determine the thermodynamics and activation energy for a specific re-
action. The commonly used solvents are water and organic solvents such
as ethanol, acetone and ethyl acetate. A few non-green solvents (e.g.
dimethyl sulfoxide, tetrahydrofuran, toluene, formic acid etc.) can also
be used in the large-scale production by strictly following the standard
procedures [52,53].

2.2. Intrinsic properties

The remarkable performance of MOFs has advanced their synthesis,
accompanied by the development of geometric topology design, post-
synthetic modification and multivariate MOFs. It is to be noted that
the interaction between the acceptor and target pairs (i.e. MOF- water
vapor) makes the MOFs competent desiccants. Namely, the intrinsic
properties of MOFs drive the performance for water uptake and corre-
sponding applications (Table 1 and Table 2).

2.2.1. Metal sites

There are many coordinatively unsaturated metal sites inside the
MOF structure, where the guest molecules such as water or other organic
solvents can be coordinated after synthesis [54]. Prior to the practical
usage, activation is needed to help remove these guest molecules from
the metal nodes by heating in a vacuum environment. As the exposed
sites exhibit strong polarity, MOFs demonstrate relatively high affinity
towards vapor molecules even at low vapor pressure. Correspondingly,
the amount of the recovered unsaturated metal sites can enhance the
adsorption capacity of MOFs for vapor molecules [55,56].

2.2.2. Functionality and expansion of structures

Apart from metal sites, the combination of functional groups with
ligands is also an alternative to improve the hydrophobicity/ hydro-
philicity of MOF chemicals, tune the shape of isotherms or move their
trigger points (P/Pg). Commonly used hydrophilic functional groups,
such as -NOg (nitro), -NHy (amino), -OH (hydroxyl), etc., have been
reported for the synthesis of MOFs [57-62]. In comparison with the
original MOFs without functionalities, the functionalized MOFs
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Table 1
Reported real applications of MOFs in water adsorption.
Materials Surface area (m? Pore Volume (cm® Pore diameter Uptake (g P/P, of the steep Possible regeneration Refs.
g’l) g’l) (nm) g’l) adsorption condition
CAU-10(Al) 635 0.43 0.7 0.36 0.15-0.25 70°C [32,
38]
MIL-53-FA 1080 0.49 0.6 0.53 0.2-0.35 90°C [52,
(AD 71]
MIL-100 (Fe) 1917 1.0 2.5/2.9 0.77 0.25-0.45 <70°C [27,
72]
MOF-801(Zr) 990 0.45 0.48/0.56/0.77 0.36 0.05-0.15 80-85°C [37,
73]
MOF-303(Al) - 0.54 0.6 0.48 0.1-0.25 85°C [22,
74]
Table 2
Promising MOFs in water adsorption applications.
Materials Surface area (m? Pore Volume (cm® Pore diameter Uptake (g P/P, of the steep Possible regeneration Refs.
g’l) g’l) (nm) g’l) adsorption condition
BIT-66(V) 1417 0.87 0.65/2.58 0.71 0.6 - [75]
BUT-46A(Zr) 1550 0.69 1.6-3.5 0.52 0.44-0.49 - [76]
BUT-46B(Zr) 1430 0.65 1.6-3.5 0.49 0.51-0.55 - [76]
BUT-46F(Zr) 1563 0.71 1.6-3.5 0.59 0.39-0.43 - [76]
BUT-46W(Zr) 1565 0.71 1.6-3.5 0.63 0.27-0.37 - [76]
CAU-1(Al) 1300 0.55 0.5/1.0 0.55 0.38 - [771
CAU-23(Al) 1250 0.48 - 0.37 0.3 60°C [20]
CUK-1(Co) 510 0.26 - 0.28 0.12 - [30]
CUK-1(Mg) 580 0.28 - 0.36 0.23-0.28 - [30]
CUK-1(Ni) 520 0.26 - 0.3 0.12 - [30]
Cr-soc-MOF-1 4549 21 - 1.95 0.58-0.72 25°C, RH<45% [42]
DUT-67(Hf) 810 0.33 - 0.29 0.25-0.45 - [49]
DUT-67(Zr) 1064 0.44 - 0.41 0.25-0.45 - [49]
DUT-68(Hf) 749 0.34 - 0.29 0.38-0.42 - [49]
DUT-68(Zr) 891 0.41 0.8/1.3/1.4/2.8 0.34 0.38-0.42 - [49]
DUT-69(Hf) 450 0.22 - 0.2 - - [49]
DUT-69(Zr) 560 0.31 - 0.26 - - [49]
MIL-100(Al) 1814 1.14 2.5/2.9 0.5 0.25-0.45 - [27]
MIL-100 (Cr) 1517 - 2.5/29 0.8 0.25-0.42 - [40]
MIL-101(Cr) 5900 2.0 2.9/3.4 - - - [41]
4150 - - >1.5 0.4-0.5 70°C [78]
+NO4(Cr) 2146 1.19 <2.9/3.4 1.08 0.41-0.52 - [57]
+NHy(Cr) 2509 1.27 <2.9/3.4 0.9 0.37-0.44 - [571
+SO3H(Cr) 1920 0.94 <2.9/3.4 0.62 0.28-0.36 - [571
MAF-7(Zn) 1870 0.67 - 0.43 0.26-0.3 - [79]
MIL-160(Al) 1070 0.398 - 0.37 0.05-0.16 90°C [25]
MIL-125- 1509 0.66 - 0.68 0.2 - [48,
NH,(Ti) 80]
MIP-200(Zr) 1000 0.4 - 0.46 0.17 65-70°C [46]
MOF-74(Mg) 1250 0.53 1.11 0.75 0-0.05 - [37]
MOF-808 2360 0.84 1.84 0.6 0.28-0.32 - [37]
MOF-841(Zr) 1390 0.53 0.92 0.5 0.26 80°C [37,
81]
Co,Cl(BTDD) 1912 - 2.2 0.97 0.28 55°C [39]
Ni,Cl,(BTDD) 1752 - 2.2 0.77 0.3-0.32 - [39]
Ni-BPP 2039 0.88 1.7 0.72 0.08-0.32 - [33]
Ni-TPP 1975 1.14 2.3 0.84 0.26-0.64 - [33]
Ni-IRMOF74-I11 - - - 0.35 0-0.05 <65°C, [82]
NU-1500(Cr) 3580 1.28 1.4 1.09 0.45-0.49 25°C, RH<20% [83]
PIZOF-2(Zr) 1250 0.68 2.0 0.68 0.7-0.74 - [37,
84]
SIM-1(Zn) 570 0.3 0.65 0.14 - - [51]
Ui0-66(Zr) 1290 0.49 0.74/ 0.84 0.44 0.3-0.35 - [371
+NHy(Zr) 1328 0.7 0.75/ 1.2 0.38 0-0.3 - [80]
Y-shp-MOF-5 1550 0.63 1.2 0.45 0.55-0.72 25°C, RH<45% [21]
ZJNU-30(Zr) 3116 1.24 0.7/1.4/2.1 1.2 0.21 <60°C [81]
demonstrate strong tunability in isotherms, however, at the expense of [63-67].

surface area or pore volume. On the other hand, the exploitation of
MOF-based composite materials has also gained interest. In order to
facilitate the heat and mass transfer of desiccants, MOFs have also been
combined with inorganic salts or carbon substrates to improve the
adsorption performance. For instance, CaClo@UiO-66 and MIL-101(Cr)
@graphene oxide have been reported to possess high water capacity

In addition, a few research studies have expanded the MOF struc-
tures based on the same topology, which indicates that it is possible to
develop identically topological and uniquely functional MOFs. An
example of such cases is HKUST-1 [Cu3(BTC)], which results from the
bridging of copper metal ions (Cu®") with tritopic ligand (BTC>).
Identically topological structures were constructed through ligand
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expansion from BTC to TATB, and further to BBC. The BBC analog has
been reported to possess 17.4 times volume as compared to the original
HKUST-1 [68]. Accordingly, the developed extension exhibits the po-
tential to provide more adsorption sites for achieving diverse
functionalities.

2.2.3. Porosity, surface area and pore apertures

From the perspective of topology, MOFs consist of the units of nodes
(metal ions) and rods (ligands), and the rods generally encompass a
number of void spaces therefore making MOFs porous materials. To
date, the flexibility of the selection of both metal ion sources and organic
ligands has resulted in various internal structures, leading to a wide
range of surface area (from hundreds to thousands m2/g) and porosity
up to 90% [69], with pore size in micropore range (~nm) or even
smaller [70]. Furthermore, according to the synthesis methods reported
in literature, the reaction conditions have a direct correlation with the
intrinsic structure through the control on the residence time, feed mass,
reaction temperature, etc., thus, allowing flexibility during synthesis.

3. Mechanisms and selection criteria of MOFs for applications in
the built environment

Considering the operational performance of traditional desiccants,
solid desiccant technology suffers from the bulky systems and low effi-
ciency, thus, leading to limited applications [11]. Some efforts have also
been made to mix the inorganic salt with desiccants (i.e. silica gel) to
improve the working capacity. However, the regeneration condition is
closely related to the nature of the desiccants, not to ignore the corrosion
hazard of the inorganic salts on the metal framework. It is expected that
the novel desiccants could well overcome these drawbacks. In the
following section, the detailed information about the promising
MOF-based desiccants has been presented. The adsorption mechanisms
are also noted to disclose the moisture transfer within the MOF desic-
cants (Section 3.1). Based on their properties, the selection criteria of
available MOFs have been discussed to further elucidate the advantages
of MOF desiccants in practice (Section 3.2).

3.1. Water adsorption mechanisms in MOFs

Owing to the remarkable features of MOFs, the water adsorption
mechanism has drawn significant research attention, which can be
divided into three subgroups: I) chemisorption in metallic clusters, II)
reversible physisorption in layers or cluster adsorption, and III) irre-
versible capillary condensation.

Chemisorption in metallic clusters: Due to the accumulation of
charges, the unsaturated metal sites in MOFs evolve into strong
adsorption nodes [85]. These strong adsorption nodes can form initial
adsorption sites, followed closely by the weaker nodes. However, to
regenerate MOFs to their full adsorption capacity, extensive extent of
thermal energy is needed, which is undesirable for sorption-based ap-
plications. Besides, some studies have reported that the repeated
adsorption/desorption of vapor molecules on these sites may lead to
gradual degradation [56,86].

Physisorption in layers or cluster adsorption: Surface water
molecules initially gather at the hydrophilic surface sites (i.e. hydroxyl),
followed by the adsorbed water molecules acting as nucleation sites to
grow into large water clusters (nucleation growth process). As these
clusters connect with each other through the surface or pores (pore
filling process), the continuous moisture transfer is observed to occur
[87]. This mechanism is similar to other conventional materials like
activated carbon, and observed in some MOFs as well.

Capillary condensation: As some porous materials have a hyster-
etic capillary condensation phenomenon, the definition of critical
diameter indicates that the capillary condensation in desiccants with
certain pore size is generally accompanied by a hysteresis loop in the
isotherms [51]. In contrast to pore filling, it should be noted that the
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capillary condensation is an irreversible process. As for MOFs with pore
size <2 nm, the presence of hysteresis is generally assigned to the
deformation of inner frameworks [88].

3.2. Selection criteria for MOF desiccants

MOFs with special intrinsic properties and adsorption mechanisms
have been identified in the previous sections. Here, the selection criteria
were discussed in detail to further elucidate the assessment of MOFs. To
do so, some criteria related to material properties have been presented,
namely stability, performance and safety. Other factor such as scal-
ability belongs to the manufacturing technologies depend on the
improvement of industrial level.

3.2.1. Stability

In many cases, the employment of MOF materials is held back due to
the weak long-term stability. In built environment, the MOF material
may quickly break down after moisture exposure, thus, it is preferable to
identify the promising candidates based on the stability studies reported
in literature. Previously, the stability of MOFs upon exposure to water in
vapor and liquid phase has been reviewed in Refs. [14], based on which
the relationship between the structure and stability has also been dis-
cussed with respect to metal-ligand bonds and degradation mechanisms
(including ligand displacement and hydrolysis) [29,89-96]. Moreover, a
comprehensive review of heat pumps using MOF desiccants is also
available [16]. Burtch et al. have expediently identified MOF water
stability in the thermodynamic and kinetic regimes, as shown in Fig. 1
[17]. However, the balance between thermodynamic and kinetic control
over MOF water stability remains under debate [97].

Thermodynamic stability relates the free energy in a hydrolysis re-
action to the structural properties of MOFs. In other words, the inert
degree of the metal cluster directs the coordination with water, followed
by the destruction of the crystal structure. It is believed that a thermo-
dynamically stable MOF can maintain the framework avoiding break-
down after a long-time exposure to moisture, and it is concluded to
contribute to the strength of metal-ligand bond [89,95,98] and the
lability with water [92,99]. Under a built environment, the thermal
stability of MOF materials during moisture transfer still requires further
exploitation.

Kinetic stability is dependent on the activation energy barrier related
to the specific reaction. Even if a structure may not be thermodynami-
cally stable, high activation energy can still restrict the hydrolysis re-
action and keep the structure stable in the presence of water. Here, the
kinetic stability represents the material resistance to water in the vapor
phase [100]. In addition, some MOFs have been reported to effectively
perform in humid air without any degradation, though breakdown is
observed after exposure to liquid water [101]. These MOFs still exhibit
strong potential of use in humid air [38,78,102].

3.2.2. Performance

With respect to the assessment of a practical system, it is inevitable to
mention the water capacity, regeneration condition and sorption dy-
namics of the desiccant employed. Some research studies have indicated
that a regeneration temperature less than 80°C can lead to significant
improvement in the system performance [20]. High water capacity and
dynamic sorption instead can reduce the time spent in the periodic cy-
cles or system volume. Consequently, it is desirable to select MOFs with
high water capacity and dynamic sorption, along with gentle regener-
ation condition.

Isotherm is a vital tool for characterizing the water capacity and
affinity to water vapor for the desiccant materials [51]. It is known that
the water capacity and affinity to water vapor can affect the adsorption
and desorption process. High affinity between the water vapor and
desiccants indicates the difficulty for the adsorbed water molecules to
break away from the formed chemical bonds, thus, signifying a strict
regeneration condition. In Fig. 2, IUPAC (International Union of Pure

4
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Stability Mechanism

Renewable and Sustainable Energy Reviews 133 (2020) 110246

Governing Structural Properties

Ligand effects

Unfavorable for irreversible
hydrolysis reaction to occur
under any water loading

Metal effects
- Oxidation state
- lonic radius

Inertness of Metal Cluster
Metal-Ligand Bond Strength

- pK, of coordinating atom

Thermodynamic Stability

Lability with Water
Metal species
- Reduction potential
- Irving-Williams sequence
- LUMO energetics
Coordination geometry
-Pauling rules

Water could hydrolyze the bond, yet...

Not favorable because water
molecules cannot cluster near
metal site

Steric Factors

Water approaches metal site,
but not favorable because of
transition state energetics Around Metal Site

Ease of water approach
- Metal coordination #
- Structural transitions

Hydrophobicity
Water unable to adsorb in pores
- Pore hydrophobicity

Water unable to cluster near metal
- Internal hydrophobicity

Kinetic Stability

Around Labile Ligands

Ease of displacing ligand
- Interpenetration
- Ligand rigidity and sterics
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Fig. 2. Classification of isotherms based on IUPAC (International Union of Pure
and Applied Chemistry) [103].

and Applied Chemistry) has classified isotherms for thermodynamic
analysis [103]. However, only desiccants (e.g. MOFs) with type V
isotherm (sigmoidal or S-shaped curve, which enables a sharp change
within a narrow P/Pg) are the optimal candidates for sorption-based
systems [11]. A sharp increase in adsorption capacity at low RH is the
characteristic of highly hydrophilic desiccants, as presented in Type I, II,
IV and step-like Type VI isotherms. These desiccants (e.g. zeolite (I) and
silica gel (II)) generally require more energy to drive the regeneration
process. Type III isotherm belongs to the hydrophobic group, which is
not suitable for the system operation due to the higher trigger point
(P/Py). Thus, the selection criteria should at least meet >0.2gy20 g-1
water capacity and <90°C regeneration condition.

With respect to dynamic sorption that indicates the adsorption and

desorption equilibrium in cycles, Thomas et al. initially investigated the
adsorption performance of traditional desiccants [104]. Afterwards,
many research studies have reported experimental analysis on activated
carbon and silica gel [105,106]. Recently, the dynamic nature of the
MOF materials has been evaluated by means of in-situ EDXRD [58],
thermogravimetric analysis [107], etc. Solovyeva et al. have reported
the high potential of MOF-801 in adsorption cooling through water
adsorption dynamics [73]. In this regard, the dynamic nature of MOFs
correlated to material properties of heat and mass transfer can help to
anticipate the future applications [64,72,108,109].

3.2.3. Scalability

The translation of novel materials into practical technologies faces
the challenge to produce MOFs at the required scale and quality. For the
built environment, an open SDS generally requires MOFs at the kilogram
or ton scale to regulate the latent load, which is quite different from the
gram-scale production of MOFs in laboratory. Recently, factors affecting
the scale-up methods have been comprehensively reviewed, and two
aspects can be concluded [110]: synthesis process and raw materials.
Normally, a complete synthesis process includes synthesis and
post-synthesis. The development in the chemical synthesis methods of
MOFs have been discussed for the past 20 years (See Fig. S1, Supporting
Information). It is desirable that the emerging methods are capable to
significantly reduce the time spent in the chemical reactions [111]. After
synthesis, careful processing is required in order to qualify the materials,
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Fig. 3. Basic processes for MOF production [110].
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as shown in Fig. 3. Here, processes such as washing and activation lead
to the extension of the cycle time. Thus, meaningful studies on shorting
the post-synthesis processes are needed. On the other hand, raw mate-
rials correspond to the possibility of large-scale preparation of MOFs. It
is encouraged to use cost-effective and environmentally friendly raw
materials to obtain the functional MOF materials. To date, large-scale
production of some MOF materials has been reported [6,16,44,112,
113].

3.2.4. Safety

Toxicity of MOFs is one of the most important concerns, as these
materials may be harmful to human health on direct contact. The se-
lection of green materials should be of high priority for specific appli-
cations. Thus, among the raw materials for MOF synthesis, the use of
environmentally unfriendly ingredients should be reduced or avoided.
Green transition metals such as Al, Fe, Zr and Cu have been widely
recognized as alternatives to Cr-based MOFs due to the low toxicity and
cost [35,114-116]. Green solvents are also employed during MOF syn-
thesis. Some of the accepted green solvents such as water, ethanol, ethyl
acetate, etc., are highly recommended, and less green solvents including
formic acid, dimethyl sulfoxide, dimethyl formamide, etc., should be
used in moderation [32,35]. In short, natural or biomass-based products
are good candidates to generate ideal MOFs using low-toxicity metal
clusters. Besides, it is noteworthy that other safety hazards such as
inflammability and bacteriostatic activity all have certain effects on the
quality of the built environment.

4. Material-level water vapor capture of MOFs

As many MOFs have desired water uptake and regeneration condi-
tion, care is necessary to screen the MOFs suitable for the specific use
under specified conditions. Many literature studies have reported the
MOF materials for water harvesting in water scarcity regions and heat
transformation in heat pumps [23,27,32,81,117]. As an open SDS
employed for humidity regulation of the built environment, it is note-
worthy that different MOFs may correspond to different trigger points,
corresponding to different climate conditions. Based on the classifica-
tion of the trigger point, MOFs with the following features are focused in
this section (material level): 1) high water uptake (more than 0.2 g g™1)
and stability, 2) gentle regeneration condition, and 3) steep rise in water
uptake.

4.1. Low range (<30% RH)

Desiccants with high water uptake at the low relative pressure have
strong affinity towards water molecules, generally requiring strict
regeneration conditions. In comparison with the traditional desiccants
such as silica gel, zeolites, etc., many MOF materials with low trigger
point can still have a low regeneration temperature and high water
uptake. With these properties, active SDS can significantly improve the
system performance, while passive SDS can maintain the low RH level,
which is a requirement in some special installations. The humidity
control can effectively avoid, for example, ageing of the batteries in
battery factories and deterioration of artefacts in museums [118]. Thus,
the search for MOFs with low trigger point P/P in isotherms deserves
more intensive efforts.

CAU-10 (CAU: Christian Albrechts University) is a kind of porous
aluminum isophthalate, which combines aluminum clusters with BDC
(1,3-benzene dicarboxylic acid) ligand. As a commercially available
MOF, the synthesis method has been greatly improved by substituting
toxic DMF-water solvent (dimethylformamide) with green options [32].
In the framework of CAU-10, corner-sharing AlOg polyhedra are con-
nected with each other, forming a helical arrangement and square
channels with up to 0.7 nm pore diameter [19,38]. Frohlich et al. [119]
were the first to investigate the hydrothermal stability through 700
adsorption-desorption cycles with no observed irreversible degradation,
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as shown in Fig. 4 (a). A 0.34 g g1 of water uptake at thermodynamic
equilibrium has been observed, accompanied by 0.18 P/P trigger point
in the isotherm. CAU-10 coated adsorption chillers [32] have been
subsequently prepared, which indicates that a regeneration temperature
of 70°C can generate a specific cooling power over 1200W Kkgads.
Additionally, several functional groups in the ligands have also been
investigated, such as CAU-10(-OH, -OCHs, -NO3). Reference [38] pre-
sents different shapes of isotherms with even less water uptake at
adsorption equilibrium, as shown in Fig. 4 (b), probably resulting from
the change in pore volume and heterogeneous character.

CAU-23 is a new class of Al-based MOF with TDC (thiophene-2, 5-
dicarboxylic acid) as its ligand. A recent study has indicated that CAU-
23 can be synthesized using a green and scalable method by using
water as the only solvent, and it is stable in air up to 400°C, thus,
exhibiting high thermal stability [20]. In the three-dimensional struc-
ture of CAU-23, the metal cluster unit comprises of the combination of
helix and straight AlOg polyhedra, joined with TDC to form square
channels. CAU-23 has been tested for 5000 cycles with nearly no loss in
water uptake as shown in Fig. 5 (a). Water isotherm indicates that a
maximum water uptake of 0.43 g g~ can be obtained without hysteresis
loop at room temperature. Correspondingly, the trigger point is noted to
be around 0.24 P/P0. Besides, the findings from the desorption analysis
have pointed out an ultralow regeneration temperature of <60°C for the
adsorption-driven chillers, along with a cycling water capacity of 0.37 g
g1 [20]. As the temperature increases, the trigger point of the isotherms
in Fig. 5 (b) is observed to move right to a larger P/P, with lower water
capacity. Other analogs of CAU-23 such as CAU-22 [120], CAU-28 [121]
and CAU-39 [122] are more or less limited by the low hydrothermal
stability or low uptake capacity.

MIL-53 (Al, Fe, Cr) [MIL: Material Institut Lavoisier] is one of the
most frequently investigated MOF series. Among the various analogs,
MIL-53 (Al) is currently produced at industrial levels and features
corner-sharing AlOg chains connected by terephthalate ligands in the
crystal structure. To date, MIL-53(Al) has been prepared at large scale by
sole use of water as solvent, however, the recorded water capacity is far
less than 0.2 g g1 [123]. Subsequently, Alvarez et al. have investigated
a new MOF [114], MIL-53-FA (or aluminum fumarate), which has an
isoreticular structure to MIL-53(Al). Although these have similar
cornering-sharing aluminum-based octahedra, MIL-53-FA uses fumarate
as its ligands. As a commercially available product with green synthesis,
MIL-53-FA has been widely applied for gas storage and water vapor
capture [71]. Henninger et al. [18,52] also reported the highly stable
nature of the hydrophilic MIL-53-FA. As shown in Fig. 6, the cycling
adsorption capacity is observed to be constant at around 0.37 g g~ ! after
4500 cycles. The isotherm shows a steep rise in water uptake between
0.2 and 0.35 P/Pj. Regeneration at 90°C achieved the release of more
than half of the adsorbed water molecules within several minutes, which
is superior to the zeolites (>100°C).

Serre et al. reported hydrophilic MOF (MIL-160), a promising ma-
terial for heat reallocation, which consisted of aluminum ions and FDCA
(2, 5-furandicarboxylic acid, derived from renewable biomass feed-
stock) ligand [25]. As an isostructure to CAU-10, hydrothermally stable
MIL-160 has helically cis-connected chains with four surrounding car-
boxylates forming square-shaped channels as shown in Fig. 7. The
subsequent studies indicated that MIL-160 with 0.5 nm pore size out-
performs CAU-10 in surface area and pore volume [25]. Though the
water uptake of MIL-160 is almost identical to CAU-10, its 0.05 P/P,
trigger point exhibits better hydrophilicity than 0.16 P/P, for CAU-10
due to the presence of many hydroxyl groups at the pore surface. The
measured water uptake is around 0.37 g g~}, and most of the water
adsorption is below 0.18 P/P,. The high water affinity enables a heat
source around 363K (90°C) to achieve the release of 75% of the water
molecules (regeneration). Lately, the authors have also investigated the
energy-storage capacity and cycling loading lift of MIL-160, which are
noted to be 6 times as compared to zeolite 13X [124]. Based on these
features, MIL-160 is a promising desiccant for adsorption heat
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transformation (i.e. heat pump) [125] and even in places requiring an
ultralow relative humidity with gentle regeneration condition.
MIL-125-NHj, is a Ti-based MOF comprised of titanium clusters and
BDC-NH; (2-amino benzene dicarboxylic acid) with two types of cages
(0.51 nm and 1.25 nm). Since Dan-Hardi et al. [126] reported the syn-
thesis of highly porous MIL-125, the ligand functionalization has been
applied to generate MIL-125-NH, [127,128]. MIL-125-NH, has a
three-dimensional bipyramidal structure with TigOg(OH)4 as metal node
connected with eight BDC-NH; ligands. It is reasonable to expect a
reduction in pore size and surface area owing to the introduction of the
amino group, but isotherms exhibit an obvious increase in the water
uptake for MIL-125-NH, compared to unusual adsorption and desorp-
tion behavior of MIL-125. This indicates that MIL-125-NH, is more

hydrothermally stable in presence of water [129]. A recorded 0.67 g g~*
water uptake with 0.2 P/Py trigger point in Fig. 8 confirm the compe-
tence of MIL-125-NH; for hygrothermal control at low RH range. Kim
et al. have investigated its potential use in the adsorption heat trans-
formation, and regeneration at 80°C with a constant cycling water ca-
pacity of 0.45 g g~! at working conditions confirm its superiority as
compared to most of the currently used desiccants [48].

In recent years, MOF-801 has attracted research attraction for use in
applications requiring low RH range, such as water harvesting in deserts.
Behrens et al. [36] first reported the preparation of MOF-801 by
combining a zirconium cluster (Zr*) with fumaric acid. The structure of
MOF-801 is composed of cubic spaces with three independent cavities,
two tetrahedral cavities of size 0.56 nm and 0.48 nm, and one octahedral
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cavity with a diameter of 0.74 nm. MOF-801 has been demonstrated to
be stable in hygrothermal conditions, and its cycling water uptake re-
mains stable after five adsorption-desorption cycles [37]. The adsorp-
tion isotherm in Fig. 10 displays a steep rise around trigger point (P/P)
of 0.05 and reaches a saturated state around 0.5, from which a water
uptake capacity of 0.36 g g~! at room temperature can be observed,
greatly outperforming the traditional desiccants (i.e. silica gel). Subse-
quently, Yaghi et al. have prepared MOF-841 and other analogs such as
MOF-802, MOF-805, MOF-806 and MOF-808, however, the latter ones
demonstrate unstable water adsorption during initial cycles owing to the
loss of porosity [37]. MOF-841 is prepared by employing MTB (4,4°,4"",
4’-methanetetrayltetrabenzoic acid) as connecting ligand. In the
three-dimensional framework of MOF-841, the metal cluster bound with
eight ligands constructs the basic structural unit. Cycling performance
indicated that MOF-841 exhibits relatively constant adsorption after
several cycles. Its steep rise in Fig. 9 occurs around 0.26 P/Py, and it
reaches saturation around 0.3 P/Py, at which the water uptake accounts
for nearly 90% of total water uptake (0.5 g g~1). Recently, Yaghi et al.
[23,117] applied MOF-801 for water harvesting from air. The experi-
ments were conducted with a regeneration temperature of 65°C, and the
set-up was predicted to produce a 2.8Lyater kgl\’/&,p each day at 0.2 P/P,,.
Based on this study, the authors also developed a next-generation
desiccant MOF-303, synthesized by using aluminum-based metal clus-
ter and HPDC [1H-pyrazole-3,5-dicarboxylate] [22]. The green hydro-
philic MOF featured pore volume and pore size of 0.54 cm® g~! and 0.6
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nm, with up to 0.48 g g~! of water capacity. The trigger point is noted to
be around 0.15P/Py, which is comparable to its predecessor MOF-801.
In addition, 150 cycling experiments verified the hydrolytic stability
of the material owing to no measurable mass loss. Fig. 10 shows the
evolution and cycling performance of the crystal structure from
MOF-801 to MOF-303. MOF-303 with higher cycling water lift is theo-
retically superior to MOF-801 for humidity regulation.

MIP-200 is a newly developed MOF material constructed using the
zirconium cluster and Hsmdip ligand (3, 3’, 5, 5’-tetracarbox-
ydiphenylmethane). In the three-dimensional structure, Zr-based metal
cluster is connected with eight carboxylate groups and four formate
groups, thus, forming a triangular tunnel of 0.68 nm and a hexagonal
channel of 1.3 nm. A surface area of 1000 m? g~! as well as a pore
volume of 0.4 cm® g~! were measured as well. Serre et al. [46] explored
the application of MIP-200 in adsorption-based chillers. From isotherm
in Fig. 11, MIP-200 is noted to exhibit high water capacity of around
0.46 g g1, however, a two steep rise occurred at 0.01P/Py and 0.17
P/Py, respectively. It is also found that the material is stable against
different chemicals and temperatures over 300°C. One intriguing
property is the facile regeneration temperature below 70°C, which
outperforms most of currently reported desiccants, such as MIL-160
(90°C), SAPO-34(~90°C), aluminum fumarate (90°C), etc. [20]. Other
family members such as MIP-202, MIP-203 and MIP-204 have also been
synthesized. However, the ultra-small porosity limits their application
[130].

The MOFs described so far represent both widely used desiccants as
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well as newly developed desiccants. These desiccants feature low trigger
point (0-30%), exhibiting great potential of application for the control in
built environment. In addition, other promising desiccants such as
MyCly(BTDD) (M = Co, Ni) [26,39], mixed-metal MOF [10], ZJNU-30
[81], CUK-1 [30], etc., demonstrate strong capability for humidity
control. The exploitation of these MOFs is still an ongoing research.

4.2. Medium range (30-65% RH)

In the past few years, a few MOFs have been reported with a medium
trigger point. Though these MOFs may have weak affinity towards water
molecules, the water capacity and regeneration condition are still sig-
nificant. Hydrophilic MOFs might be preferred for the active systems
due to high working efficiency. However, a few studies carried out by
using these neutral MOFs have also indicated that these desiccants are
well capable of sorption-based heat transformation [27]. One the other
hand, as ASHRAE has recommended the comfort zone of relative hu-
midity, >65%RH and <30%RH to a degree make human beings to feel
uncomfortable. Materials that can adsorb water vapor at higher hu-
midity levels and desorb it at lower humidity levels can well meet the
demand for humidity control in a passive way. Traditional materials
have limited performance in both active and passive SDS. Many research
studies have focused on exploring neutral desiccants and most of these
deserve further study.

CAU-1 was first synthesized by the combination of HaoN-Hybdc
(aminoterephthalic acid) and Alg(OH)4(OCH3)g (aluminum-based octa-
meric cluster) by Stock et al. [131]. The AlOg-based octameric clusters
are connected to other units to form two types of cages, an octahedral
cage of 1 nm and a tetrahedral cage of 0.5 nm. The remarkable water
uptake at 25°C is recorded around 0.55 g g~! [77,132], and the TGA
data exhibit that the material can keep stable under hygrothermal
conditions and preserve its framework up to 310°C [131]. Subsequently,
a new Al-based MOF named CAU-3 has been synthesized, which exhibits
water uptake of up to 0.51 g g~!. However, the thermal stability tests
indicate that the decomposition of framework may occur in air under
200°C [133]. Reinsch et al. have reported the green synthesis of
CAU-15-Cit [134]. CAU-15-Cit exhibited a 23.8% water uptake at the
trigger point of 0.5P/Py, and the powder X-ray diffraction (PXRD) dis-
closed the reversible de- and rehydration behaviors, which greatly
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outperform the unstable form CAU-15 [135].

As a member of DUT series (DUT, Dresden University of Technol-
ogy), DUT-68 has been synthesized by using TDC (2, 5-thiophenedicar-
boxylate) as ligand with different metal clusters (Z-based and hf-based).
Senkovska et al. [136] reported the structure of DUT-68 to contain a
complicated pore system with four types of pore size (0.8 nm, 1.25 nm,
1.39 nm and 2.77 nm). From water adsorption studies, it is observed that
a steep rise in water uptake takes place at 0.38P/P exhibiting a value of
0.29 g g1, along with structural stability verified by using repeated
water adsorption tests. Besides, it is noted to adsorb nearly 40% of total
water uptake at <30% RH, which may result from the complex hierar-
chical pore system. Recently, an insight into water adsorption by
DUT-67 has been proposed for exploring its potential in
adsorption-based heat transformation. Bon et al. [49] conducted more
than 20 adsorption-desorption cycles to prove its stability and investi-
gated the pore filling process through neutron powder diffraction. In
comparison with the other Zr-based DUT-68, Fig. 12 indicates that
DUT-67 has a water capacity of 0.44 g g ! at 0.6 of P/Py with a steep rise
in relative pressure range 0.3-0.4. In this respect, DUT-67 is confirmed
to be potential desiccant for water adsorption [31]. Other DUT series
such as DUT-52, DUT-53 and DUT-69 have been prepared. Though a few
of these may have S-shaped adsorption isotherms, the shape of desorp-
tion branch is significantly different from Type-V isotherms, thus, these
are not suitable for humidity control [49,136].

MIL-100 is one of the most studied MOF benchmarks for water
adsorption applications. To date, three metal elements such as Fe, Al and
Cr have been mostly used with BTC (1,3,5-benzene tricarboxylic acid) as
ligand to prepare MIL-100 series. Since Férey et al. [137] reported the
three-dimensional (3D) structure of MIL-100(Cr), a corner-sharing
tetrahedral MOF(Cr) with 2.5-3 nm and 0.65 nm sized mesopores and
micropores respectively, many research studies have reported the sta-
bility for water adsorption, along with its application in sensible and
latent load control [40,138]. Kitagawa et al. [40] conducted more than
2000 adsorption-desorption cycles with no observed structural decom-
position, and the water uptake was maintained at 0.8 g g~!. However,
the undesirable isotherms have also driven the efforts to graft some
hydrophilic groups on the coordinately unsaturated metal sites to tune
the isotherm shape of MIL-100(Cr). The introduction of hydrophilic
groups tunes the hydrophilicity of MIL-100(Cr), however, decreases the
surface area and pore volume, thus, resulting in different trigger point
(P/Py) as well as water uptake capacity [139].

In addition, considering the potentially harmful chromium
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compounds, Horcajada et al. have successfully synthesized Fe-based
MOF, MIL-100(Fe) with non-toxic nature [140]. Subsequently, Hen-
ninger et al. [27] have used MIL-100(Al, Fe) for heat transformation
applications. From the comparison of isotherms in Fig. 13, the water
uptake of 0.77 g g~! for MIL-100(Fe) is noted to be superior than 0.5 g
g’1 for MIL-100(Al) with, and all of the studied MOFs bear hydrother-
mal cycling stability under 40 cycling experiments (6.4% loss for
MIL-100(Fe) and 6.6% loss for MIL-100(Al)), as shown in Fig. 14. From
the adsorption behavior, it is interesting to find two step steep rise at
0.24 and 0.35P/P for MIL-100(Fe, Al), respectively, which is similar to
0.24 and 0.38P/P observed for MIL-100(Cr). The observed behavior is
explained as follows: the open metal sites start adsorbing a fraction of
water molecules below 0.2P/P,, and subsequently the two steep rise
steps contribute to the sudden adsorption in the cage of different size
[45]. The resulting features therefore render MIL-100 series very
interesting alternatives for sorption-based heat and humidity control.

MIL-101 was first prepared and reported by Férey et al. [41] with
5900 m? g ! surface area and 2.9-3.4 nm pore size. The
three-dimensional structure is constructed by joining Cr-based inorganic
trimers (octahedra) with ligand 1, 4-BDC (1, 4-benzenedicarboxylate) to
form a super tetrahedron, which is closely related to the structure of
MIL-100, as seen in Fig. 15. With an aim to surpass its predecessor’s
merit of reversible water adsorption, Henninger et al. [29] evaluated
MIL-101(Cr) and pointed out its more desirable isotherm, with a steep
rise at 0.4P/Py. The results indicated nearly 1g g~! of cycling water
loading under a typical condition with only 3.2% of loading loss after 40
cycles on applying MIL-101(Cr) in a heat-transformation cycling system.
Thus, MIL-101(Cr) is confirmed to demonstrate high water loading
along with strong hydrothermal stability. Fig. 16 shows several iso-
therms extracted from the literature studies indicating ultrahigh
adsorption capacity of MIL-101(Cr) with a maximum value reaching up
to 1.6 g g~! [28,57,78]. Owing to the larger pore size (>2 nm), hys-
teresis loops occurred in isotherms, therefore reducing the usable
loading lift in active SDSs. Kitagawa et al. [57] also examined the
adsorption/desorption behavior of functionalized MIL-101 derivatives.
These compounds with different substituents (-NO,, -NH,, -SO3H) are
noted to reach a water capacity in the range 0.8-1.2 g g~ with great
stability and regeneration under 80°C [28,57]. Different from MIL-100
series, little research has been carried out on MIL-101 analogs with
different metal clusters (i.e. Fe>*, AI*") due to the hydrolysis.

Many MOFs based on NU series (NU, Northwestern University) have
emerged recently, however, their use for water adsorption has been

0,90
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H RPN " S
e e =y
. AT A MIL-100(Fe)
D060 ;
O
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Fig. 13. Water adsorption/desorption isotherms of MIL-100 (Al, Cr, Fe) [27,
40,138].

10



K. Zu et al.

(RFEHE

erature

emy

Renewable and Sustainable Energy Reviews 133 (2020) 110246

i 2

weight (mg)

Time (day)

OO

-4 16

weight (mg)

T v T T

1 2 3 - 5

T

6 7 8 9

-
4
-

10

Time (day)

Fig. 14. Temperature profiles and mass loading of MIL-100 (Al, Fe) in cyclic tests [27].

limited except NU-1500 [142,143]. Farha et al. [83] reported that
NU-1500 consisted of trivalent trinuclear metal cluster (Fe3+, Sc®* and
Cr®") and trigonal prismatic ligand, while the Cr-based NU-1500 was
also noted to exhibit water stability after 20 cycling experiments. In
Fig. 17(a), water adsorption capacity of NU-1500 is observed to
approach 1.09 g g~! without hysteresis loop between the adsorption and
desorption branches. This may have resulted due to only one kind of
small hexagonal channels with a 1.4 nm of pore size. The trigger point in
Fig. 17(b) is around 0.45P/P, followed by a narrow steep rise. Conse-
quently, compared with more hydrophilic MOFs (low trigger point), it is
reasonable to predict that NU-1500 can be desorbed using a gentler
regeneration condition in heat-transformation application.

Recently, two excellent MOFs aimed towards autonomous indoor
humidity control have been proposed, namely, Y-shp-MOF-5 and Cr-soc-
MOF-1. Y-shp-MOF-5 is the rare earth metal-based MOF composed of the
yttrium-based metal cluster and tetratopic ligand [BTEB, 1,2,4,5-tetrakis
(4-carboxyphenyl) benzene]. Eddaoudi et al. [21] have evaluated the

11

water adsorption/desorption isotherms and cyclic behavior of hexago-
nal prism-shaped Y-shp-MOF-5. The trigger points of adsorption and
desorption branches are 0.56 and 0.47P/P, respectively, as shown in
Fig. 18(a), after which two steep rise steps occur within 30%-47% RH
and 56%-70%RH. The water uptake is noted to reach up to 0.45 g g~ *,
which indicates superior performance as compared to most traditional
desiccants. In addition, 200 adsorption-desorption cycles display its
stable water uptake variation for relative humidity between 25% and
85% (Fig. 18(b)), exhibiting the capacity to regulate the humidity within
a desirable range.

Cr-soc-MOF-1 is the other MOF with potential for autonomous hu-
midity regulation. Eddaoudi et al. [42] reported this hydrolytically
stable material together with its remarkable water capacity (~1.95 g
g~ 1), much better than the MOFs reported so far. Cr-soc-MOF-1 consists
of the trinuclear chromium cluster and deprotonated organic ligand
(TCPT; 3, 37, 5, 5”’-tetrakis(4-carboxyphenyl)-p-terphenyl), developed
through post-synthetic modification of Fe-soc-MOF-1. The isotherm in

1"
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Fig. 15. Structure of MIL-100(Cr) and MIL-101(Cr) [6,141].
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Fig. 19(a) indicates its intriguing ability for the passive control of indoor
humidity load in view of the strong hydrolytically stable nature, with 3
times higher working capacity (1.95 g g~! at 0.7P/P) than the prede-
cessor, Y-shp-MOF-5, at room temperature (298K). The rectangular
hysteresis loop with two trigger points in adsorption (0.6P/Py) and
desorption (0.42P/Pg) branches comply with the recommended comfort
zone by ASHRAE. Besides, the adsorption-desorption cycles were con-
ducted to confirm the durability of the material within 25%-85% hu-
midity level at room temperature. After 100 cycling experiments as
shown in Fig. 19(b), the water capacity remained unchanged, which
indicated that the adsorbed water molecules can be desorbed at 298K by
lowering the humidity level. However, the hydrothermal stability at
different temperatures is required for active control in SDSs.

On the basis of the previous discussion, the relatively hydrophobic
MOFs have less affinity towards water molecules, thus these theoreti-
cally allow swift release of the adsorbed water molecules. In fact, little
research has been carried out to investigate the active heat trans-
formation owing to the low water uptake at the low relative pressure
range. Moreover, most of these MOFs have an unwanted hysteresis loop,
which reduces the actual loading lift. Luckily, the design and synthesis of
these MOFs with hysteresis loop is potentially qualified for the auton-
omous humidity regulation in a built environment. The benchmark
material Y-shp-MOF-5 [21] and its successor Cr-soc-MOF-1 [42] have
been the most mentioned for the passive control of indoor humidity load
in open SDSs due to their desirable isotherms, high hydrolytical stability
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Fig. 17. Water adsorption/desorption isotherms and cycling tests between 20% and 80%RH [83].
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Fig. 18. (a) Water adsorption/desorption isotherms of Y-shp-MOF-5 and (b) 200 cycles in the relative humidity range between 25% and 85% [21].
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Fig. 19. (a) Water adsorption/desorption isotherms of Cr-soc-MOF-1 and (b) 100 cycles in relative humidity range between 25% and 85% [42].

and water uptake. However, these materials have undesirable metal
clusters (i.e. Y, Cr), which may limit their application range. Moreover,
further cycling experiments under different temperature pairs (adsorp-
tion-desorption) are needed to be conducted to evaluate their hydro-
thermal stability for active SDS systems. Besides, other water stable
materials such as MAF [79], DMOF [89], Ni-BPP [33], BUT [76] and
functionalized MOFs [62,144] have been developed, all of which need
further intensive studies for passive and active humidity control.

4.3. High range (>65%RH)

Some MOF materials with the adsorption process starting after 0.65
P/P, trigger point have also been synthesized. Compared to the earlier-
mentioned MOFs, these ultra-hydrophobic MOFs are less competitive
towards the sorption-based humidity regulation due to their low effi-
ciency for passive (adsorption at >65%RH) and active control (<30%
RH) in SDSs. To date, it is reported that PIZOF-2 [23,37] initiates water
vapor adsorption after 0.7P/Pg and reaches 68 wt% of water capacity at
0.9P/Py. Kitagawa et al. [123] investigated MIL-53 (Al) with different
functional groups, and isotherms show a steep rise of water uptake after
0.7P/Py in MIL-53(AD)-OH. Though these MOFs exhibit more or less
good stability and S-shaped isotherms with high water uptake, the hy-
drophobicity makes them ineffective to take up the water vapor mole-
cules at the desirable humidity range. It is expected that modification/
functionalization of these MOFs can tune their inner structure, enabling
them to exhibit improved performance based on water adsorption.

13

5. System-level screening and applications for the built
environment

5.1. Working principles of the open solid desiccant system (SDS)

In general, an open SDS is designed to deal with the hygrothermal
load in air, in which the desiccants directly contact with the indoor air to
regulate the sensible and latent load. Open SDSs based on different
working principles can be classified into active and passive types. The
passive-type SDS can remove the moisture fluctuation by virtue of the
nature of the desiccant materials that autonomously adsorb or release
the water vapor under high or low indoor humidity levels. As the
intrinsic properties of the desiccant decide the operational performance,
limited progress has been made in passive-type SDS systems [145-148].
As for active-type SDS, the adsorption loop forces the process air to flow
through the desiccant and dehumidifies the air to the desired room
temperature. The regeneration loop can reject the trapped water vapor
out of the desiccant so that the desiccant can be recovered and utilized in
the next operation loop. In this regard, the regeneration can be achieved
by heating the desiccant to the regeneration temperature, which relies
on the intrinsic properties of the desiccants (i.e. zeolite, ~100°C; MOF,
50-90°C) [11,20,72].

To date, passive-type SDS systems (Fig. 20) primarily act as moisture
buffer for building environment control, which contains classical hy-
groscopic materials such as wood, plasterboard, etc. Qin et al. have
recently developed a new type of MOF-based precise humidity control
material (MOF-PHCM) to autonomously control the indoor moisture
[149]. In contrast, active-type SDS systems (Fig. 21) generally have
three complex components, namely, dehumidification unit, regenera-
tion unit and cooling unit [150]. The configuration of these units may
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Fig. 20. The variation of water uptake in desiccant materials at high and
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Fig. 21. The psychrometric processes of active-type desiccant dehumidifiers in
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P2: medium process.

1) Dehumidifier

vary largely based on the desiccant and the employed operation modes,
as shown in the following section.

In the case where SDS has been employed, the dehumidifier can
generally work in two different manners: adiabatic [151,152] and
isothermal [9]. The process air stream directly flows through the solid
desiccant in the adiabatic dehumidifiers, while in the case of isothermal
dehumidifiers, the solid desiccant is not only in contact with the air
stream, but is also cooled down by the cooling medium to improve the
performance of desiccants. The psychrometric processes are shown in
Fig. 21. It is clear that the isothermal desiccant system is more desirable
than the adiabatic process.

The commonly used dehumidifier types are fixed bed, rotary wheel
and desiccant-coated heat exchangers (DCHEs). Since the desiccant can
directly affect the performance of SDS, the selection of the desiccant for
the above-mentioned systems become a focal point. Traditional desic-
cants such as silica gel and zeolite have been widely embedded into fixed
bed [153,154], rotary wheel [152,155,156] and desiccant-coated heat
exchangers (DCHEs) [9,157,158]. However, metal-organic frameworks
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with superior adsorption capacity and gentler regeneration condition
have found little evaluation for use in dehumidifiers, thus, presenting a
high potential of their application [23,52,159].

2) Cooling and regeneration

The cooling medium handles the sensible load in the cooling unit in
SDS. In case an adiabatic type dehumidifier is implemented, the
adsorption heat released during adsorption process gradually heats up
the process air. The cooling unit can cool the air down to the desired
supply air temperature. In case an isothermal type dehumidifier is
employed, the cooling unit can immediately remove the adsorption heat
to keep a high adsorption capacity of the desiccants. To the best of our
knowledge, the common cooling unit can be a cold coil, an evaporative
cooler or even an evaporator in the air conditioner.

In addition, the regeneration unit in SDS is of vital significance as it
supplies the thermal energy to drain the adsorbed water vapor out of the
desiccants. The regenerated desiccant can therefore continue the sub-
sequent adsorption process. As the regeneration condition is primarily
decided by the intrinsic properties of the desiccants, SDS makes it
possible to use a variety of energy sources, including waste heat, solar
energy, electricity, etc.

5.2. Matching the sorption operation with the given condition

Based on the review on the MOF materials, it is confirmed that MOFs
exhibit highly tunable structures, thus, laying promising foundation for
the sorption-based humidity control. For this application, the optimal
MOF materials should possess hydrothermal stability and recyclability.
In real life situations, air-conditioning systems usually experience mul-
tiple climate conditions during days or years. In MOF-used desiccant
systems, hydrothermally stable MOFs with a steep rise in a narrow hu-
midity range (S-shaped isotherm) are expected to maintain the humidity
level during the long-term cycling operations [14]. Thus, for SDSs, the
ideal MOFs for built environment control should be qualified as follows:

(1) In an active-type system, it is favorable to pick up desiccants with
high water lift loading, milder regeneration condition and no or
minimal hysteresis loop at the working humidity range.

In a passive-type system, it is desirable that the hysteresis loop of
the MOF desiccant formed by the adsorption-desorption branches
appears during the working humidity range, and the MOF can be
easily regenerated around room temperature. Moreover, these
MOFs should not be temperature-sensitive, which implies that
these materials are able to maintain almost the same isotherms
within a certain temperature range.

2

In fact, many commercial and laboratory developed MOFs cannot
strictly meet these requirements, especially related to hydrothermal
stability. Most of heat-transformation studies on MOFs are carried out
focusing on the heat pumps, adsorption-driven chillers or water har-
vesting etc. [23,28,32], however, a little knowledge is available on the
open SDSs for building humidity control or the introduction of
MOF-based system concept [160]. Chang et al. [78] investigated the
potential of MIL-100 and MIL-101 for the energy-efficient dehumidifi-
cation. Obviously, the used MOFs are promising desiccants, however,
the study primarily focused on the properties of materials, rather than
practical application. Lately, Henninger et al. [52] studied the
MOF-coated heat exchanger at full scale considering pretreatment and
coating processes. The coefficient of performance (COP) of the cooling
system was estimated under different evaporator and heat rejection
temperatures, and the results revealed a maximum COP up to 0.72
without heat recovery. As mentioned in the study [52], the preparation
and coating processes are arduous for large-scale applications, and the
recyclability of the system may need more field experiments. This work
thus offers a benchmark for MOF-based open SDSs. Besides, Eddaoudi
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et al. [21,42] prepared two novel desiccants with the most favorable
isotherms, designed for autonomous humidity control (section 3.2.2) at
room temperature. As a whole, the climate conditions, material prop-
erties and system requirements determine the design and assembly of an
open SDS.

5.3. Alternative applications

The sorption-based air-conditioning system is a critical technology
for achieving energy saving in building environment control. From
material to system design, the selected MOFs considering the above-
mentioned criteria will be integrated into a real SDS. In this context,
most of currently available water-stable MOFs have been classified into
three groups, and each of these groups remains a focal point of research.
It is noted that significant research efforts have been focused on the
some common material properties such as water stability, water uptake
capacity and regeneration of MOFs. Some other factors such as pro-
cessing techniques (i.e. coating process) have been scarcely reported
[52,125,161], which partly affect the size and performance of SDSs
along with initial investment. Thus, it is needed to conduct more field
measurements to assess all factors affecting MOF-based SDSs. In the
following sections, we propose the case of two MOF-based systems with
potential of high energy saving for the built environment control. Here,
the promising candidate, MIL-100(Fe), has been applied to the systems
working in active or passive mode and detailed parameters have been
documented in previous studies [72,162].

5.3.1. Active system

Through the literature reviews on the development of sorption-based
air-conditioning systems, it is clear that the traditional adiabatic dehu-
midification approaches (i.e. rotary wheel [152,163]) experience the
severe effect of adsorption heat, which adversely reduces the total
dehumidification efficiency. Therefore, a new system with
desiccant-coated heat exchangers may be preferable as shown in Fig. 22.
The evaporator will remove the sensible load and adsorption heat to
keep an isothermal adsorption, which helps to enlarge the usable water
loading lift and avoid the low evaporation temperature. Although there
is no heat recovery or mixing of new and exhaust air, the ultralow
condensation temperature (less than 60°C) has been noted to result in
COP of 7.9, which is comparable to the traditional desiccants based
cooling systems [164]. As MOF is saturated in the evaporator as well as
dried in the condenser, switching of the flow direction can achieve a
continuous operation. Besides, the sorption kinetics confirms MIL-100
(Fe) to outperform many desiccants in both adsorption rate and
cycling water loading. Apparently, this system can achieve a fast regu-
lation of sensible and latent load.

On the other hand, mathematical models of SDS have also been
developed for several decades. To date, many research studies have been
dedicated to the mathematical prediction of supply air conditioning
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[158,165-167]. MOF-based model [159] has also been used recently,
which helps to disclose the potential application of MOFs in the low and
medium humidity environment.

5.3.2. Passive system

In 2005, Rode et al. [149] introduced a concept of moisture buffer
value (MBV), which indicates that the hygroscopic materials can
autonomously relieve indoor humidity fluctuation. Since then, many
intensive research studies have been carried out for the model devel-
opment [145,147,168,169] and the assessment of buffer performance of
the hygroscopic materials [170-172]. However, MBV test of the tradi-
tional hygroscopic materials such as wood, cellular concrete, etc., have
been conducted on the laboratory scale, and their low moisture buffer
capacity indicates their inability of effective humidity control (see
Table S1 in the Supporting information). Eddaoudi et al. [21,42] pro-
posed two promising MOF materials with desirable isotherms, however,
these materials need more field experimental verifications at different
temperature conditions. Lately, we have applied MIL-100(Fe) as a
moisture buffer panel to investigate the changes in indoor humidity load
at different climate conditions. The MBV (~10 g m~2 RH% 1) of
MIL-100(Fe) has been measured to be one order of magnitude larger
than the traditional hygroscopic material (~1g m 2RH% 1 [162]. The
configuration of the room model is shown in Fig. 23.

Considering the inner moisture gain and ventilation, the results
indicate that MIL-100(Fe) can remove a majority of the latent load by
night ventilation under dry and moderate climate conditions, and more
than 70% of the latent load under humid climate is removed with the
help of a regenerator driven by the low-grade energy such as waste heat.
As the passive control of MOF-based SDSs can remove most of the latent
load, it is expected that the COP of air-conditioning system will be raised
without cooling dehumidification. Thus, MOFs become promising can-
didates as hygroscopic materials.
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Fig. 23. The room office using a MIL-100(Fe) panel [162].
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Fig. 22. Configuration of MOF-based cooling system [72]. (a-b) The working operation of the cooling system.
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6. Summary and potential

Solid desiccant system is considered as a promising approach to
provide a comfortable and hygienic environment, by taking advantage
of the low-grade energy. The desiccant is primarily used to remove the
latent load in a target room. Therefore, the desiccants with higher water
capacity and stable structure become potential candidates. Metal-
organic frameworks (MOFs) derived from the combination of metal
clusters and organic ligands are one of the potential categories, which
possess remarkable microstructure and adsorption mechanisms,
together with structural tunability. All of the mentioned MOFs in the
review fulfill the basic requirements for SDSs, and some of them have
been reported with mild regeneration conditions, usually between 60
and 90°C (or even <60°C). Moreover, these MOFs with S-shaped iso-
therms are also noted to outperform many traditional desiccants, as a
sudden tunable change in water uptake can take place in the working
humidity range. A comprehensive comparison of the water capacity of
MOF desiccants in different pressure ranges is presented in Fig. 24.

In the past years, the synthesis and application of MOFs have made
significant progress. The balance among the water stability, adsorption
capacity and regeneration condition can be achieved through the subtle
structure tailoring of the porous MOFs such as functionality or modifi-
cation. The advances in the development of topology design and syn-
thesis of MOFs [173] raise the chances of large-scale practical
applications in both active and passive SDSs, and the research studies
devoted to these systems are still increasing (Section 5). Despite the
remarkable progresses in MOFs, no single MOF can currently meet all of
the requirements owing to the drawbacks more or less related to ma-
terial or system level. From the reviewed literature studies, some sug-
gestions can be summarized as follows:

1) Chemical synthesis of MOF materials affects their intrinsic structure
and material performance. The selection of green and nontoxicity
raw materials (metal ions, organic ligand and solvent) is preferable
to produce environment-friendly MOFs [35].

2) Conventional synthetic methods for MOF desiccants are considered

convenient, however, these may be less productive and time-

consuming. Assisted synthesis [174] or flow chemistry [175] can
be expected as an alternative way to produce MOFs at large scale.

The flexibility of structural tunability makes MOF remarkable

intrinsic properties, which helps explain the unique water adsorption

mechanisms [14].

The screening of the available MOFs based on hydrothermal stabil-

ity, water adsorption and regeneration, dynamic sorption equilib-

rium, large-scale production and non-toxicity helps to identify the
high priority of MOFs among different MOF series.

In a specific environment, open SDSs can sustain the corresponding

climate change with superior recyclability. The operation in active or

passive way leads to different requirements for these MOF desic-
cants, generally focused on the shape of isotherm (i.e. hysteresis
loop) and regeneration condition.

It is expected that more research studies will be available in future on

the heat and mass properties of MOF desiccants, such as thermal

conductivity, thermal and moisture effusivity, etc. [125]. Moreover,
the applications in the desiccant-coated heat exchangers have been
reported, but a little knowledge is available about the rotary wheel or
fixed bed systems. In short, these properties and applications of open

SDSs can prompt the use of MOF materials in built environment

control.
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The remarkable advances in the chemistry of MOF materials during
the past years have revealed many alluring properties in comparison
with the traditional solid desiccants. A systematic exploitation on the
novel desiccants for SDSs is the need of the hour. In order to apply an
optimal MOF to a specific SDS for the built environment control, it is
essential to conduct an intensive research on the material and system
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Fig. 24. Water uptake of some representative MOFs in different relative pres-
sure ranges.

levels, from structural design to material preparation, from gram scale in
laboratory to ton scale in production facility, from properties assessment
to system application. As some studies have confirmed that SDS using
MOFs exhibits superior performance over the traditional systems, it is
important to conduct further field experiments and identify the appro-
priate MOFs for safe, cost-effective, and energy efficient processes.
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Latent heat load accounts for a significant proportion of energy consumption by air-conditioning, particularly for
buildings in humid climates. Traditional vapor-compression refrigeration dehumidification faces problems like
refrigerant leakage, overcooling, and complicated mechanical systems. Here, we report a novel humidity pump
that uses metal-organic frameworks (MOFs) as desiccant layers to transport moisture from a low-humidity space
to a high-humidity one efficiently. The working principle and operation modes of the humidity pump are
introduced herein for which the dehumidification performance is investigated at 22.8 °C with 60% RH. The
dehumidification rate and moisture removal efficiency of the MIL-100(Fe) based humidity pump reached 26.24
gh! and 0.87 g Wh™, respectively, and these are 2.15 and 2.12 times higher than that of the humidity pump
with silica gel coating. The maximum dehumidification coefficient of performance (DCOP) of the humidity pump
could reach up to ~0.46, higher than the conventional desiccant dehumidification systems. In addition, many
factors, such as the cycle time, thermoelectric power, air velocity, etc., which may affect the dynamic charac-
teristics and dehumidification performance, were analyzed. Lastly, the localized humidity management ability of
the designed humidity pump using MIL-100(Fe) was validated by a small chamber test. The results indicate that

the MOF humidity pump could achieve energy-efficient localized moisture control.

1. Introduction

Energy consumption by buildings has become a worldwide concern.
The building sector consumes 40% of the global energy, which is mainly
provided by fossil fuels and corresponds to over one-third of carbon
dioxide emissions [1,2]. The air conditioning systems account for a
significant proportion of the total energy requirement in our living en-
vironments. It is worth noting that the latent heat load makes a large
proportion of energy for air handling and particularly for buildings in
humid climates [3]. Overall, the latent heat load takes up to 20-40% in
the air conditioning system [4]. Vapor-compression refrigeration system
based on cooling dehumidification is commonly used for indoor tem-
perature and humidity control. During the dehumidification process, the
temperature of the air is reduced to the point that is below the dew point
in order to condense it. However, this dehumidification method makes
the air temperature too low to be directed to the room and needs to be
reheated, which causes wastage of energy [5]. By raising the evapora-
tion temperature of 1 °C, the COP of a vapor compression refrigeration
system can be increased by about 2.8%, and thus the energy
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consumption can be decreased by about 2.5% [6,7]. If the treatment of
the latent heat load can be decoupled from the sensible cooling,
reducing the temperature of the evaporator to such a low level will not
be required. Moreover, it is difficult for vapor compression systems to
operate with high performance in small space humidity control appli-
cations due to their bulk and complex systems [8]. Therefore, there is a
necessity to develop a novel moisture control device for localized hu-
midity management with high efficiency.

To remove the latent heat load separately, many efforts have been
dedicated to technologies such as solid dehumidification [9,10], liquid
desiccant dehumidification [11,12], membrane dehumidification [13,
14], etc. Combining these dehumidification methods with low-grade
energy sources like solar energy and heat pumps can improve dehu-
midification and energy efficiency [15-17]. However, shortcomings and
limitations of these dehumidification methods, such as the problem of
re-cooling in rotary solid dehumidification, the growth of bacteria in
liquid desiccant dehumidification, have not been solved.

In order to avoid the fresh air dehumidification and to improve air
conditioning efficiency, several studies have been done about coating
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desiccant on the surface of evaporators and condensers [18,19]. Chai
et al. combined a desiccant coated heat exchanger (DCHE) with a heat
pump for energy saving [20]. Andres et al. investigated the performance
of silica gel and sodium acetate composite coated heat exchanger in the
summer and winter season [21]. In this case, however, the solid desic-
cant used is silica gel and its high regeneration temperature reduces the
performance of the device significantly. Cui et al. chose porous
metal-organic frameworks (MOFs) as advanced sorbents instead of the
traditional solid desiccant for which the COP of 7.9 was achieved,
demonstrating the superiority of this material [22].

The concept of a humidity pump is inspired by a heat pump. A hu-
midity pump is a device that can transport moisture through the inverse
gradient of vapor concentration, i.e., the vapor can be transferred from a
relatively low-humidity space to a high-humidity space. For example, in
summers, the humidity pump will transfer moisture from cool and less-
humid indoor condition to a hot and humid outdoor condition; vice
versa, in winters. Li et al. [8] designed a full-solid-state humidity pump
based on silica gel, which exhibited good humidity transfer performance
without using refrigerant or cooling water. However, the device is
limited to the efficiency of mass transfer, and the motor to achieve
continuous operation increases the complexity of the device.

Desiccants play an important role in the humidity pump. Traditional
desiccants such as silica gel and zeolites possess low adsorption capacity
and poor regeneration ability and this limits the development of the
adsorption dehumidification system. Though a composite desiccant
(silica gel-based, carbon-based, etc.) has been prepared by impregnating
hygroscopic salt to enhance the adsorption capacity [23], hygroscopic
salts are unstable and deliquesce easily under high humidity.
Metal-organic framework (MOF) is a new type of porous crystalline
material formed by self-assembly of inorganic metal ions and organic
ligands. MOFs possess many good properties like huge internal surface
area, large micropore volume, physicochemical and chemical variability
as well as low regeneration temperature [24,25]. Although traditional
inorganic porous desiccant has been investigated for a humidity pump,
the application of MOFs in humidity pump is still worth investigating
owing to its high potential in moisture transfer.

In the present study, a humidity pump based on MOFs is fabricated,
and its working principle and operation mode are introduced. The per-
formance and impact factors of the device have also been investigated by
experiments under different conditions. The localized moisture control
ability of the device has been tested experimentally, which provides an
important insight to precise moisture control in a confined space.

2. Methodology
2.1. Humidity properties of MIL-100(Fe)

Compared with traditional desiccants, MOFs have greater moisture
adsorption capacity and transfer rate due to their huge specific surface
area and high porosity. However, the MOFs prepared in early literature
had poor water stability, and the pore structure collapsed easily during
the process of moisture desorption [26-29]. MOFs prepared by hydro-
thermal synthesis generally have better water stability. Here, we syn-
thesis MIL-100(Fe) hydrothermally from metal Fe3 ions and trimesic
acid. MIL-100(Fe) shows great ability to adsorb moisture from air and
can be obtained easily through large-scale synthesis [30-32], making it
one of the best choices for humidity pump.

The water adsorption characteristics of MIL-100(Fe) were studied in
previous research [21]. Fig. 1 shows the water adsorption isotherms of
MIL-100(Fe) at various temperatures. It can be seen that the water
adsorption isotherm of MIL-100(Fe) at 20 °C has a stepwise increase
between 470 Pa (20% RH) and 1170 Pa (50% RH). This S-shaped
isotherm can ensure that the cyclic water uptake is close to the
maximum adsorption capacity of dry materials. The maximum differ-
ence in moisture content between 20 and 50 °C under 2100 Pa can reach
0.56 kg kg~!, which means the MOF humidity pump possesses the
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Fig. 1. Water adsorption isotherms of MIL-100(Fe) at different temperatures.

greater potential of adsorption efficiency and has less sensible energy
loss by regeneration, as compared to the ones using traditional desiccant
such as silica gel.

2.2. Humidity pump based on MIL-100(Fe)

A photograph of MOF based humidity pump is shown in Fig. 2(a).
The humidity pump device is fabricated using two MOF coated heat
exchangers (MOF-HEx) and two thermoelectric coolers, along with
other components. Two aluminum-based plate fins type heat exchangers
of the same size (100 mm(L) x 50 mm(W) x 60 mm(H)) are arranged
symmetrically as the heat sinks. The plug-in HEx is comprised of 11 fins
with a surface area of 0.132 m? and 0.5 mm thickness each, while the
width of the air channel between each fin is 4 mm. MIL-100(Fe) was
coated on the surface of the fins by a water-borne binder of silica sol,
which does not affect the water sorption characteristics and capacity.
The dry mass of the original heat exchangers and coated MIL-100(Fe)
was characterized to be 199.6 g and 45.0 g, respectively. Two thermo-
electric coolers (40 mm (L) x 40 mm (W) x 3.8 mm (H)) are stuck in the
interlayer between the heat sinks by thermal grease to ensure sufficient
contact. The rest of the part of heat sinks not covered by the thermo-
electric coolers is blocked by silicon sealant to prevent heat transfer
between the hot and cold ends.

Bonded heat sinks and thermoelectric coolers were integrated into an
enclosed acrylic box (300 mm(L) x 60 mm(W) x 130 mm(H)) which
was divided equally into two volumes by a partition plate. A rectangular
cut-out is designed in the middle of the partition plate, corresponding to
the size of the surface of the heat sink (100 mm x 50 mm). The periphery
of the heat sinks and the partition plate is coated with hot melt adhesive
to ensure that it is airtight. Both the upper and lower parts of the acrylic
box have two vents of 50 mm diameter connected to the four-way valves
and duct fan through the bellows.

A schematic diagram of the MOF based humidity pump is shown in
Fig. 2(b). Thermoelectric coolers absorb and release heat at two opposite
sides, according to the Peltier effect, when an electrical current passes
through it. In this way, the adsorption heat during the dehumidification
process is transferred to the other side to improve the temperature of the
sink for regeneration. The exchange of dehumidification and regenera-
tion can be achieved by reversal of electrical current and switching four-
way valves.
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2.3. Working principle

The dehumidification and regeneration processes can be imple-
mented simultaneously when the humidity pump starts running. The
detailed working principles can be described in two parts as follows:

Dehumidification: Typically, there are three ways to achieve
dehumidification, namely isothermal dehumidification (O—B1), cooling
and dehumidification (O—B2), and isenthalpic dehumidification
(0—B3). The isothermal methods have been considered as most prom-
ising, reported in many refs [8,22], while the other two are, compara-
tively, not energy-efficient to some extent. In our humidity pump device,
moisture can be adsorbed when humid air flows through the surface of
MIL-100(Fe) coated fins on the cold side. The dehumidified air can thus
be obtained with a subtle temperature rise (O-B shown in Fig. 3). Based
on thermodynamic analysis, this can be explained by the total heat
transferred on the dehumidification side, which consists of conduction
and Joule heat from TEC module, convection heat from inlet air,
adsorption heat from the desiccant, and the remaining heat during the
switching. Theoretically, by regulating the input power and ventilation
quantity, it is feasible to achieve a quick latent load control through a
nearly isothermal dehumidification process, the way close to O—B1 (an
ideal path).

Regeneration: As for an ideal regeneration condition, desorption of
the trapped water vapor in an isothermal regeneration way (O—A1) is
preferable. The main reason is that this can lower energy consumption
massively. In actual conditions, it is difficult to achieve isothermal
regeneration; it is, however, desirable to use fewer energy sources to
bring more desorbed water vapor. Considering the interaction between
water vapor molecules and desiccant, traditional materials such as
zeolite require a high-temperature heat source (>90 °C) to go through
the regeneration process (0—A2), while MIL-100(Fe) can be

[N}
(e

—_
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Fig. 3. Working principle: Psychrometric chart of the air treating process in our
humidity pump.

regenerated easily with a relatively low-temperature heat source
(~50 °C) [22]. In this regard, the heat and mass variation of regenera-
tion air in our device should follow the O—A path, which is specifically
between O—A2 and O—Al.
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2.4. Operation modes

In this paper, experiments have been carried out in two groups: 1)
Mode A- Parameter studies. 2) Mode B- Operation performance of
localized humidity control for a small test chamber. The operation pa-
rameters including inlet air conditions of dehumidification and regen-
eration sides are presented in Table 1.

Mode A (Test mode): In this mode, dynamic characteristic and
parameter studies have been carried out. The humidity pump device is
placed in the test room (like an air cleaner), and the inlet air of both the
dehumidification and regeneration sides is the same indoor air. As
shown in Fig. 4(a), when the indoor air flows through the dehumidifi-
cation side, the moisture in the air is adsorbed on the desiccant coated on
the fins, leading to a decrease in humidity level. The outlet air from the
dehumidification side (dry air) is supplied indoors. Simultaneously, the
other batch of indoor air enters the device through the inlet to the
regeneration side, flows through the hot side and takes away the mois-
ture released from the desiccant to dry the MOF coatings. The outlet of
the regeneration side is exhausted to outdoor. When the desiccant in the
dehumidification side saturates, the current flow direction of the ther-
moelectric cooler is reversed to interchange the roles of dehumidifica-
tion and regeneration. Meanwhile, only one of the four-way valves
(outlet) is rotated by 90° and the state is converted from Al to A2. Such a
reciprocating cycle can realize the continuous operation of the MOF
humidity pump.

Mode B (Internal recycle mode): In this intended operation mode for
real applications, the inlet air of dehumidification side is always the
indoor air, while the inlet air of the regeneration side is always outdoor
(ambient) air. The outlet air of the dehumidification side (dry air) is
supplied to indoor again. The outlet air of the regeneration side (humid
air) is exhausted outdoors. To control the airflow direction, two four-
way valves are used as shown in Fig. 4(b), and the airflow passages of
the internal recycle channel and external channel are interchanged. The
outdoor (ambient) air has no direct heat and mass transfer with the
indoor air as these two airflows are completely separated. The outdoor
airflow is only used to take away the heat and moisture released by MOF
desiccants during the regeneration process. Through a reciprocating
cycle, the MOF humidity pump can work continually under internal
recycle mode.

2.5. Experimental measurement

Under working mode, the air was supplied to the humidity pump via
a duct, and the power of the thermoelectric elements was adjusted and
recorded. There were no mechanical operations or moving parts in the
whole device. During the dehumidification and regeneration process,
temperature and relative humidity of the inlet and outlet air were
measured by using digital hygro sensors with accuracy of +0.2 °C and
+2% RH (SEK-SHTC3-Sensors, Sensirion). The airflow rate was adjusted
by variable frequency fan (LH-50P, Jiuyefeng Environmental Technol-
ogy Co., Ltd.) and recorded by an anemograph (Testo 410-1). The cur-
rent and voltage of the thermoelectric cooler and the fan under different

Table 1
Operation conditions of different modes.

Operation mode Parameters Values

Test mode Inlet air conditions of De/Re 22.8 °C, 60%RH
side
Cycle time 5min, 10min, 15min

Thermoelectric power
Air velocity

15W,20W, 25 W
1.5m/s,3.5m/s, 4.2m/
s

23 °C, 81%RH

Internal recycle Initial inlet air conditions

mode Cycle time 10min
Thermoelectric power 30w
Air velocity 2.4m/s

Building and Environment 187 (2021) 107396

conditions were recorded for the calculation of power consumed.

2.6. Performance indexes

To evaluate the performance of MOF-based humidity pump as a
function of the power input and the temperature and humidity ratio of
inlet and outlet air, some parameters herein have been analyzed:

1) Dehumidification rate (Eq): It represents the moisture removal over a
period of time, which is computed as follows:

I qu(din — doue)dlt

E, =
a At

(€8]
where E4 (g s~ 1) is dehumidification rate; qa (m3s™1) is the volume flow.
din and doy (g m~ are moisture content of inlet and outlet air during
dehumidification process, respectively. t; and t, represent the beginning
and end of a dehumidification process when it comes to equilibrium. At
is the time of one dehumidification process, and can be calculated by
At =tp — t;.

2) Moisture removal efficiency (7): It represents the power consumption
(Pe) to approach to the dehumidification rate (Eg):

n="La @

where 7 (g Wh 1) indicates the moisture removal efficiency. P, (kW) is
the total power consumption (including thermoelectric coolers and duct
fans).

3) Dehumidification coefficient of performance (DCOP) represents the
ratio of air enthalpy variation during the dehumidification process to
the total power consumption for the regeneration process:

a(hin - haur)
P

pcop=1 3)

e

where h;, and hy,,; are the air enthalpies of inlet and outlet process air.

3. Results and discussion
3.1. Dynamic characteristics

The dynamic characteristics of the device are analyzed in terms of
temperature and humidity of inlet and outlet air. In order to compare the
cycling performance of dehumidification and regeneration sides, inlet
air conditions for these two sides were maintained the same. Thus, the
detailed experimental conditions can be shown as follows: the temper-
ature and relative humidity of inlet air are about 22.8 °C and 60%. The
velocity of inlet air is 1.5 m/s. The current of the thermoelectric cooler is
2.66 A, its voltage is 11.32 V, and the calculated power is about 30 W.

When it comes to the equilibrium, Fig. 5 shows the variation of
temperature and humidity at the inlet and outlet of dehumidification
and regeneration sides. The operation consists of dehumidification and
regeneration processes, and several cycles are performed until stabili-
zation is reached. The period from 0 to 10 min is the regeneration
process corresponding to the regeneration side. It can be seen that the
temperature of the outlet air rises sharply at the beginning and then
gradually flattens. The moisture content of the outlet air initially
increased in line with the temperature, but then decreased gradually.
This is because the vapor in MIL-100 (Fe) coatings desorbs as the tem-
perature of the heat exchanger rises sharply. As the desorption proceeds,
water vapor content in the desiccant coating decreases gradually, along
with the rate of desorption, resulting in a gradual decrease in the
moisture content in the outlet air. The dehumidification and regenera-
tion channels are switched over during the period from 10 to 20min. The
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Fig. 4. The operation modes of MOF humidity pump.

outlet air temperature decreases rapidly; but the temperature of the
outlet air is, however, still higher than the inlet air. According to the
thermodynamic analysis in the previous section, the cooling load of the
cold side of TEC cannot remove all the sensible loads to be as cool as the
inlet air, but the temperature rise was limited. The average outlet tem-
perature at the dehumidification channel is close to 25.5 °C. Besides, the
adsorption heat also increases the temperature of the air. At the same
time, when the air flows through the heat exchanger, the water vapor in
the air is adsorbed on the MIL-100 (Fe) coating, and the moisture con-
tent decreases sharply. As the coating material becomes saturated
gradually from the outside to the inside of the layer, the dehumidifica-
tion rate also decreases gradually.

3.2. Performance of the humidity pump with different desiccants

Based on the same experimental conditions described in Section 3.1,
inlet air condition remains at 22.8 °C and 60%RH. Air velocity is set at
1.5 m/s. The power of thermoelectric cooler is around 30 W. From Fig. 6,
it shows the difference in moisture content between the inlet and outlet
air of the humidity pump with silica gel and MIL-100(Fe) coatings. It can
be seen that the humidity pump with MIL-100(Fe) coating shows greater
adsorption and desorption rate than that of the silica gel coating while
the attenuation rate is slower. This happens because the regeneration
temperature of MIL-100 (Fe) is lower, and the moisture storage capacity

is larger than that of silica gel. The operation indices are calculated
based on Egs. (1) and (2). The dehumidification rate and moisture
removal efficiency of humidity pump with silica gel coating are 12.23 g
h~! and 0.41 g Wh™?, respectively, and for MIL-100(Fe) coating are
26.24 gh~! and 0.87 g Wh™!, respectively. The values of the MOF based
humidity pump were 2.15 and 2.12 times greater than that of silica gel.

3.3. Dehumidification performance

3.3.1. Cycle time

According to the previous analysis of dynamic characteristics, it can
be observed that as the operating time goes on, the moisture removed by
MIL-100(Fe) coating decreases gradually. This indicates that the cycle
time has an important effect on the performance of the device. The
thermoelectric power is maintained at 30 W while the air speed is 1.5 m/
s. A series of experiments with different cycle times were carried out.
The moisture content difference between the inlet and outlet air of the
humidity pump is shown in Fig. 7. As the cycle time increases from 5 to
10 and 15min, the peak value of moisture content difference decreases
from —3.10 to —3.35 and —3.38 g m 2 at the dehumidification side, and
increases from 2.92 to 3.18 and 3.39 g m > at the regeneration side,
respectively. The absolute values of maximum moisture content differ-
ence increase with the increase in cycle time because the regeneration of
desiccant becomes sufficient as the cycle time increases. It can also be
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Fig. 5. Temperature and moisture content of inlet and outlet air in Mode A.

seen from Fig. 7 that the attenuation of moisture content difference is
more serious with the increase in cycle time as the desiccant coating
saturates gradually, with the increase of operating cycle time, and the
dehumidification capacity decreases.

Fig. 8 shows the effect of cycle time on the performance of the hu-
midity pump. It can be seen that the dehumidification rate and moisture
removal efficiency increase at first and then decrease with the increase
in cycle time, determined by the peak value of the moisture content
difference and the decay degree. This can be attributed to the decay
characteristics of the adsorption and regeneration ability of the MIL-100

(Fe) layers at different cycle times. DCOP increases as the cycle time
increases, but the rate of the rise is restricted after 10min of cycle time in
our case.

3.3.2. Thermoelectric power

Thermoelectric power, which has an important effect on the regen-
eration of the desiccant layer, determined the temperature difference
between the hot and cold sides. The cycle time is set to 10 min and the
air speed is 1.5 m/s. Several experiments with different input power of
the thermoelectric cooler are carried out and the moisture content
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Fig. 7. Moisture content difference of humidity pump with the different cycle times.
differences between the inlet and outlet air of the humidity pump are at 15 W, there is almost no dehumidification ability at the end of the
shown in Fig. 9. Comparing the moisture content difference between the cycle time. Further analysis found that as the mode changed from
three cases, it can be seen that the lower the power, the smaller the dehumidification to regeneration, the moisture content difference first
moisture content difference between the inlet and outlet air. Particularly rises rapidly and then drops sharply, a tip is formed. Thus, the lower the
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Fig. 9. Moisture content difference of humidity pump with different power.

thermoelectric power, the sharper the tip is. Insufficient power results in
lower temperature differences between the hot and cold sides affecting
the regeneration of the desiccant layer.

Fig. 10 shows the impact of thermoelectric power on the perfor-
mance of the humidity pump. With the increase of thermoelectric power
from 15 W to 25 W, the dehumidification rate increases from 20.5 to
31.9 g h™!, suggesting that the dehumidification rate increases with the
increase of thermoelectric power. The greater the thermoelectric power,

the higher the temperature of the hot side, and the better the regener-
ation. The moisture removal efficiency increases at first and then de-
creases with the increase of thermoelectric power showing the same
changing trend as DCOP. In this regard, too high thermoelectric power
would have a negative impact on moisture removal efficiency and
DCOP. As the thermoelectric power increases to a certain degree, the
temperature achieved is enough for the regeneration of MIL-100 (Fe).
Excessive power will increase the energy consumption and will have no
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obvious effect on improving regeneration efficiency.

3.3.3. Air velocity

Air velocity is another important factor of the humidity pump. The
cycle time is set to 10 min and the thermoelectric power was 30 W.
Several experiments with variable air velocity are carried out, and the
moisture content difference between inlet and outlet air of the humidity
pump is shown in Fig. 11. As the air velocity increases, the peak value of
moisture content difference between the inlet and outlet air during
dehumidification and regeneration processes decreases. On the one
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UL
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Moisture content difference (g/m’)

hand, airflow increases with the increasing air velocity, which would
increase the moisture content of the air, while on the other hand, heat
transfer of the fins is enhanced by increasing the air velocity. This would
reduce the temperature of the heat sink and the regeneration
performance.

Fig. 12 shows the effect of air velocity on the performance of the
humidity pump. Both the dehumidification rate and moisture removal
efficiency increase first and then decrease as the air velocity increases.
Also, excessive air velocity has a negative effect on the performance of
the humidity pump owing to the reduction in regeneration temperature
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Fig. 11. Moisture content difference of humidity pump with different air velocity.
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Fig. 12. Effect of air velocity on the performance of the humidity pump.

on the hot sides with the increase in air velocity. Besides, the energy
consumption of the pump also increases with increasing air velocity.
However, based on our measured results, it can be found that DCOP can
be raised linearly with the air velocity. Based on comprehensive
consideration (Eq4, 7 and DCOP), there is an equilibrium point for air
velocity around 3.5 m/s.

3.4. Humidity control ability

In order to investigate the actual humidity management ability when
exposed to a real conditions, a test chamber (32.5 x 54 x 40.3 cm) made
of polystyrene foam (insulation material) is prepared for the humidity

maintained at 23 °C and 81% RH (average value), while there are no
heat or moisture dissipation sources in the experimental system. The box
is connected to the humidity pump by plastic bellows. The schematic
diagram of the experimental system is shown in Fig. 13, and the oper-
ating conditions are shown as follows: the cycle time is set to 10 min, the
thermoelectric power is 30 W, and the air velocity is 2.4 m/s. The digital
hygro sensors are installed to record the temperature and humidity
variation against time.

Fig. 14 shows the temperature and humidity conditions inside the
test chamber during the experiments. Here, the measured results indi-
cate that the temperature in the interior space fluctuates in a zigzag
manner. Compared with the environment, the maximum temperature
rise in interior space during the experiment is 1.52 °C over 1.3 h, as the

pump dehumidification experiment. The initial conditions are
Power
- MOFHEx - Valve
Fan— Fan L
: / » Outdoor —ac43a ~ Outdoor  » \
- -
Thermoelectric cooler
\J
A
>
Computer
T&RH Acquisition >
Module

Test chamber

Fig. 13. Schematic diagram of the experimental system.

10

29



P. Hou et al.

Building and Environment 187 (2021) 107396

~

=

~
[
(=]

Moisture content (g/ms)
= &
T T

W
T

Environment
Interior space

t (min)

O 25+
=
=
3
2
5
& 20

Environment

Interior space

15 1 1 1 || 1 1 1
0 10 20 30 40 50 60 70 80
t (min)
© 100

Relative humidity (%)

Environment
Interior space

20 1 1 1

0 10 20 30

40 50 60 70 80

t (min)

Fig. 14. Temperature and humidity changes inside the test chamber.

fin temperature cannot be reduced immediately when the regeneration
process is switched to the dehumidification process. The relative hu-
midity of the interior space is decreased quickly from ~80% to 38%RH,
corresponding to the absolute humidity from 16.7 to 8.2 g m™>. There
are no heat source and moisture dissipation sources inside the test
chamber, as mentioned above. It is important to mention that the inte-
rior relative humidity stops decreasing at the trigger point of MOF
desiccants, which is around 40% for MIL-100(Fe). It means that MIL-100
(Fe) stops adsorbing a large amount of moisture when the indoor RH is
below 40%, and can be seen clearly from the water sorption isotherm of
MIL-100(Fe) [33]. It is known that many MOFs have S-shape isotherms
and exhibit a steep uptake isotherm at the specific relative humidity
depending on the targeted application [34]. For indoor humidity con-
trol, the steep uptake should around 40%. This can be noted as one of the
main advantages of MOFs over other conventional desiccants. Some
MOF materials can control indoor relative humidity autonomously,
within the desired comfort range at room temperature [35]. Addition-
ally, different MOFs have different trigger points and can be used for
different moisture control applications [34,35]. Based on our measure-
ments, it is seen that MIL-100(Fe) based humidity pump has a satisfac-
tory response to handle the latent load of the test chamber.

4. Conclusion

In this paper, a novel humidity pump that uses MOF as desiccant
layers has been demonstrated. A series of experiments were carried out
to investigate the dynamic characteristics and factors including cycle
time, thermoelectric power, and air velocity. The dehumidification rate,
moisture removal efficiency and DCOP were also calculated under
different conditions. The conclusions are summarized as follows:

(1) The humidity pump can be used to achieve dehumidification
above the dew point temperature, thereby improving the dehu-
midification efficiency. Latent heat and adsorption heat can be
handled by the desiccant layer and thermoelectric cooler,
respectively, which can realize the dehumidification and regen-
eration processes simultaneously. Four-way valves are used to
achieve the continuous operation of the humidity pump and the
conversion of the operation mode, making the mechanical system
simplified.
The dehumidification performance of the humidity pump that
uses MIL-100(Fe) as the desiccant layer is superior to that of the
humidity pump that uses silica gel. The dehumidification rate,
moisture removal efficiency, and DCOP of the MOF based hu-
midity pump are found to be as high as 34.9 gh™!, 1.14 g Wh™},
and 0.46, respectively, which are all around twice higher than
that of silica gel coated systems.
The dehumidification rate and moisture removal efficiency in-
crease at first and then decrease with the increase of cycle time
and air velocity, while the DCOP increases as the temperature
rises. The dehumidification rate also increases with the increase
of thermoelectric power. The moisture removal efficiency and
DCOP increase first and then decrease with the increase of ther-
moelectric power. A too high thermoelectric power may have a
negative impact on the moisture removal efficiency and DCOP.
(4) The MOF based humidity pump achieves a quick localized hu-
midity control. The internal relative humidity level can thus be
maintained at the trigger point of MOF desiccants.
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Latent cooling load accounts for 30% of the total load of air-conditioning, and its proportion is even
higher in many tropical and subtropical climates. Traditional vapour-compression air-conditioning

© (VCAQ) has a low coefficient of performance (COP) due to the refrigeration dehumidification process,

. which often makes necessary a great deal of subsequent re-heating. Technologies using conventional
desiccants or sorbents for indoor moisture control are even less competitive than VCAC due to their

. high regeneration temperature, long cycling time and bulky components. Here, we report a novel high

. temperature cooling system that uses porous metal-organic frameworks (MOFs) as advanced sorbents

© for humidity control. We directly coat MOFs on the surface of evaporator and condenser. The system has
no additional components compared to a traditional VCAC. The evaporator can simultaneously remove
both the sensible and latent loads of the incoming air without reducing the temperature below its dew

. point. The regeneration of wet MOFs is completely driven by the residual heat from the condenser.

. The MOF-coated heat exchangers can achieve a cooling power density of 82W-L~*. We demonstrate

. that the system has a high COP, up to 7.9, and can save 36.1% of the energy required, compared to the

: traditional VCAC system with reheating. The amphiphilic MOFs used in the research have high water

. uptake, are made of low-cost raw materials and have high hydrothermal stability. They thus have the
potential for being scaled up for large-scale applications in air conditioning.

Buildings are responsible for 30% of global annual greenhouse gas emissions and consume up to 40% of all
energy. Energy demand in the building sector could increase by another 30% in the next forty years if no further
actions are taken!. Transitions to the 2 °C targets set in the Paris Agreement require the rate of increase to be
reduced by 50%. Outpacing other end uses in buildings, the growth in cooling energy demand has multiplied by
2 and 5 times respectively in OECD and non-OECD countries since 1990'. There is an urgent need to develop
energy-efficient cooling technologies to reduce building energy consumption. Conventional vapour-compression
air conditioners normally have a coefficient of performance (COP) around 3 in practice®. The low COP is pri-
marily due to the refrigeration dehumidification process. By cooling the air below the dew point, the latent load
- (humidity load) is removed by condensation. A great deal of subsequent re-heating is required® to increase the air
. temperature to meet the supply-air requirement for indoor thermal comfort®. Typically, the latent part accounts
. for around 30-40% of the working load in air-conditioning, and its proportion is even higher in some hot and
* humid climates®. Considerable efforts have been made to develop alternative air-conditioning technologies®-.
High temperature cooling made possible by novel sorbent or desiccant materials is a promising approach’, where
. asorption and heat-driven desorption process handles the removal of moisture. Dealing only with the sensible
© load, the system can raise the evaporation temperature from a typical 5-7°C to a higher range (e.g., 15-20°C)
so the COP and energy efficiency of the system can be dramatically improved'>'2,
In principle, sorbent or desiccant materials can be divided into two categories: liquid and solid. Liquid sorb-
ents are mainly based on a solution of hygroscopic salts. Dehumidification by liquid sorbents uses less electrical

!Department of Civil Engineering, Technical University of Denmark, Lyngby, 2800, Denmark. 2Institut des Matériaux
Poreux de Paris, FRE 2000 CNRS, Ecole Normale Supérieure, Ecole Supérieure de Physique et de Chimie Industrielles
de Paris, PSL Research University, 75005, Paris, France. 3Elektron Gri, 75005, Paris, France. Correspondence and
requests for materials should be addressed to M.Q. (email: menqin@byg.dtu.dk)
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Figure 1. Schematic illustration of the working mechanism of a MOF high temperature cooling system.

(a) MOFs absorb, store and transfer latent heat loads. The MOF HEx on the left side is in the adsorption
mode and works as an evaporator. The MOF HEx on the right side is in the desorption mode and works as a
condenser. (b) When the MOF coating on the evaporator is saturated, the direction of refrigerant circulation
will be reversed, the MOF HEx on the left side becomes a condenser and that on the right side becomes an
evaporator. (c) Image of a MOF HEx coated with MIL-100(Fe). (d) Image of a MOF HEx Element: a single
aluminium fin with single-side-coated MIL-100(Fe).

energy than refrigeration, but the relevant technology has distinct drawbacks for commercialization, e.g. it
requires a complex system and has corrosion problems'®. Subject to low water uptake capacity and requiring a
high regenerative temperature, conventional solid sorbent systems using silica gel or aluminium-rich zeolites,
though less bulky than that of liquid sorbent, are restrained by the availability of heat sources'*. Some studies
have suggested combining liquid and solid sorbents, for example, by encapsulating different salts into a porous
matrix'®. The water uptake capacity of the mixture can be enhanced, but corrosion is still problematic, especially
when the composite sorbents are directly applied to a metal surface'®.

Metal-organic frameworks (MOFs) are a class of porous crystalline materials that consist of metal clusters and
organic linkers. Due to their high porosity and large specific surface, MOFs can be used for gas storage, purifica-
tion and catalysis, etc. Recent studies show that MOFs are also promising sorbents for water vapour. The diverse
choice of linkers and secondary building blocks (SBU) facilitate the modulation of the hydrophilicity and sorption
kinetics'”-?2. Some of us have reported carboxylate-based MOFs showing remarkable uptake for water and requir-
ing lower regeneration temperatures for the desorption compared to conventional sorbents. We found that these
MOFs would be excellent sorbents for moisture control in the built environment due to their high hydrothermal
stability, non-toxicity and non-corrosion®.

In this paper, we report a new high temperature cooling system integrated with MOF-coated heat exchang-
ers. The system has no additional components compared to a traditional VCAC (Fig. 1). We directly coated the
MOFs on the surface of a metallic heat exchanger (HEx) that works in two modes. In the adsorption mode, the
MOF HEx works as an evaporator, maintaininga low temperature that is slightly higher than the dew point of the
incoming air. The hot and humid outdoor air passes through the MOF HEx and is dehumidified and cooled to the
conditions required for the supply air. In this process, both sensible and latent loadsare removed simultaneously
without moisture condensation. In the desorption mode, the MOF HEx acts as a condenser when the sorbent is
saturated. The regeneration of the wet MOF coating is completely driven by the heat from condensation of refrig-
erant. No additional energy is needed. The exhaust air from the condenser is directly discharged to the outdoor
environment. Two identical MOF HEx units can ensure the continuous operation of the system by simply revers-
ing the direction of refrigerant and air flow between the two modes.

We selected those amphiphilic MOFs primarily exhibiting a high water-uptake in the pressure range of
25-50% relative humidity (RH). Hydrophilic MOFs often shows the inflection points of water isotherms at a low
relative humidity (<25%) and a relatively high sorption enthalpy due to the strong interaction between water
molecules and the functional groups/SBUs?*?*. Overly hydrophobic MOFs, in contrast, are unable to dry the
incoming air to the required level of supply air for the building?¥’.

The delicate choices on these MOFs allow the system to maximally exploit the unique S-shape isotherms of
the MOFs so that the cyclical water uptake is close to the maximum adsorption of the dry materials. The system
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Figure 2. (a) Water adsorption isotherms of typical amphiphilic MOFs with simple linkers (MIL-100(Fe),
Basolite A520 (Aluminium Fumarate), MIL-125(Ti), UiO-66(Zr), MOEF-808(Zr)) at 25 °C, with the steep step
located in the narrow range of RH 25-50%. The operation window of a cooling system is illustrated by the
difference between the temperatures of the ambient air and the dew point (SI5, Teyaporator > Taew poind)- The more
hydrophilic the materials are, the more significant the temperature lift that can be achieved (T, pient — Tevaporator)>
while a higher temperature of desorption is required. (b) Temperature swing operation with MIL-100(Fe).
Water adsorption isotherms measured at 20 °C, 30 °C and 50 °C show that the cyclical loading difference is

0.56 kg-kg™! dry mass at 2100 Pa vapour pressure (50% RH at 30 °C).

can operate efficiently even though the regeneration is powered by a very low-grade heat source (Fig. 2). With the
present concept, the waste heat from the condenser with a temperature lower than 50 °C can be used for moisture
desorption. We estimated that the present system can reach a high COP of 7.9 on a typical summer day in an
oceanic climate (e.g. Europe) while maintaining high specific cooling power (SCP).

Construction of the MOF Heat Exchanger. In addition to the steep step in the suitable RH range on
the isotherms, the sorbent must possess other advantages such as high water-uptake, low-cost, a lack of toxic-
ity and the possibility of scalable production. High-valent metals (III, IV) carboxylates, including hierarchical
mesoporous or microporous structures built with the most uncomplicated aromatic rings, e.g., terephthalate/
trimesate, and fumarate?$-**, are good candidates to meet all these requirements. The organic linkers without
functionalization can be directly purchased on commercial markets, and synthesis can be achieved by robust and
straightforward routes.

Many types of MOFs have been synthesized in the past several years*, but few of them meet the above criteria.
We have investigated the performance of a few archetypal amphiphilic MOFs, including MIL-100(Fe), Basolite
A520 (Aluminium Fumarate), MIL-125(T1), UiO-66(Zr), and MOF-808(Zr), etc. With one of the highest water
uptake capacity ever reported, MIL-100(Fe) has a better overall performance than any other. We therefore chose
MIL-100(Fe) for use in a demonstration of the system concept. The crystalline structure of MIL-100(Fe) has a
rigid three-dimensional cubic form, composed of oxo-centred iron(III) octahedral trimers linked to trimesate
ligands [Fe;O(H,0),(OH)(BTC),], creating two mesoporous cavities of 25 and 29 A. The heat released from the
exothermic adsorption within our operation is very close to the latent heat?. The synthesis of MIL-100(Fe) was at
the scale of several hundreds of grams in a batch at the laboratory level and can easily be increased to continuous
production with high space-time yields* (Supplementary Information SI1).

To overcome the inherent problems of weak mechanical strength and low density*®, we shaped the activated
MIL-100(Fe) powders into macroscopic layers on a metal surface. The concept of coating also allows the MOFs to
rapidly dissipate or absorb heat under isothermal conditions via the evaporator or condenser, which guarantee the
desired sorption performance. The coating process used a water-borne binder of silica sol (an aqueous silicic acid
solution with water-insoluble silicon dioxide in colloid distribution), enabling the MOF layer to retain its original
water sorption features and capacity (besides the “dead volume” on the silicates). The characteristic behaviour of
filling the mesopores in two consecutive steps observed in MIL-100(Fe) crystalline material®” was well conserved.
The optimized recipe showed both hydrothermal and mechanical stability after three months of sorption cycle
tests without peeling off (SI2).

Water sorption characterization. We investigated the ability of a representative element of the coated
MOF HEx to perform the macroscopic ad-/desorption characterization (Fig. 3). Three samples of MIL-100(Fe)
were coated on one side of 4cm X 4cm x 0.03 cm aluminium plates, obtaining a mass of 0.109g, 0.203 g, and
0.293 g (90 wt% MOF and 10 wt% binder) and a thickness of 157 £ 37 um, 313 & 55 um, and 463 + 64 um. The
reverse side of the aluminium plate was attached to a Peltier cooler (TEC) to control the surface temperature, then
the MOF Hex Element was placed into a small climate chamber with controlled temperature and RH.
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Figure 3. Water sorption dynamic achieved by the MOF Hex Element. (a) Adsorption curves for three coated
MIL-100(Fe) layers of 0.109 g, 0.203 g, and 0.293 g at 20 °C. (b) Desorption curves for three coated MIL-100(Fe)
layers 0f 0.109g, 0.203 g, and 0.293 g at 50 °C. (¢) Normalized desorption curve for coated MIL-100 layer
0f0.293 g at 50, 45 and 40 °C. (d) Water cyclical load capacity (20-50 °C) and adsorption rates of common
sorbents. In the mass calculation of the MOFs the binder weight was subtracted. The adsorption rates are
averaged values for 0-90% water loading with coated layers of 450 um thick.

The principle of the characterization experiments was the same as under real-life conditions. We provided an
isobaric environment with the small climate chamber, with reference to the ambient atmosphere, and represented
the evaporator/condenser parts with the TEC (SI3). To represent a typical summer day in Europe, the chamber
was set to 30°C, RH 50%. In the adsorption mode, the surface temperature of the HEx Element was controlled
to be 20°C. The total amount of water that the coated layer could adsorb was 0.45kg-kg~! dry mass, estimated
from the equilibrium states on the isotherms and was measured instantaneously using a gravimetric method. In
the desorption mode, the current passing through the TEC was reversed, and the surface temperature of the HEx
Element increased to 50 °C. The time-dependent sorption curve validated the tight relation between the layer
thickness and the dynamics. The three coating layers reached 90% saturation in 7, 13 and 18 minutes, respectively
(Fig. 3a).

We can calculate the energy efficiency of a sorption cycle in which the MOF layer operated as the latent heat
storage and transfer media®. MIL-100(Fe) has a reversible adsorption/desorption cycle, and the effect of hyster-
esis within the working range is negligible. The latent load removed is equal to the thermal energy input minus
the heat loss, which is mainly due to the parasitic sensible loads during the mode switch between evaporator
and condenser. A thinner coating layer implies better heat transfer performance, which is essential to ensure
quasi-isothermal sorption of the moisture. However, an augmented metal/sorbent ratio requires a more frequent
mode switch, will thus decrease the COP. An optimized thickness of 450 um was chosen for further demonstra-
tion, which allows the MOF to operate with a working cycle of 30 minutes. In this case, the parasitic sensible loads
are one order of magnitude smaller than the latent load.
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Figure 4. Sorption and energy performance of the proof-of-concept system. (a) Supply air humidity ratio from
uncoated HEXx at evaporation temperature of 19 °C (Air process 1), at 9.5 °C (Air process 2) and MOF HEx at
19°C (Air process 3). (b) Exhaust air humidity ratio from MOF HEx in the desorption mode at 50°C, 45°C
and 40°C. (c) Psychrometric representation of air process lines for outdoor air of 30 °C, RH 50% and supply

air of 21°C, RH 50%. (d) Comparison of energy consumption on sensible and latent heat for the different air
processes to reach the same state of supply air.

For comparison, we fabricated other Hex Elements in the same way based on other amphiphilic MOFs and
traditional sorbents with an apparent water loading difference within the working range’>*-%, Figure 3d shows
the thermodynamic and kinetic results of the sorbents. The water sorption cycling speed in MOFs is much more
significant than in conventional materials, e.g., the MIL-100(Fe) coating layer adsorbed water 12 times faster
than silica gel. The sorption kinetics is important in engineering where the volumetric SCP is a crucial indicator.

MOF HEx dehumidification performance and energy efficiency. We validated the concept and
demonstrated the benefits in operation of high temperature cooling by investigating a fully functional MOF
HEx. The full-scale vapour sorption test consisted of a MOF HEx made of 85.6 g MIL-100(Fe) dip-coated*® on
the 0.2 mm-thick aluminium fins and 12 mm-diameter copper tubes. The MOF HEx (20 cm x 5c¢m X 15cm) was
placed in a thermally insulated test chamber, through which a hot outdoor airflow was passed (30°C, RH 50%).
Two baselines with uncoated heat exchanger were used in comparison with MOF HEx in Fig. 4a: Air process 1,
traditional high temperature cooling without dehumidification; Air process 2, traditional vapour-compression
cooling with refrigeration-based dehumidification. The supply air of 1 and 2 was 21 °C, RH 87% and 12°C, RH
95%, respectively. When the evaporation temperature was set to 19 °C, which is slightly above the dew point,
MOF HEx in Air process 3 (the proposed system) reduced the humidity ratio of the airflow from 13.6 g-kg™! to an
average of 8.5 g-kg ™! within the 90% operation time. It corresponded to the dehumidification performance of an
uncoated heat exchanger with an evaporation temperature below 11.7 °C. However, we cannot provide the indoor
space directly with supply air from either 1 or 2. The extremely humid air from Air process 1 is outside the occu-
pant comfort zone. A standalone dehumidification step is required in the design of a traditional high temperature
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cooling system*#. On the other hand, the over-cooled air from Air process 2 may cause condensation in the
indoor environment, which damages building structures and promote microbial growth*”#%. The process ends up
with an additional air mixing or re-heating step, which increase the complexity of the air circulation system and
the sensible heat load.

We have evaluated the energy efficiency of the proposed system (Air process 3). Since the latent load is
removed by MOF adsorption under quasi-isothermal conditions, the low efficiency in mass and heat transfer
related to moisture condensation was eliminated. The total energy input can be roughly estimated as the sum of
the adsorption heat of the MOF coating and the sensible load of the outdoor air plus 30% consumption in fans
and other losses, as is general industry practice. It is important to note that the desorption of wet MOFs is com-
pletely driven by waste heat from the condenser and no extra energy is used. The corresponding COP, is 6.6 at a
condensation temperature of 50 °C. The COP is very sensitive to the temperature differences between the evapo-
rator, the ambient atmosphere, and the condenser. Each 1°C reduction of the condenser temperature indicates a
saving on energy input by 3%*. If the condensation temperature dropped to 45°C, the COP;, would increase to
7.9. On the other hand, reducing the desorption temperature would result in a longer desorption time and would
introduce losses of cyclical water uptake. The performance of MIL-100(Fe) was barely affected, whereas the more
hydrophilic MOFs would probably be weakened. For instance, the cyclical water uptake of UiO-66(Zr) and MIL-
125(Ti) was reduced by 0.2 and 0.13 kg-kg ™! dry mass (—45% and —36%), respectively (SI4). Both the thermody-
namic and the kinetic properties of the non-trivial sorbents merit individual studies to find the compromise that
how they might be better adapted to different climates and engineering demands.

The COP of the proposed system is one of the best values reported for variable space cooling systems. By
increasing the evaporation temperature to above the dew point, the high temperature cooling system has a smaller
refrigerant pressure difference between the evaporator and the condenser. In other words, the compressor can
reject heat more easily and efficiently. Therefore, the COP of high temperature cooling systems is usually higher
than vapour-compression air conditioning. However, the supply air from the traditional high temperature cooling
system (Air process 1) is very humid, which cannot meet the required conditions for thermal comfort. An addi-
tional dehumidification system is needed. To reach the same state of supply air as Air process 3 (i.e. same temper-
ature, RH and flow rate), we added two more scenarios with commercial technology concepts for comparison: Air
process 4, vapour-compression air conditioning with reheating; and Air process 5, stand-alone dehumidification
by a desiccant wheel combined with a sensible cooling process (Fig. 4c).

Given the same states of outdoor air (30°C, 50% RH) and supply air (21 °C, 55% RH), Air process 3 demon-
strated significant energy savings compared to the other systems. Figure 4d provides detailed information on
the breakdown of the energy consumption of the different air processes to reach the same supply air conditions.
The MOF HEx in Air process 3 could save 36.1% energy consumption by avoiding over-cooling and reheating
compared to 4 while maintaining a high SCP. In Air process 5, the desiccant wheel transforms the latent heat to
sensible heat under isenthalpic conditions, which is less efficient than the isothermal adsorption process in Air
process 3. Moreover, the same quantity of additional energy input is required to regenerate the desiccant. The total
energy consumption of Air process 5 is 33.8% higher than that of Air process 3.

The cooling power of the MOF HEx in our experiment was 91.8 W. Continuous cooling would require two
identical MOF HEx units that operated alternately. The MOF HEx can maintain a cooling power density of up to
82W-L! including the removal of latent heat by MOF with 274 W-kg™! of MIL-100(Fe). The high cooling power
density makes the proposed system very competitive with most commercial cooling systems*.

Conclusions

We report a new high temperature cooling system that uses amphiphilic MOFs as advanced moisture sorbents
with good performance in removing both latent and sensible heat loads simultaneously. The system makes pos-
sible an energy-efficient working cycle with a small temperature difference of less than 30 °C between the evap-
orator and the condenser to exploit the S-shape isotherm of MOFs. The MOF-coated heat exchangers used in
the system can remove the cooling load with a power density of 82 W-L™! including latent heat with 274 W-kg ™!
MIL-100(Fe). In a quasi-isothermal adsorption process, the system eliminates 36.1% of the working load in
refrigeration-based dehumidification by a conventional air-conditioner with reheating. The overall COP of the
system could be up to 7.9.

We expect that further refinement of the sorbent processing and shaping could optimise the working cycles
and enhance the efficiency that can be achieved in different climates. The high COP, high specific power and the
minimal modification of existing air conditioning systems that is required makes this new technology suitable for
adoption in a broad range of applications and provides a pathway towards highly energy-efficient space cooling.

Methods

Syntheses of MOFs. Large-scale MIL-100(Fe) or Fe;O(H,0),0H(BTC), was prepared as in?. The additive
free reaction comprising iron nitrate, trimesic acid and water as a sole solvent takes place at low temperature
(60°C) under stirring. The activation conditions consist in washing the solid with water at room temperature. The
synthesis procedures of other MOFs can be found in SI1.

Coating on heat exchanger element with MOFs powders.  Aluminium sheets (4cm X 4cm x 0.03cm)
were cleaned in acetone, and then immersed in 0.3 mol-L~! CH;COOH and 1 mol-L~! NaOH for 1 min, respec-
tively, before being rinsed with deionized water. A slurry was obtained by dispersing 1.00 g MOF powder in 3.03 g
of deionized water with vigorous stirring for 10 min followed by supersonic treatment for 20 min. The binder
silicate sol (0.62mL, 50 wt%) was added to the suspension with continuous stirring. The aluminium sheets were
coated manually with the suspension on a single side of the aluminium sheet, using a pipette. The coated sheets
were dried at 50 °C for 1h, and cured at 150°C for 2h.

37
SCIENTIFICREPORTS| (2018) 8:15284 | DOI:10.1038/s41598-018-33704-4 6




www.nature.com/scientificreports/

Coating on full-scale heat exchanger with MIL-100 powders. The MIL-100(Fe) suspension was pre-
pared by using the above procedure (300 g MIL-100(Fe), 600 g deionized water and 102 mL silicate sol). The heat
exchanger was dip-coated by immersion in the suspension, dried and cured following the heating procedure
described above. Extra slurry on the edges was removed mechanically. The coating was repeated twice to obtain
the desired thickness, resulting in 85.6 g of dried coating sorbent.

Water sorption characterization of the MOF HEx Element. The MOF HEx Element was placed
in a small climate chamber (60 cm X 40 cm x 100 cm). A high precision humidity generator (SETARAM
Instrumentation, Wetsys) provided the inlet air with controlled temperature and relative humidity. The tem-
perature regulator for the MOF HEx Elements comprised a Peltier cooler (TE Technology, TEC1-12703,
4cm X 4cm x 0.4 cm) with two metal heat buffers on each side (Aluminium plates, 4cm x 4cm X 3 cm), bonded
with thermally resistant grease. A small space (5mm x 5mm x 1 mm) was milled out of the aluminium heat
buffer at the corner on the MOF HEx side to insert the thermocouple temperature sensors (Omega Type K HFS-
4) for the in-situ thermal measurement. The TEC was linked to an amplifier (HH-electronic) to guarantee a low
power output (the exothermic adsorption power was about 0.1 to 1 W). A small fan (0.2 W) was installed below
the heat sink to assist in air mixing. The climate chamber is large enough to be able to maintain an isobaric
environment.

The water sorption characterization consisted of two tests: low-temperature adsorption and high-temperature
desorption. One temperature-humidity sensor was placed near the HEx Element to measure ambient conditions,
and two thermocouples were inserted into the aluminium heat buffers to measure the temperature of the coating
layer and heat sink during adsorption. Before the sorption characterization, the MOF HEx Element was dried
at 120°C. After cooled down, the MOF Hex Element was attached to aluminium heat buffer and the TEC. The
entire device was sealed and transported to the small climate chamber in an airtight container. The container was
removed and the TEC then started to cool the HEx Element. The temperature for cooling was set above the dew
point according to the operating intervals in Fig. 2b, i.e., 20 °C. During the desorption test, the current passing
through the TEC was reversed, and the coated HEx Element then became the heat sink. The temperature of the
HEx Element was raised to 40°C, 45°C or 50 °C to represent the condenser. The tests were repeated many times
to measure the stabilized cyclical sorption performance.

Air process test for full-scale MOF-coated heat exchanger. The full-scale coating test was carried
out on a water/air finned-tube heat exchanger with aluminium fins 0.2 mm thick pressed onto copper tubes of
7.5 mm diameter. Fin spacing 1.7 mm, fin volume 120 mm X 25mm x 125 mm = 0.37L, total dimension 150 mm
x 25mm X 150 mm = 0.56 L, the total mass 225 g. The HEx was placed in a thermally insulated sample box with
the same volume, connected to an airflow with controlled humidity and temperature. Temperature and humidity
sensors were installed both upstream and downstream of the HEx in the air duct. The water in a thermostatic bath
was circulated through the copper tubes to provide accurate temperature control of the HEx. The tests followed
the same temperature profiles of the HEx Element sorption characterization. The incoming airflow to the MOF
HEx was 200 L-min~".

Data Availability
The data that support the findings of this study are present in the paper and the Supplementary Information.
Additional information is available from the authors upon reasonable request.
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Abstract: The use of desiccant-coated heat exchangers (DCHE) in air conditioning systems possesses great
advantages in the independent control of both temperature and humidity, as well as low energy consumption and
high coefficient of performance (COP). The paper presents a novel high temperature cooling system that uses
metal-organic frameworks (MOFs) as sorbents for humidity control. MOFs are a new class of porous crystalline
materials consisted of metal clusters and organic linkers, which have an excellent performance of water sorption
due to the large specific surface areas and high porosity. In this research, we directly coat MOFs on the heat
exchange surface of evaporator and condenser. The evaporator can simultaneously remove both the sensible and
latent loads of the incoming air without reducing the temperature below its dew point. The regeneration of wet
MOFs is completely driven by the residual heat from the condenser. We also make comparison between the MOF-
coated cooling system and conventional desiccants coated ones (i.e. silica gel, zeolite) by way of tests and
calculation. The results indicate that the dehumidification capacity of the MOF-coated heat exchanger outperforms
other conventional desiccant coated ones under low regeneration temperature (~50°C). The MOF-coated system
has a high COP, up to 7.9, and can save 36.1% of the energy required, compared to the traditional vapour
compression system with reheating. The amphiphilic MOFs used in the study have high water uptake and low
regeneration temperature, and they thus have the potential for being scaled up for large-scale applications in energy
efficient air conditioning systems.

Keywords: Humidity control, MOFs, desiccant-coated heat exchanger, energy efficiency

1. Introduction

Electricity demand for heating, ventilation and air conditioning system (HVAC) has gradually been a
significant contributor to building energy consumption in the past decades. This because more buildings
are supplied with HVAC system to reach desired indoor thermal comfort [1]. Traditional vapor
compression system (VCS) generally operated through refrigeration dehumidification process. By
cooling the air below dew point, the humidity load is removed by condensation. Such a large temperature
difference generally leads to a low COP and even an additional reheating process, and a lower sensible
heat ratio like in some hot and humid climates may further worsen the condition [2-3].

Considerable efforts have been made to develop alternative air-conditioning technologies [4-5]. High
temperature cooling made possible by novel sorbent or desiccant materials is a promising approach,
where a sorption and heat-driven desorption process handles the removal of moisture. Dealing only with
the sensible load, the system can raise the evaporation temperature to a higher range, so the COP and
energy efficiency of the system can be dramatically improved [6-7].

In view of this advantages, many configurations of dehumidification units coated with conventional
sorbent materials were explored [7-9]. However, the working performance of these systems varies
greatly for different sorbent materials. Low water uptake ability and high regeneration temperature are
the main limitations for the application of conventional sorbents (e.g. silica gel, zeolite etc.) [10].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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Metal-organic frameworks (MOFs) are an emerging class of porous materials. Most MOFs can
exhibit very high surface areas and large adsorption capacity for gas. Due to their structural and
functional tunability, MOFs have become one of the most fascinating classes of materials for both
scientists and engineers [11]. Some MOFs with an S-shape isotherm, large water uptake and low
regeneration temperature, have been proposed for indoor moisture control [10-12]. With one of the
highest water uptake capacity ever reported, MIL-100(Fe) has a better overall performance than other
MOFs [10]. We therefore chose MIL-100(Fe) for use in this paper.

In this paper, we first report a new high temperature cooling system integrated with MOF-coated
heat exchangers, and secondly, make comparisons between the MOF-coated cooling system and some
conventional desiccant-coated systems to investigate their working performance and energy saving
potential.

2. Methods

2.1. Adsorption heat exchanger

The main operation component presented here is a fin and tube heat exchanger, in which all the contact
surface is coated with MOF including tubes and fins. The MOF-coated heat exchanger can
simultaneously process both the sensible and latent load of the incoming air without moisture
condensation. There are two working modes as shown in Figure 1(a) and (b). In the adsorption mode,
the MOF heat exchanger works as an evaporator, maintaining a low temperature that is slightly higher
than the dew point of the incoming air by the cold refrigerant. The hot and humid outdoor air passes
through the MOF heat exchanger and is dehumidified and cooled to the conditions required for the
supply air by the MOF-coated heat exchanger. This is an isothermal adsorption process. The process
continues until the desiccant approaches to its saturation point. In the desorption mode, the MOF heat
exchanger acts as a condenser when the sorbent is saturated. The regeneration of the wet MOF coating
is completely driven by the heat from condensation of refrigerant. No additional energy is needed. Water
vapor previously adsorbed by MOF coating is released and removed by the exhaust air to the outside
environment. The MOF coating will be dry and can start a successive dehumidification cycle. Two
identical MOF heat exchanger units can ensure the continuous operation of the system by simply
reversing the direction of refrigerant and air flow between the two modes.
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Figure 1. Schematics of heat and mass transfer at desiccant-coated heat exchanger (DCHE).
The MIL-100(Fe) used in this paper was synthesized by the Ecole Normale Supérieure in Paris, France

(the main partner of this research). The crystalline structure of MIL-100(Fe) has a rigid three-
dimensional cubic form, composed of oxo-centered iron (III) octahedral trimers linked to trimesate
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ligands [Fe;0(H>0)(OH)(BTC),], creating two mesoporous cavities of 25 and 29A. The SEM image is
shown in Figure 2. The tiny crystal of MIL-100(Fe) is octahedral with the size of 0.5-2 um. This
polymer desiccant, an archetypal amphiphilic MOF, exhibits a distinct water capacity owing to its high
porosity, typically showing a sigmoidal curve at middle p/po. These properties create the condition of
using low regeneration temperature (lower than 50°C).
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Figure 2. SEM image of MIL-100(Fe). Figure 3. Water adsorption isotherms of different

desiccant at 298K.

From Figure 3, it can be seen that MIL-100(Fe) has barely ability to adsorb water vapor (below 20%)
and its water uptake capacity between a typical relative range (20% for desorption phase and 80%for
adsorption phase) is 0.46g/g, which is much higher than other conventional desiccants. In addition, the
coating procedures, using a water-borne binder of silica sol, enable MOF layer to retain its water sorption
features and capacity. The final configuration of DCHE and schematics of heat and mass transfer are
presented in Figure 1(c) and (d), respectively.

2.2. Experimental setup

The experimental setup consists of a traditional vapor compression system with DCHE that can
effectively control outlet temperature and humidity, as shown in Fig.1(c). In order to achieve a
continuous operation, two of the same DCHEs will take turns as condenser and evaporator. The
configuration of heat exchanger (20cmx5cmx15c¢cm) consists of 0.2 mm-thick aluminum fins and 7.5
mm-diameter copper tubes. Fin spacing 1.7 mm, fin volume 120 mm x 25 mm x 125 mm = 0.37 L, total
dimension 150 mm % 25 mm x 150 mm = 0.56 L, the total mass 225 g. The coating thickness is less than
Imm with 85.6g MIL-100(Fe) being coated on the surface of fins and tubes.

2.3. Test procedure

The experiments aim to explore the regulation of latent and sensible load during adsorption/ desorption
cycle by measuring air and desiccant operational parameters. Temperature and humidity sensors were
installed both upstream and downstream of the heat exchanger in the air duct. During adsorption test,
the MOF starts in dry condition. The ambient air at a certain temperature and humidity (30°C, 50% RH)
passes through the evaporator, and is dehumidified by MOF coating and cooled by the cold refrigerant.
In this phase, the adsorption tests can operate at a desired temperature and avoid the influence of
adsorption heat. When the water uptake of MOF coating reaches 0.4g/g, the adsorption test finishes.
Then the refrigerant (water) flow was switched oppositely from cold flow to hot flow to achieve the
regeneration of the saturated MOF. Air humidity ratio and temperature out of evaporator and condenser
are continuously measured and logged.
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3. Results and discussion

Given the set outdoor air condition, two baselines with uncoated heat exchanger were used in
comparison with MOF-coated heat exchanger as shown in Figure 4a: Air process 1, traditional high
temperature cooling without dehumidification; Air process 2, traditional vapor compression cooling
with refrigeration-based dehumidification (evaporation temperature generally less than 7~9°C). Air
process 3, traditional high temperature cooling with MOF-coated heat exchanger. When the evaporation
temperature was set to 19°C, slightly above the dew point, the MOF-coated heat exchanger in Air
process 3 cut the humidity ratio of air from 13.6g/kg to 8.5g/kg within its operation time. The adsorption
operation continues around 10min, with a maximum humidity ratio change value of 10.6g/kg. The
regeneration runs at three different regeneration temperature (40°C, 45°C, 50°C). Fig. 4b shows that the
maximum exhaust air humidity ratio at 50°C is twice higher than that of 40°C of regeneration
temperature, which means the system can operate efficiently even though the regeneration is powered
by a very low-grade heat source (around 50°C). With the present concept, the waste heat from the
condenser with a temperature lower than 50 °C can be used for moisture desorption. We estimated that
the present system can reach a high COP of 7.9 on a typical summer day in an oceanic climate (e.g.
Europe) while maintaining high specific cooling power (SCP).
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Figure 4. The air humidity change during adsorption and desorption process.

Besides, the test results presented in Figure 5 indicate that the supply air of Air process 1 (21°C, 87%RH)
is extremely humid and outside the indoor comfort zone, and supply air of Air process 2 (12°C, 95%RH)
may cause vapour condensation in the indoor environment, which promote microbial growth and
deteriorate the indoor air quality. To reach the same state of supply air as Air process 3, there should be
some extra reheating energy in traditional vapor compression system in Air process 2 (Figure 5). When
giving the same test conditions, it can be seen that MOF-coated cooling system can eliminates up to
36.1% of working load in conventional vapor compression system with reheating shown in Figure 6.
This means desiccant-coated system can avoid the problems of cooling below dew point.
Theoretically, the integration of desiccant-coated component in traditional cooling system to
independently regulate the sensible and latent load gives the possibility to make full use of low-grade
energy. The low-temperature heat source for desiccant regeneration (~50°C) is well compatible with the
original system. Considering the advantages of desiccant-coated cooling system, some conventional
desiccant (i.e. silica gel and zeolite) were also applied and measured in comparison with this MOF-
coated cooling system. Thus, we have firstly measured the cyclic water uptake of different desiccant
under different temperature pair (evaporation temperature-condensation temperature: 20°C-45°C and
20°C-50°C). Table 1 shows that the cyclical uptake of MIL-100(Fe) is about 0.56kg/kg dry mass with
30°C, 50% of outdoor air condition, which means it has a low water uptake capacity at a relatively high
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temperature and can make the use of low-temperature heat source possible. In addition, it is clear to see
that the dehumidification capacity of MIL-100(Fe) is 5 times as that of zeolite below 50°C, so zeolite
can barely achieve regeneration under low temperature heat source.
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Figure 5. Psychrometric comparison of different Figure 6. Comparison of energy consumption for
air process. different air processes

Table 1. Cyclical water uptake of different desiccant with 20°C of evaporation temperature.

Regeneration MIL-100(Fe) Silica gel Zeolite
temperature
45°C 0.56 0.23 0.09
50°C 0.54 0.24 0.11

Table 2. Outlet air condition under same temperature pair (20°C-50°C).

Average supply

it MIL-100(Fe) Silica gel Zeolite
21°C 8.5g/kg 11.1g/kg 12.4g/kg
(55%) (71%) (79%)

In view of the adsorption characteristics for these desiccants, there is a comparison presented in Table
2 made to investigate the effect of different desiccant-coated systems with the same sensible load and
outdoor air condition (30°C, 50%). It is clear that MOF-coated cooling system can reach the comfort
zone, while the silica gel and zeolite cannot achieve it. Compared with Air process 1 above, low
temperature can barely help zeolite achieve regeneration. Some recent researches [7, 9] try to use silica
gel supported salt desiccant, but the direct contact with metal heat exchange will lead to its corrosion
and worsen operation performance. Thus, the proposed system is very competitive with most
commercial cooling systems.

4. Conclusions

The MOF coated heat exchanger can achieve a good performance in removing both latent and sensible
heat loads simultaneously for a novel high temperature cooling system. The experimental prototype can
operate with a cyclical loading difference of 0.56kg/kg dry mass. During a quasi-isothermal adsorption
process, the MOF-coated system reduces about 36.1% of the working load in traditional vapor
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compression system with reheating. In addition, given the same evaporation and regeneration
temperature, the cyclical water uptake of MIL-100(Fe) distinctly outperforms other traditional
desiccants (i.e. silica gel, zeolite), which means a strong ability to regulate the humidity load with less
operation time and regeneration energy. We also make a comparison among different desiccant coated
cooling systems, and the results prove that MIL-100(Fe) is a promising alternatives to conventional
desiccants with less regeneration energy source.
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ARTICLE INFO ABSTRACT

Keywords: Indoor relative humidity is an important parameter to determine indoor air quality, occupants’ thermal comfort
Precise humidity control material and building energy consumption. As recommended by ASHRAE, the appropriate indoor relative humidity range
MOFs

for a healthy and comfortable indoor environment is between 40% and 65% RH. In order to meet the re-
quirements, the most commonly used method is mechanical dehumidification/humidification system by using
electricity. However, this approach is energy consuming. In this paper, a novel precise humidity control material
(PHCM) based on Metal-Organic Frameworks (MOFs) is synthesized and its application in built environment is
investigated. This material has an S-shape isotherm, high porosity and very high water vapor uptake of 1.62 g/g
at 80% RH. It can rapidly adsorb moisture as the indoor relative humidity exceeds 60%, and release moisture as
relative humidity drops below 45%. Unlike the conventional desiccants, e.g. zeolites, silica gel etc., MOF-PHCM
can autonomously control indoor relative humidity within the desired comfort range at room temperature.
Hygrothermal properties of the new material are measured. Numerical simulations have been carried out to
study the effect of MOF-PHCM on indoor hygrothermal conditions and building energy consumption in five
different climates worldwide (i.e. hot desert, semi-arid, Mediterranean, temperate, and humid subtropical). The
results show that MOF-PHCM can effectively control indoor relative humidity fluctuations and reduce building
energy consumption in most climates without any additional energy input. MOF-PHCM can be easily regenerated
by either night ventilation (e.g. in hot desert, semi-arid, Mediterranean climates) or heating system powered by
low-grade energy (e.g. in humid climates).

Indoor relative humidity
Building energy saving

1. Introduction

Latent cooling load accounts for around one third of the total load of
air-conditioning, and its proportion is even higher in some subtropical
and tropical areas [1]. In order to maintain indoor comfort and to pre-
vent microorganism growth, the American Society of Heating, Refrig-
erating, and Air-Conditioning Engineers (ASHRAE) recommends that
indoor relative humidity should be maintained between 40% and 65%,
which is the desired comfort relative humidity range for human being. In
the conventional air-conditioning system, air is cooled and dehumidified
simultaneously. The latent cooling load is removed by the refrigeration
dehumidification process. Air is cooled to the dew point first, and then
re-heated to the set-point for indoor environment, which results in
wasting a lot of energy [2]. Desiccants help the system to independently
control both temperature and humidity and thus contribute to the

* Corresponding author.
E-mail address: menqin@byg.dtu.dk (M. Qin).

https://doi.org/10.1016/j.buildenv.2019.106581

reduction of the energy used [3,4]. Silica gels and zeolites are the most
commonly used solid desiccants, but they are not very efficient for
dehumidification owing to their high regeneration temperature, long
cycling time and the fact that a larger part of their water vapor sorption
occurs outside the desired comfort relative humidity range or the
operating vapor pressure windows (i.e. between 40% and 65% RH) [5].
Dehumidification by liquid sorbents uses less electrical energy than
refrigeration, but the relevant technology has distinct drawbacks for
commercialization, e.g. the system is complex and bulky, and has
corrosion problems [6,7].

The ideal materials for autonomous regulation of indoor relative
humidity should meet the following criteria:

(1) The material should have an IUPAC-type V [8] S-shape isotherm
and exhibit a steep uptake isotherm at a specific relative humidity
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depending on the targeted application. For indoor humidity
control for thermal comfort, the adsorption isotherm must have a
steep rise around 65% RH, and the desorption isotherm must
have a steep decrease around 40% RH (see Fig. 1);

(2) High water vapor uptake within the operating vapor pressure
window;

(3) Low regeneration temperature and high reproducible cycling
performance;

(4) High hygrothermal stability, non-toxicity and non-corrosion.

Solid porous material that meets all above four criteria is named as
Precise Humidity Control Material (PHCM).

Many studies have been carried out to investigate existing solid
desiccants that exhibit a water vapor sorption isotherm with a sigmoidal
or S-shape [9,10]. However, studies show that almost no traditional or
conventional porous sorbent can meet all of the four above criteria. Most
conventional porous materials have a limited water vapor uptake ability
at room conditions, and are not able to autonomously control the indoor
humidity level within a small range precisely. Therefore, developing
novel desiccants with large water vapor uptake and precise humidity
control ability is needed.

Metal-organic frameworks (MOFs) are an emerging class of porous
materials [11]. Most MOFs can exhibit very high surface areas and large
adsorption capacity for gas [12]. Due to their structural and functional
tunability, MOFs have become one of the most fascinating classes of
materials for both scientists and engineers [12-14]. MOFs can be used
for gas storage, purification, catalysis, sensor and drug delivery, etc.
[12]. Recent studies show that MOFs are also promising sorbents for
water vapor [6,13,14]. The diverse choice of linkers and secondary
building blocks (SBU) facilitate the modulation of the hydrophilicity and
sorption kinetics [15-18]. The carboxylate-based MOFs show remark-
able uptake for water vapor and require lower regeneration tempera-
tures for the desorption compared to conventional sorbents [6,14].
Some MOFs, such as Al-fumarate [19] and CAU-10-H [20], PIZOF-2
[21], 33R [22], Cr-MIL-101 [23], Cr-MIL-101-NHp [23,24],
Cr-MIL-101-NO, [25], Y-shp-MOF5 [26], MIL-100(Fe) [27] and
Al-MIL-53-OH [28] show good water vapor adsorption properties for
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humidity control, and have different operating pressure windows in a
general range of 20%-80% relative humidity. However, to the best of
our knowledge, only very few of MOF materials can meet the all criteria
for PHCM. In addition, most previous studies about MOFs are from
chemistry discipline, and mainly focus on the synthesis and character-
ization of new materials. Detailed investigations of the effect of MOFs on
indoor hygrothermal conditions and building energy performance have
not been reported.

This paper aims to synthesis a MOF-based precise humidity control
material (PHCM) that can realize the autonomous regulation of indoor
relative humidity, and study the performance of the new MOF-PHCM for
the indoor humidity control in different climates. First, the synthesis
procedure and hygrothermal characterizations of the new MOF-PHCM
will be reported, and the moisture buffer value (MBV) of the material
will also be measured. Secondly, the energy saving potential by using
MOF-PHCM in different climates will be discussed.

2. Synthesis and characterization
2.1. Synthesis of MOF based PHCM

Typically, MOFs are constructed from linking metal centers or clus-
ters with organic linkers via relatively strong coordination bonds. The
detailed processes of the MOF-PHCM are presented as follows. 0.3 ml
0.1 M FeCl3-6H50 in Dimethylformamide (DMF) (0.03 mmol) was added
to a 23 ml glass scintillation vial containing 3,3",5,5"-tetrakis (4-car-
boxyphenyl)-p-terphenyl (H4TCPT) (H4Ll) (The numbers 3,3” and 5,5”
refer to the positions on the terphenyl ring where the tetrakis (4-car-
boxyphenyl) is attached [29].) (0.01 mmol), 1 ml DMF, 1 ml CHsCN, and
1.5 ml nitric acid (3.5 M in DMF). The vial was sealed and placed into a
preheated oven at 115 °C for 3 days. Pure orange cube-shaped crystals
were obtained and washed with CH3CN and air-dried [29]. The molec-
ular formula of the orange crystals is [Fes(p3-O)(H20)(02C )gl. Since
the orange crystals are not very water stable, the following steps were
carried out to replace Fe' with other more water stable ions, for
example, zirconium [21], aluminum [29] and chromium [23,24] etc.
The DVS tests show that Cr-MOF has the largest water vapor uptake
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Fig. 1. Working principle of the ideal PHCM for autonomous indoor humidity control.

49



M. Qin et al.

among other MOFs. Therefore, chromium is selected to replace Fe>" for
the second step of the synthesis. 25 mg of orange crystals was added in a
20 ml scintillation vial. In another vial, 150 ml of CrCl, was dissolved in
3 ml of DMF. The solution was then added to the first vial [24]. The vial
was capped and incubated at 115 °C for 36 h, and then was cool to room
temperature. Pure green crystals were obtained and washed with DMF
several times (see Fig. 2). The molecular formula of the green crystals is
[Cr3(p3-0)(H20)(02C 6]

Finally, the green crystals were coated into macroscopic layers on a
metal surface. The concept of coating allows the MOFs to rapidly
dissipate or absorb heat under isothermal conditions via a heat
exchanger, which guarantee the desired sorption performance. The
coating process used a water-borne binder of silica sol [6] (an aqueous
silicic acid solution with water-insoluble silicon dioxide in colloid dis-
tribution), enabling the MOF layer to retain its original water vapor
sorption features and capacity.

2.2. Characterization

2.2.1. Morphology

Scanning electronic microscope (SEM) has been used to analyze the
geometry of the new crystal. The images were taken by an FEI Quanta
200 ESEM FEG microscope equipped with an energy-dispersive X-ray
(EDS) spectrometer. The SEM image is shown in Fig. 3. The size of single
cubic crystal is around 25 pm. The average pore size is around 2 nm.

2.2.2. Water vapor sorption experiments

The water vapor sorption isotherm is one of the most important
hygric properties of a porous material. The water vapor isotherms of the
MOF-PHCM were measured by a DVS (Dynamic vapor sorption) in-
strument (Surface Measurement Systems DVS Adventure). The sample
was first dried in DVS by the airflow with the temperature of 23 °C and
RH of 0% until weight did not change. Then the RH of the airflow in-
creases from 0% to 100%. DVS will automatically record the weight of
the sample when the weight of the sample retains constant at each RH
step. The test results are shown in Fig. 4. The temperature during the
measurements remains at 23 °C. The mass of sample used for the DVS
test is around 30 mg.

The steep adsorption occurs at 60% RH and steep desorption occurs
around 45% RH, respectively. Saturation approaches when the relative
humidity reaches 80%. The water vapor uptake of MOF-PHCM at 80%
RH is 1.62 g/g, which is much higher than most conventional sorbents
and many MOFs [21]. Adsorption occurs in the inter-particulate voids.
For the desorption curve, a visible hysteresis occurs. The water vapor
isotherms show that the new MOF-PHCM meets the first and second
criteria of the ideal PHCM for autonomous indoor humidity control.
Fig. 4 also shows the water vapor isotherms of the material after 100
cycles. We can see there are only very minor changes to the isotherms,
which means the adsorption and desorption of MOF-PHCM always take
place in that specific way.

(b)

Fig. 2. (a) MOF-PHCM powder, (b) MOF-PHCM in the form of a brick.
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Fig. 3. SEM image of MOF-PHCM crystals.
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Fig. 4. Water vapor sorption isotherms of MOF-PHCM.

2.2.3. Moisture buffer value (MBV)

The moisture buffering through adsorption and desorption of the
hygroscopic surface materials of building envelopes and furnishing (e.g.
wood furniture, curtains, carpet, textiles etc.) has an important effect on
indoor hygrothermal conditions and energy performance of buildings
[14,30-32]. Hygroscopic surface materials can uptake moisture from
the air when its relative humidity increases and release moisture to the
air when its relative humidity falls.

In order to evaluate the moisture buffer capacity of different hy-
groscopic materials, Rode et al. [33] proposed the concept of moisture
buffer value (MBV), which indicates the amount of moisture uptake/r-
elease by a material when it is exposed to diurnal relative humidity
variations between two given values. According to the test protocol
proposed in NORDTEST [33], the MBV is a direct measurement of the
amount of water vapor absorbed or desorbed by a hygroscopic material
when it is exposed to a square wave in daily cycles (for example, 8 h of
high relative humidity at 75% followed by 16 h of low relative humidity
at 33%). Recently, Qin et al. [30] have improved the MBV theory and
test methods.

The moisture buffer value (MBV) of the MOF-PHCM was measured
according to the classic MBV test method proposed by NORDTEST. First,
the sample (27 mm x 27 mm x 20 mm) was dried in an oven for 10 h at
60 °C. The thickness of the sample is larger than the penetration depth of
the material, which is about 1.5 cm for MOF-PHCM in this research.
Then the sample was sealed in a glass container in the climate chamber
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until the temperature of the samples dropped to the chamber tempera-
ture, which was 23 °C. The measurement was conducted in a climate
chamber. The temperature inside the chamber is 23 °C. The external
ambient temperature is between 20 and 25 °C. The temperature and
humidity sensors measure the temporal temperature and relative hu-
midity, and the signal is sent back to a PID regulator and computer.
Saturated air and dry air can be mixed in different proportion controlled
by the PID regulator to maintain a stable humidity in the chamber. The
temperature and humidity inside the climate chamber are uniform as a
small axial fan is installed to make the inside air well mixed. The relative
humidity inside the chamber was set as 75% for 8 h and 33% for 16 h in
one period of time. The air humidity was switched swiftly.

The MOF sample was placed inside the climate chamber, and only
the upper surface of the sample was exposed to the air in the chamber.
The rest five surfaces were sealed to avoid moisture transport. The
weight of MOF sample was measured and logged automatically by the
balance every minute. The measurement was performed in several cy-
cles to get a relatively constant MBV of the material.

The mass variation during the MBV test is presented in Fig. 5. The
test results show that the MBV of MOF-PHCM is 20.50 gm ™ 2-RH 'at 8 h
in the experimental conditions, which is almost 45 times higher than
that of laminated wood and 36 times higher than gypsum [33]. The MBV
test results indicate that the new MOF-PHCM has an exceptional per-
formance of moisture buffering capacity within the hygroscopic range.
Its MBV value is one magnitude higher than that of traditio-
nal/conventional building materials, and also much higher than other
MOF desiccants, for example, MOF-100(Fe) [14] (see Table 1).
MOF-PHCM has a great potential to be an ideal moisture sorbent for
indoor humidity control. The MBVs of some traditional building mate-
rials and conventional materials are listed in the same table for
comparison.

In addition, the vapor transfer coefficient of the new material was
measured by the traditional cup method (see Appendix A for more de-
tails). It is 1.26 x 10~7 kgm ™' s~ 1.

3. Indoor hygrothermal simulation

Both the moisture sorption isotherms and the MBV test show that the
MOF based PHCM has an extraordinary moisture buffering capacity,
which makes it very promising for indoor passive moisture control.
Numerical simulations will be carried out to study the effect of MOF-
PHCM on indoor humidity condition and building energy consump-
tions. The energy saving potential of applying MOF-PHCM in built
environment in different climates will be investigated in this section.

Mass of sample (g)
S

142

0 24 48 72 96

Time (h)

Fig. 5. Mass variation during the MBV test.

Building and Environment 169 (2020) 106581

Table 1
MBVs of some porous materials [30-35] (23 °C, 33%/75%).

Material MBV (gm 2RH ')
MOF-PHCM 20.50
MOF-100(Fe) 7.40
Spruce boards 1.22
Cellular concrete 1.05
Brich panels 0.91
Vesuvianite 0.79
Gypsum 0.57
Sepiolite 0.54
Laminated Wood 0.46
Concrete 0.42
Brick 0.39

3.1. Indoor latent load model

In order to investigate the buffering effect of MOF-PHCM on indoor
environment, a simplified latent load model was developed. The model
mainly focuses on the moisture balance/transfer in buildings because
hygroscopic materials only affect the indoor moisture variation and
their effect on indoor temperature can be neglected [36-38]. Generally,
the indoor moisture conditions are mainly affected by the following
factors: internal sources/sinks, moisture adsorption/desorption of in-
ternal hygroscopic materials, mechanical ventilation and infiltration,
moisture diffusion through building envelopes, and heating and cooling
systems. Vapor diffusion through building walls are not take into ac-
count in the current model since well-insulated modern buildings are
normally equipped with vapor barrier, and are almost water impene-
trable. There is no heating and cooling systems in the model. The indoor
air is assumed to be well mixed, so the humidity at the ventilation
exhaust is the same as the indoor humidity. The humidity of outside air
varies with time depending on the outdoor weather condition. The
variation rate of the indoor humidity ratio can be expressed as:

min%:mven(coul(t) — Cin) + Mpucm Ve + M, V; 1)
Where, my; is the mass of indoor air, kg; mye, is mass of ventilation air,
kg-s’1 ; Cout is the humidity ratio of outdoor air, kg-kg;i}; Cin is the hu-
midity ratio of indoor air, kg-kg;i}; V; is the room volume, m?; tis the
time, s; Mg is the vapor generation rate, kg~m’3-s’1; Mpucw is the ab-
sorption/desorption rate by MOF-PHCM multiplies the surface area of
material and divides by the room volume, kg-m~3s~!, which can be
calculated from the MBV theory [33].

By solving the differential equation (1), the indoor humidity ratio
can be expressed as follows:

(M, + Myior) Vs

Myen

Cin =€ ! ﬂ/cm(t)e"’"w "dt + ¢, (0) —
Mip
(M, + Myior) Vs

Myen

+ @
Where, cj,(0) is the initial humidity ratio of indoor air.

The time-dependent indoor air humidity can be calculated by Eq. (2),
and the influence with and without the moisture buffering of MOF-
PHCM can be evaluated. Then the latent load removed by MOF-PHCM
can be derived by comparing the moisture fluctuation with and
without MOF-PHCM.

n
O =rom; / (Cmo — CrprCM )dt 3
Ju

Where, Q is the latent load removed by MOF-PHCM, kW; ry is the latent
heat of vaporization, kJ~kg’1; t; and ty are the start and end time of
occupied period, s; ¢ is the indoor air humidity ratio without MOF-
PHCM, kg~kg;i}; crpacM is the indoor air humidity ratio with MOF-

51



M. Qin et al.

PHCM, kg-kgai. If the indoor air humidity level with MOF-PHCM drops
below the lower limit of the comfort zone (i.e. 40% RH in this research),
crpacm equals to the humidity ratio corresponding to the set-point
condition.

3.2. Model validation

The International Energy Agency (IEA) Annex 41 project [39] has
published a series of experimental tests for the validation of moisture
buffer models. The experimental tests were carried out in Frauhofer
Institut Fur Bauphysik, Germany. The volume of the test room is approx.
50 m®, and the total surface of the room is approx. 67 m2. All walls and
ceiling surfaces of the test room were initially covered with aluminum
foil to prevent the moisture sorption. A PVC covering was installed in
order to avoid moisture flow to or from the ground. During the test, 50
m? of uncoated gypsum boards were attached on top of the walls with
aluminum foil inside. The moisture buffering effect of the gypsum
boards were measured.

The rooms were equipped with calibrated heating, ventilation and
moisture production systems. The indoor air temperature of the test
room was held at 20 °C. The tests were performed with a constant air
change rate (ACH) of 0.66 h~!. The solar radiation through the windows
were ignored. The moisture production in the test room corresponds to a
normal four-person household. The total moisture production is 2.4 kg
d~L. A basic moisture production rate of 0.025 kg h~! was assumed with
peaks in the morning and in the evening (0.4 kg h™! from 6:00 to 8:00 a.
m. and 0.2 kg h™! from 16:00 to 22:00 p.m. every day). More detailed
information of the experiments can be found in the report [39].

Fig. 6 shows the comparison between experiment and simulations.
The simulation results from WUFI is also added. The indoor temperature
was treated as a constant (20 °C) in the simulations. The calculated in-
door relative humidity from the current model is slightly higher than the
measured data. The mean relative error (MRE) is 2.7%. Nevertheless, a
considerably good agreement is found between the predicted results and
the measures values. Therefore, it shows that the model is capable of
simulating the indoor moisture buffering.

3.3. Climate cases

Outdoor climatic conditions have a significant effect on the indoor
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humidity variations and the performance of porous humidity control
materials. The humidity level of the outdoor air directly affect the
regeneration efficiency of humidity control materials. In order to
research the performance of the new MOF-PHCM on indoor humidity
control and its energy saving potential in different climates, five typical
climates/cities worldwide are selected. They are: Phoenix (hot desert
climate), Salt Lake City (semi-arid climate), Madrid (moderate Medi-
terranean climate), Paris (temperate climate) and Shanghai (humid
subtropical climate). These five climates cover the most populous areas
in the world.

3.4. Test building

The BESTEST base case building from the IEA ECBCS Annex 21 [40]
and Annex 41 [41] is selected as the test building. Itisan 8 m x 6 m x
2.7 m single zone room (see Fig. 7). The current study only uses the
characteristics of the BESTEST case in terms of volume and surface area
to calculate the moisture buffering effect of interior porous materials on
the indoor humidity variation and the latent heat load. There are no
windows on the wall. The building is assumed to be a normal office
room, which is only occupied from 9:00 am to 5:00 pm. The internal
moisture gain during the occupied period is 5 ¢ m~>h™!. There is no
internal moisture gain during the unoccupied period. The building has a
ventilation rate of 0.5 ACH throughout the day (for the cases with night
ventilation, the ventilation rate during the unoccupied period is 1 ACH).
The sensible load and latent load are handled independently. The indoor
temperature is maintained at 25 °C by a high temperature cooling (HTC)
system [6,42] during the occupied period. The HTC system uses higher
temperature chilled water (e.g., 15-20 °C) compared to the conven-
tional system (typical 5-7 °C). The HTC system only handles the sensible
load, and the latent load will be handled by independent dehumidifi-
cation system. Since the HTC system can largely raise the evaporation
temperature, the corresponding COP is also much higher than conven-
tional AC systems [6,42]. There is no temperature control during the
unoccupied period. The permissible max indoor relative humidity is
65%. If the indoor RH is higher than 65%, the latent load should be
removed by an independent dehumidification system. All external sur-
faces are assumed to be covered with aluminum foil where no vapor
diffusion/transfer are possible.

For the cases without humidity control materials, all internal
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Fig. 7. A single office room model.

surfaces are supposed to be water-tight, and no moisture adsorption and
desorption at the internal surface. For the cases with humidity control
materials, an 8 m? wall panel made by MOF-PHCM is installed on the
west internal wall, which is the only moisture buffer material indoors.
All other internal wall surfaces are also supposed to be water-tight. The
numerical simulation aims to evaluate the performance of the MOF-
PHCM panel on passive regulation of the internal humidity condition.

The program used for the simulation was written in MATLAB based
on the model presented in the paper. The time-step is 1 h. The calcula-
tions were run for as many years as it was necessary to achieve quasi-
steady conditions. The results were reported for the last year of
calculation.

3.5. Results and discussion

The simulation results of indoor humidity variations with and
without MOF-PHCM materials in different climates are presented in this
section. The corresponding energy saving potentials for latent load in
different cases have also been calculated and discussed.

3.5.1. Phoenix (hot desert climate)

Hot desert climates are typically found under the subtropical ridge in
the lower middle latitudes, often between 20° and 33° north and south
latitude. Phoenix in the USA is one of the largest cities in this climate
zone. Phoenix has hot and dry summers and mild winters. The average

annual percentage of humidity is 36.0%. On average, June and July are
the driest months. Fig. 8 shows the indoor humidity ratio profiles for two
weeks in July with and without MOF-PHCM in the Phoenix climate. The
results indicate that in the case without moisture buffering materials, the
indoor humidity ratio during the occupied period of the day exceeds
0.013 kg kg’1 (65% RH at 25 °C) twice a week; while in the case with
MOF-PHCM, the indoor humidity ratio is all below 0.012 kg kg™! (60%
RH at 25 °C). No additional dehumidification is needed when MOF-
PHCM is installed in the room. During the unoccupied period (the eve-
ning), the indoor humidity ratio in the case with MOF-PHCM is higher
than that of the case without moisture buffer materials. The night
ventilation of outside dry air (1 ACH) can regenerate the wet MOF-
PHCM. MOF-PHCM will release moisture that was adsorbed during
the occupied period, and the dry MOF-PHCM will be ready for the next
cycle. The simulation of the whole summer shows the indoor relative
humidity of the case with MOF-PHCM varies between 60% and 35%,
which is perfect for indoor comfort and health. No additional humidity
adjustment is needed in the case with MOF-PHCM in the hot desert
climate.

3.5.2. Salt Lake City (hot semi-arid climate)

Hot semi-arid climates are most commonly found around the fringes
of subtropical deserts. This climate tends to have hot summers and warm
to cool winters, with some to minimal precipitation. Salt Lake City in the
USA has a typical semi-arid climate. The average relative humidity in

0.02 T T T T T T T
Indoor humidity ratio with MOF-PHC M
0.018 - Indoor humidity ratio without MOF-PHCM | 7
— — —outside humidity ratio
0.016 1\ N ul
0.014 ‘
\ \ M, ‘ [
—~ 0.012 [, \ " \
2 0.01 7 [ | | ‘ ‘ «T L
) [ T N
* 0008 'L A YR N N (v ,,f M
AT T AL P
0.006 I~ I\lhj 'j ‘ “,"7""» | |"J“ [ "I 'ﬂu Jl\ | | 1’ ”;." L LV\. ‘L I Il "Jj
VO b DAL U e R T
0.004 | [ y, t;‘ af i [ M lh ‘VI W ‘P/ 11 ¥
il g l ."wll"“w i 1 LY ‘
(Vo J
0.002 3 e
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
time (h)

Fig. 8. Simulated indoor humidity ratio (July) with and without MOF-PHCM in Phoenix.
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summer (June, July and August) is 33.2%. The simulated indoor hu-
midity ratio for two weeks in July with and without MOF-PHCM in Salt
Lake City are presented in Fig. 9. The results indicate that in the case
without moisture buffering materials, the indoor humidity ratio during
the occupied period exceeds 0.013 kg kg™! (65% RH at 25 °C) almost
every day. Additional dehumidification is needed for this case. However,
in the case with MOF-PHCM, the indoor humidity ratio reaches 0.013 kg
kg~ ! only one day per week. The indoor relative humidity variation with
MOF-PHCM during the occupied period is between 65% and 42%, which
very close to the ASHRAE comfort zone. In the unoccupied period
(night), the outdoor air with low RH could be used to dry the MOF-
PHCM. The moisture released by MOF-PHCM will also be removed by
night ventilation. Therefore, there is no need for extra humidity control
for this case, which means MOF-PHCM could autonomously control the
indoor humidity within the conform zone in semi-arid climates.

3.5.3. Madrid (moderate mediterranean climate)

Mediterranean climate zones are typically located along the western
sides of continents, between roughly 30° and 45° north and south of the
equator. A Mediterranean climate is characterized by dry summers and
mild, wet winters. Madrid in Spain has a very typical Mediterranean
climate. The average outdoor relative humidity in summer is 38.2%. The
simulation results (see Fig. 10) show that the indoor humidity ratio
without moisture buffer materials exceeds 0.017 kg kg ! (85% RH at 25
°C) most time of the occupied period. The maximum indoor RH reaches
100% in several days. The high indoor humidity level will lead to mold
formation, material deterioration and bad indoor comfort. Dehumidifi-
cation is needed for the case without moisture buffering. In the case with
MOF-PHCM, the indoor humidity ratio reaches 0.013 kg kg ™! two days
per week. The indoor relative humidity with MOF-PHCM varies between
70% and 50% in the most time of the occupied period. Although it is
slightly higher than the thermal comfort zone, it is still within the up
limit of acceptable indoor humidity level. Very few days of high hu-
midity will not cause mold and health problems. Therefore, there is no
need for dehumidification in most days in the summer of Madrid climate
with MOF-PHCM. Since the average outdoor humidity in the evening is
quite low (below 40% RH), MOF-PHCM could be regenerated by night
ventilation of outdoor dry air. When most MOF-PHCM has been regen-
erated, the night ventilation should be stop to avoid the dry materials to
start adsorb moisture in the evening. With proper control ventilation
strategies, MOF-PHCM could also be used to automatous regulation of
indoor air during the occupied period in the Mediterranean climates.

Building and Environment 169 (2020) 106581

3.5.4. Paris (temperate climate)

Paris has a temperate maritime climate, which features mild sum-
mers and mild winters, with a relatively narrow annual temperature
range and few extremes of temperature. The precipitation is evenly
dispersed throughout the year. It is the predominant climate type across
much of Western Europe including the United Kingdom, the Pacific
Northwest region of the United States and Canada etc. As to outdoor
relative humidity, January is the most humid, and May is the least
humid month. The average percentage of humidity in summer is around
65%. The simulated indoor humidity ratio for two weeks in July in Paris
is presented in Fig. 11. For the case without moisture buffering, indoor
humidity during the occupied period is higher than 0.016 kg kg ™! (80%
RH at 25 °C) in 78% of the time. For the case with MOF-PHCM, the
indoor humidity ratio reaches 0.015 kg kg ™! (75% RH at 25 °C) three to
four days per week. There is a need for dehumidification for both cases.
Since the outdoor air in the evening in Paris is more humid than that of
the three previously discussed climates, MOF-PHCM could not be
completely regenerated by night ventilation. The statistics result shows
that in around half of the summer days, the outdoor humidity level in the
evening meets the requirement for MOF regeneration. It means that
MOF-PHCM cannot be completely regenerated in the rest half of the
summer days. If the MOF-PHCM cannot be regenerated in the evening
(the unoccupied period), its moisture buffer capacity will be signifi-
cantly affected on the next day (the occupied period). Day 5 and 6 in
Fig. 11 is an example. In these cases, additional regenerate method (e.g.
heating etc.) may be needed. The detailed regeneration methods of
MOF-PHCM will be discussed in the next section.

The calculation also indicates that the indoor latent load is 11.8 W
m~2 in Paris climate. A stand-alone MOF-PHCM wall panel regenerated
by night ventilation can remove 51.5% (6.08 W m~2) of the total latent
load in the temperate Paris climate without any additional energy input.
The night ventilation rate is 1 ACH. If the material is completely dried by
a proper regeneration system (e.g. heating system powered by low-grade
energy), MOF-PHCM can handle all indoor latent load.

3.5.5. Shanghai (humid subtropical climate)

A humid subtropical climate is a zone of climate characterized by hot
and humid summers, and cool to mild winters. Although many sub-
tropical climates tend to be located at or near coastal locations, in some
cases they extend inland, most notably in China and the United States.
Shanghai has a typical humid subtropical climate. The average annual
relative humidity is 80.3% and average monthly relative humidity
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Fig. 9. Simulated indoor humidity ratio (July) with and without MOF-PHCM in Salt Lake City.
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Fig. 11. Simulated indoor humidity ratio (July) with and without MOF-PHCM in Paris.

ranges from 77% in December to 84% in June. The simulation shows
that MOF-PHCM cannot work properly in this climate since the outside
RH in the unoccupied period is much higher than the desorption RH of
MOF-PHCM. Once the MOF-PHCM gets saturated, it is impossible to dry
the wet MOF-PHCM purely by passive approach (e.g. night ventilation
etc.)

In order to make MOF-PHCM work in the Shanghai climate, two
modifications have been proposed: (1) double the amount of MOF-
PHCM, i.e. add one more MOF wall panel on the east wall; (2) regen-
erate the wet MOF-PHCM by a heating system powered by low-grade
energy. The heat source for the heater could be solar energy or waste
heat from thermal power plants etc. Fig. 12 shows the simulated indoor
humidity profiles with and without MOF-PHCM for two weeks in July in
Shanghai after the improvements. The results indicate that MOF-PHCM
could adsorb most moisture load in the occupied period as long as it can
be completely regenerated in the following unoccupied period. In the
case with MOF-PHCM, the humidity ratio is below 0.014 kg kg™ (70%

RH at 25 °C) most time of the week. No additional dehumidification
other than MOF-PHCM is needed. If the heat for the regeneration of the
material is from renewable energy or waste heat, the whole system is
still very much energy efficient compared to the traditional refrigeration
dehumidification. The study confirms that MOF-PHCM with a proper
regeneration system can be used for passive control of the indoor hu-
midity condition in very humid climates.

In summary, MOF-PHCM could be used for indoor moisture control
in all climates. In hot desert climate, semi-arid climate and Mediterra-
nean climate, MOF-PHCM could autonomously regulate indoor relative
humidity within the comfort zone without any additional energy input.
In temperate maritime climate, a stand-alone MOF-PHCM wall panel
could remove 51.5% of the total indoor latent load without additional
energy input. If the material is regenerated by a proper regeneration
system, for example, heating systems powered by renewable energy,
enough MOF-PHCM could also realize the autonomous control of indoor
relative humidity in temperate climate. In humid subtropical climates,
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Fig. 12. Simulated indoor humidity ratio (July) with and without MOF-PHCM in Shanghai.

MOF-PHCM must be integrated with a proper regeneration system to
realize the indoor humidity control. It is important to note that the
amount of MOF-PHCM for moisture control in different climates should
be calculated according to the indoor moisture load and outdoor
weather condition.

Finally, it is necessary to mention again that the current research
mainly focuses on the moisture buffer effect on the latent load of a
building. We assume that the sensible load is the same for both cases
with and without moisture buffer materials [36-38]. All energy-saving
potentials presented in the paper refer to the latent load saving rate,
and the values are evaluated based on the numerical simulation. There
might be some extra energy consumption due to the night ventilation at
1 ACH in some cases. However, take the BESTEST room as an example,
the night ventilation rate at 1 ACH is 130 m® h™l. The power con-
sumption of a fan for this ventilation rate is normally around 20 W,
which is negligible compared to the energy consumption of the
air-conditioning system. In addition, the current research mainly focuses
on the preparation, characterization and potential application of the
new material. More detailed investigation of its integration into a spe-
cific AC system in a real building will be carried out next step. We will
report the details in future papers.

3.6. Regeneration of MOF-PHCM

Metal-organic frameworks (MOFs) can be regenerated either by dry
air or by heating. In general, the regeneration temperature of MOFs is
much lower than that of conventional sorbents or desiccants [6,12,13],
which makes it possible to use some low-grade energy (e.g. solar energy,
waste heat from thermal power plants etc.) to regenerate it. There are
many ways to regenerate the MOF-PHCM materials. The simplest way is
to expose the wet MOF-PHCM to the sun, and regenerate it by using
low-grade heat from natural sunlight [13]. In order to maintain a
continuous operation, two MOF-PHCM panels are needed. One is in use
and the other one is under regeneration by natural sunlight, and switch
them every day at the beginning of the occupied period. The other
simple way is to integrate the MOF-PHCM wall panel with a heater (e.g.
coat the MOFs on the surface of a panel heater), and then maintain the
surface temperature around 60 °C for 20-30 min [6]. The MOF-PHCM
coating will be regenerated. The heat and moisture released to the in-
door space could be removed by forced ventilation, and will not
significantly affect the indoor temperature. The heat source for the

heater could be solar energy or waste heat from other process. Of course,
this process is better completed when the room is unoccupied.

Since the energy used for regeneration is renewable, the energy ef-
ficiency of the whole MOF dehumidification system is still much higher
than other normal dehumidification technologies (e.g. refrigeration,
conventional solid desiccants and liquid desiccant etc.) However, due to
the limitation of the paper length, a detailed description of the me-
chanical regeneration system for MOF-PHCM is not within the scope of
this paper. We will report the system in the future studies.

4. Conclusion

The paper first proposes the concept of the ideal precise humidity
control material (PHCM) for autonomous regulation of indoor relative
humidity, and the selection criteria of PHCM. A new PHCM based on
metal-organic frameworks (MOFs) has been prepared. Hygrothermal
properties of the new material have been measured. This material has an
S-shape isotherm, high porosity and very high water vapor uptake of
1.62 g/g at 80% relative humidity. It can rapidly adsorb moisture as the
indoor relative humidity level exceeds 60%, and release moisture when
the indoor relative humidity drops below 45%. Compared with con-
ventional dissidents, e.g. zeolites and silica gel etc., MOF-PHCM has high
water vapor uptake capacity, lower regeneration temperature, and more
importantly, MOF-PHCM can autonomously control the indoor relative
humidity within the desired comfort range at room temperature.

Numerical simulations have been carried out to study the effect of
MOF-PHCM on indoor hygrothermal conditions and building energy
consumption in five different climates (i.e. hot desert, semi-arid, Medi-
terranean, temperate, and humid subtropical climates). The results show
that MOF-PHCM can effectively moderate the indoor moisture fluctua-
tion, and maintain the indoor relative humidity within the desired range
in most climates as long as it can be properly regenerated. In hot desert
climate, semi-arid climate and Mediterranean climate, MOF-PHCM can
be regenerated by night ventilation without any additional energy input.
MOF-PHCM can remove all indoor latent load passively. In temperate
maritime climate, MOF-PHCM could remove up to 51.5% of the total
indoor latent load by using night ventilation as the only regeneration
method. Additional regeneration by heating could be used to completely
dry MOF-PHCM. In humid subtropical climate, MOF-PHCM should be
integrated with a proper regeneration system to realize the indoor hu-
midity control. Since the regeneration temperature of MOF-PHCM is

56



M. Qin et al. Building and Environment 169 (2020) 106581

around 60-70 °C, it is easy to reach that temperature by using low-grade Declaration of competing interest
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Appendix A

The isothermal cup method was used to measure the vapor transfer coefficient of the material. The saturated salt solution (NaCl, sodium chloride)
provides a constant relative humidity (75.3 4+ 0.12% at 25 °C) inside the cup. The cup was placed in a climate chamber with a constant temperature
and relative humidity (33 & 0.5% %, 25 + 0.2 °C). Then a vapor pressure gradient appears across the test sample. The cup test was conducted under
the conditions of a constant temperature and a given RH difference.

Climate chamber Thickness d

Sealing

Disinet

|
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Fig. Al. Schematic of cup method.

Fig. A1l shows the schematic of the cup method test. The weight change of the cup with time was measured regularly until the mass loss reaches a
steady state. The vapor transfer coefficient can be expressed as:

_ gvd
" ARH

(A1)

Where, g, is the moisture flow (kg s, d is the thickness of the sample (m), and ARH is the difference of relative humidity on both sides of the sample.
In this case, the thickness is 1.5 cm; the diameter of the test sample is 2.5 cm. The vapor transfer coefficient of MIL-100(Fe) can thus be calculated, and
itis1.26x 107 kgm ! s7L.
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ARTICLE INFO ABSTRACT

Metal-organic frameworks (MOFs) are a new class of porous materials composed of a three-dimensional network
of metal ions held in place by multidentate organic molecules. MIL-100(Fe) (molecular formula: Fe;0(H,0),OH
(BTC),), as one kind of MOFs, has an excellent performance of water sorption due to the large specific surface
areas and high porosity. The paper proposes an innovative application of MIL-100(Fe) as a new kind of moisture
buffer material to control the indoor humidity passively. MOFs can moderate indoor moisture fluctuation, which
will greatly reduce the energy consumption of HVAC systems and improve the building energy efficiency. In the
paper, microstructure and moisture characterizations of MIL-100(Fe) have been carried out. The moisture buffer
value (MBV) of MIL-100(Fe) has been measured and compared to the typical building materials. The results
show that MIL-100(Fe) can absorb up to 15 gm’z-RH’1 at 8 h, which is 33 times higher than the laminated
wood. A novel lumped model for building latent load simulation has been developed. The energy saving po-
tential by using MOFs in a typical office in different climates was calculated. The results show that a 5m* MOF
wall panel can remove most of the latent load in dry and moderate climates without any energy input; MOFs can
be regenerated by night ventilation. In the hot and humid climate, the MOF materials can remove 73.4% of the
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Indoor humidity control
Energy saving

latent load, and can be easily regenerated by using low-grade energy.

1. Introduction

Buildings account for about 40% of the world's total energy con-
sumption [1,2], and more than 50% of the primary energy consumed in
buildings is for the heating and air-conditioning system [3]. To ensure
adequate supplies of energy and to curtail the growth of CO, emissions,
it is essential to improve the building energy efficiency and reduce the
energy consumption of HVAC systems. One way to achieve this goal is
through the introduction of innovative passive building materials that
can regulate the indoor humidity, and maintain the indoor environment
at a stable and comfortable level.

The loads of HVAC systems consist of sensible load and latent load.
In some hot and humid climates, the latent load takes a significant
proportion of the total cooling load [4], leading to considerable energy
consumption in air dehumidification [5]. Hygroscopic materials and
components in buildings, such as porous building materials and furni-
ture, can adsorb/release moisture from/to the indoor air, and have a
positive effect on moderating the indoor relative humidity (RH) fluc-
tuations. Since the moisture buffer phenomenon occurs without energy
use, the moisture buffer materials can reduce the energy use for hu-
midification or dehumidification in buildings [6].

* Corresponding author.
E-mail address: menqin@byg.dtu.dk (M. Qin).

https://doi.org/10.1016/j.buildenv.2018.09.027

Previous studies on the moisture buffer materials for indoor hu-
midity control mainly focus on the traditional and conventional
building materials, such as concrete, drywall, brick, plywood, gypsum
and combination of them [7,8]. In 2005, Rode et al. proposed the
concept of the moisture buffer value (MBV) to evaluate the moisture
buffer performance of different materials [7]. The MBVs of many tra-
ditional and conventional building materials have been measured ac-
cording to the NORDTEST method [6,7]. The test results show that the
MBV of most traditional and conventional building materials is rela-
tively low and imply a limited ability to moderate the indoor moisture
variation [9-16]. The MBVs of some traditional building materials and
conventional materials are listed in Table 1. The test temperature is
23°C and RH is 33%/75%. As a result, the energy saving potential by
using the traditional or conventional hygroscopic building materials for
moisture buffering is limited. Further studies on new materials are
needed.

Conventional desiccants, such as silicates, aluminophosphates,
zeolites and activated charcoal, have high hydrophilicity, and show
large water sorption capacity, and are widely used in many industrial
and civil applications [17-20]. However, the regeneration temperature
of most traditional desiccants is very high (normally higher than
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Table 1
MBV of some traditional/conventional materials [7,10,14-16]
(23°C, 33%/75%).

Material MBV (gm~ 2RH™Y)
Gypsum 0.26

Diatomite 0.33

Concrete 0.38

Brick 0.4

Laminated Wood 0.45

Sepiolite 0.54

Vesuvianite 0.79

Spruce boards 1.15

100 °C), which means these desiccants cannot release moisture in in-
door conditions. Thus, these desiccants are not suitable for passive
moisture regulation in buildings.

The ideal moisture buffer materials should have both high water
uptake capacity and low regeneration temperature (i.e. the material
could release moisture in room temperature when the indoor humidity
is low.). Metal-organic frameworks (MOFs), a novel class of porous
crystalline materials, have drawn large attention recently. Some MOFs
possess the largest surface area, pore volume and lowest framework
density among the existing porous solids and have high water uptake
capacity [21-23]. Compared to some microporous materials, such as
the desiccants mentioned above, the structure of MOFs has the potential
for more flexible rational design [24], and the pore size of MOFs is
tunable, leading to some unusual patterns of water sorption isotherm
[21,25]. Some MOFs can be regenerated under room temperature and
humidity owing to their unique water sorption isotherms. However, in
previous studies, applications on MOFs mainly focus on catalysis, gas
sorption and storage, adsorption heat pump, sensor, and drug delivery
[23,26]. The application of MOFs in buildings as a moisture buffer
material for energy-saving has not been reported yet.

In addition to the large adsorption ability, the MOFs for built en-
vironment application must possess other advantages such as water
stable, a lack of toxicity, low regeneration temperature, low-cost and
the possibility of scalable production. Many types of MOFs have been
synthesized in the past several years, but few of them meet the above
criteria [27-29]. We have investigated the performance of a few ar-
chetypal amphiphilic MOFs, including MIL-100(Fe), Basolite A520
(Aluminium Fumarate), MIL-125(Ti), UiO-66(Zr), and MOF-808(Zr) etc
[30-33]. With one of the highest water uptake capacity ever reported,
MIL-100(Fe) has a better overall performance than any other. We
therefore chose MIL-100(Fe) for use in this paper.

This paper aims to apply MIL-100(Fe) as a novel moisture buffer
material for the passive control of indoor humidity in different climates.
First, the microstructure and moisture characterizations of MOF MIL-
100(Fe) will be studied, and the moisture buffer value of the material in
various conditions will also be measured. Secondly, a mathematical
model will be set up to study the energy performance of MOF MIL-
100(Fe) in a typical office room. Finally, the energy saving potential by
using MOF materials in different climates will be discussed.

2. Characterization

The sample of MIL-100(Fe) analyzed in this paper is synthesized by
the Ecole Normale Supérieure in Paris, France (the main partner of this
research). The microstructure and moisture characterizations of MIL-
100(Fe) have been measured and discussed in this section.

2.1. Morphology

Scanning electronic microscope (SEM) has been used to analyze the
geometry of MIL-100(Fe) crystal. The sample of MIL-100(Fe) is not
purified further after acquiring from the French partner. The images
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10.0 mm

Fig. 1. SEM images of MIL-100(Fe).

were taken by an FEI Quanta 200 ESEM FEG microscope equipped with
an energy-dispersive X-ray (EDS) spectrometer. The SEM image is
shown in Fig. 1. The tiny crystal of MIL-100(Fe) is octahedral with the
size of 0.5-2 ym.

2.2. Water sorption isotherms

Water sorption isotherms illustrate a clear image of water sorption
performance under different relative humidity. The isotherms were
measured by a DVS (Dynamic vapor sorption) instrument (Surface
Measurement Systems DVS Adventure). The sample of MIL-100(Fe) was
first dried in DVS by the airflow with the temperature of 23 °C and RH
of 0% until weight did not change. Then the RH of the airflow could be
set, such as 0%, 10%, 20%, etc. DVS will automatically record the
weight of the sample when the weight of the sample retains constant at
each RH point. The test result is shown in Fig. 2. The temperature
during the measurements remains at 23 °C. The steep adsorption occurs
at RH = 25% and RH = 40%, respectively. This is mainly because that
MIL-100(Fe) has a polymodal pore size distribution, from both 25 A and
29 A mesopores. Saturation approaches when the relative humidity
reaches 50%. When the relative humidity is higher than 50%, the mass
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Fig. 2. Water sorption isotherm of MIL-100(Fe) at 23 °C.
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Fig. 3. Water vapor adsorption isotherm of zeolite 13X (Sigma-Aldrich) at 25 °C
[34].

increase is slight. Adsorption occurs in the inter-particulate voids. For
the desorption curve, a visible hysteresis occurs, especially for the 29 A
meso-pores. The test result has a good agreement with the previous
studies [23,25].

Figs. 3 and 4 show that the water sorption of typical zeolite and
silica gel [34,36]. The steep uptake of zeolite occurs when relative
humidity is low (RH = 5%), which means zeolite will not release
moisture in room humidity. In addition, the regeneration temperature
of zeolite is quite high (more than 95 °C) [35]. Moreover, the water
uptake capability is lower than MOF MIL-100(Fe). Water uptake is
defined as the mass of the moisture adsorbed by sorbents.

On the contrary, the adsorption of some types of silica gel occurs
slowly in room humidity (40% < RH < 60%) and accelerates when
relative humidity is high (RH = 80%). Water sorption isotherms of the
conventional desiccants also demonstrate a low adsorption capability
and limited moisture buffer performance.

However, the water sorption isotherms of MIL-100(Fe) shows a
promising result for the passive indoor moisture control. Since the steep
adsorption begins at RH = 25% and ends at RH = 50% at 23 °C, MIL-
100(Fe) can adsorb the moisture when the indoor relative humidity is
higher than 50%, and release the moisture when the relative humidity
is lower than 25%. Therefore, MIL-100(Fe) is suitable to be used to keep
the interior hygrothermal condition in the thermal comfort [37] zone
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Fig. 4. Isotherms of silica gel at 25 °C [36].
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passively.
3. Moisture buffer value
3.1. Definition of moisture buffer value (MBV)

The moisture buffer performance of a room is the ability of the
materials within the room to moderate variations in the relative hu-
midity. These variations can be seasonal or diurnal.

Most attention is paid to the moisture buffering of diurnal varia-
tions. The moisture buffer performance depends on the moisture buffer
capacities of each material combination and furniture in the room to-
gether with the moisture production and air change rate and ratio be-
tween the material surface area and the air volume.

To evaluate the moisture buffer effect of materials, moisture buffer
value (MBV) has been proposed [6,7]. MBV is defined as a character-
istic of material, equals to the moisture uptake per relative humidity
change during one cycle of moisture adsorption or release. An ideal
MBV can be derived by assuming that the material is isotropic and semi-
infinite, the boundary conditions are the alternating high and low re-
lative humidity of the surface, neglecting the surface moisture con-
vection.

The expression of ideal MBV is as follows.

G

MBV = —_ = = 0.00568bp, Iy

(€]
~1/2,

where, by, is the moisture effusivity, kg'm ~2Pa~ s~ 1/2; p, is the satu-

rated vapor pressure, Pa; t; is the time period, s.
The b,, can be expressed as follows.

‘ 3
}‘ 5P'Po'£

by

by,

(2

where §, is the water vapor permeability, kgm ~'s~Pa~'; py is the dry
density of the material, kg'm ~3; u is the moisture content, kgkg ~'; ¢ is
the relative humidity, %.

Meanwhile, MBV can be measured directly by experiment without
acquiring the thermal properties of the material. The MBV tested by
experiments named practical MBV. In a certain period of time, the
ambient humidity alternates between high level and low level. The
moisture transports into or out of the material during the period of time
is reported per open surface area and per % RH variation, and it is the
definition of practical MBV, with a unit of gm ~2RH . Therefore, the
definition of practical MBV is the principle of MBV measurement.

3.2. MBV measurement

3.2.1. Method

Based on the definition of the practical MBV, the MBV of MIL-
100(Fe) has been measured. First, the sample of MIL-100(Fe)
(LXW X H=28Xx 25X 3cm) was dried in an oven for 10h at
60 °C. Then the sample was sealed in a glass container in the climate
chamber until the temperature of the samples dropped to the chamber
temperature, which was 23 °C.

The measurement was conducted in a climate chamber (Fig. 5). The
temperature inside the chamber is 23 °C. The external ambient tem-
perature is between 20 and 25 °C. The temperature and humidity sen-
sors measure the temporal temperature and relative humidity, and the
signal is sent back to a PID regulator and computer. Saturated air and
dry air can be mixed in different proportion controlled by the PID
regulator to maintain a stable humidity in the chamber. A heater is
placed in the chamber and also controlled by the regulator to keep a
stable temperature. An axial fan disturbs the air in the chamber to
approach a uniform hydrothermal condition in the chamber. Fig. 5
shows the schematic diagram of the climate chamber.

The MIL-100(Fe) sample was placed in a small box and was
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Fig. 5. Schematic diagram of the climate chamber.

satuated air inlet

Fig. 6. Photo of the climate chamber.

suspended in the climate chamber connected with a balance above the
chamber (Fig. 5). Only the upper surface of the sample (7 cm?) was
exposed to the air inside the climatic chamber. The rest five surfaces
were sealed to avoid moisture transport. The test conditions in the
climate chamber were set according to the NORDTEST method [7]. The
temperature and humidity inside the climate chamber are uniform as a
small axial fan is installed to make the inside air well mixed. The
temperature inside the chamber was maintained at 23 °C, and the re-
lative humidity was set as 75% for 8 h and 20% for 16 h in one period of
time. The air humidity was switched swiftly. The weight of MIL-100(Fe)
sample was weighed and logged automatically with the balance every
minute. The measurement was performed in several cycles to get a
relatively constant MBV of the material. Fig. 6 is the photo of the
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Fig. 7. MBV test at 23 °C (RH = 20%/75%).
climate chamber when the measurement is performing.

3.2.2. Results

The measurement results are shown in Fig. 7. The mass change of
the sample corresponds rapidly with the surrounding humidity change.
The sharp peak of the curve shows that the sample is far from saturation
when the humidity begins to fall. The MBV of the MIL-100(Fe) is
15 + 0.2gm 2RH"! at 8h in the experimental conditions. Fig. 8
shows the MBV test results with a different low humidity level 33%.
Other conditions maintain the same. The MBV of MIL-100(Fe) is
7.4 = 0.2gm 2RH™! at 8h, which is lower than the result in the
75%/20% condition.

3.2.3. Discussion

According to the expression of the moisture effusivity b, (Eq. (2)),
b, has a significant relation to the sorption isotherm. The term Z—“ re-
presents the moisture capacity, i.e. the ratio of the moisture added to a
material to the resulting humidity change. It is not a constant and varies
according to the water sorption isotherm. Therefore, the MBV value
(shown in Eq. (1)) is also not a constant, and will change according to
different upper and lower boundary of RH. In the case of MIL-100(Fe),
If the low-level relative humidity is above the first steep adsorption
point (RH = 25%), which is also the end of desorption, the moisture
buffer performance of the material will be hindered. Therefore, the
MBV in an alternative 75%/33% condition is lower than that of 75%/
20%.
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Fig. 8. MBV test at 23 °C (RH = 33%/75%).
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Table 2
Classification of MBV.

MBV negligible  limited moderate good excellent exceptional
Lower limit 0 0.25 0.50 1.00 2.00 5.00
Upper limit  0.25 0.50 1.00 2.00 5.00 > 5.00
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Fig. 9. Moisture adsorption with the different high and low relative humidity.

The MBVs of some typical building materials are listed in Table 1. In
line with different levels of MBV, Materials can be classified into six
categories, shown in Table 2. Therefore, MBV of the MIL-100(Fe) is one
order of magnitude larger than the traditional hygroscopic building
materials, and the moisture buffering ability of MIL-100(Fe) is in the
exceptional group.

Furthermore, the moisture adsorption in different conditions can be
calculated based on the water sorption isotherm and MBV formula.
Fig. 9 shows the water vapor uptake of MIL-100(Fe) per hour and
square meter varies with the different high and low RH levels. The
variation of the moisture adsorption in different conditions can be
further implemented in the simulation of energy saving potential in
buildings.

4. Energy saving potential

The MBV measurement shows MIL-100(Fe) has an excellent per-
formance of moisture buffering, which makes it very promising for
indoor passive moisture control. The energy saving potential of ap-
plying MIL-100(Fe) in buildings will be discussed in this section.

Since only the hydro environment is considered, humidity ratio has
been used instead of relative humidity in this section. The relation
between humidity ratio and relative humidity is as follows.

PP
Py — PP

w = 0.622
3
where  is the humidity ratio, kg/kg.ir; pa. is the atmospheric pressure,
Pa.

4.1. Lumped energy model

Since the moisture buffer materials only affect the indoor humidity
variation, the model in this paper mainly focuses on the moisture
transfer in buildings. The indoor humidity conditions are mainly af-
fected by (1) internal sources and sinks, (2) moisture diffusion through
building envelopes, (3) infiltration, (4) mechanical ventilation, and (5)
air conditioning. In the lumped model, the internal sources and sinks
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are considered (e.g. human activities, moisture adsorption or deso-
rption of moisture buffer materials). Infiltration and mechanical ven-
tilation are expressed together as ventilation rate. Moisture diffusion
through building envelopes are neglected in this case since well-in-
sulated modern buildings are normally equipped with vapor barrier,
and are almost impenetrable in terms of moisture. There is no air
conditioning in the model. The indoor air is assumed to be well mixed,
so the humidity at the ventilation exit is the same as the indoor hu-
midity. The humidity of fresh air varies with time. The variation rate of
the indoor humidity ratio should follow the equation below:

dow,
dt

m; = my(wr(f) — wp) + MgV + Myor Ve

()]
where, m, is the mass of indoor air, kg; m, is mass of ventilation air, kg;
V, is the room volume, m>; t is the time, s; M is the vapor generation
rate, kg'm ~>h ~'; Myor is the absorption or desorption rate by moisture
buffer material multiplies the surface area of material and divides by
the room volume, kg~m’3~h71 ; @g is the humidity of fresh air,
kg'kg,ir~'; o, is the humidity of indoor air, kgkga; ~%;

Therefore, in the simplified case, the indoor humidity ratio can be
expressed in equation (8). w.(0) is the initial humidity indoor.

(Mg + MMOF)Vr)

may my
W = e‘mr‘(% f wg (Dem'dt + w,(0) —
m ma
+ (Mg + Myior) Vi

my

()

The time-dependent indoor air humidity can be calculated with the
equation above. The influence with and without the moisture buffer
phenomenon of MIL-100(Fe) will be both reckoned. Then the latent
load removed by MIL-100(Fe) can be derived by comparing the
moisture fluctuation with and without MIL-100(Fe).

[}
Q) = rymy f (@rmo — wrMor)dt

f

(6)

where, Q is the latent load removed by MIL-100(Fe), kW; ry is the latent
heat of vaporization, kJ’kg~'; t; and t, are the time when human ac-
tivities began and end, respectively, s; @, is the air humidity ratio
without MIL-100(Fe), kgkg.i: ™ '; @pvor is the air humidity with MIL-
100(Fe), kgkgai, .

4.2. Building model

The BESTEST base case building (shown in Fig. 10) from the IEA
ECBCS Annex 21 [38] was selected as the test building in this study,
where it serves as a typical office room. The room is occupied during
the daytime from 9:00 a.m. to 17:00 p.m. and unoccupied the rest of the
day. The dimension of the building is 8 m X 6 m X 2.7m. Internal
moisture source, sink, and ventilation cause the indoor humidity var-
iation. The ventilation rate of the room is 0.5 ACH for 24 h. The internal
moisture gain during the occupied period is assumed as 5gm~3h~?,
which is mainly from the human activities. There is no internal
moisture gain during the unoccupied period.

In the case with moisture buffer materials, a 5m? wall panel with
the thickness of 1.5 cm made by 7.5 kg MIL-100(Fe) was installed on the
internal surface. The MOF material will absorb and release moisture
when there is humidity difference between the day and night. The
moisture buffering effect is given by Fig. 9. In the case without moisture
buffer materials, it is assumed that there is no moisture adsorption and
desorption phenomenon at the internal wall surface.

4.3. Climate
The geographical locations (weather) of the building have a sig-
nificant effect on indoor moisture fluctuations and moisture buffer

phenomenon. To investigate the effect of MOF on indoor hygrothermal
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Fig. 10. A single office room model.

environment and building energy consumption under different cli-
mates, four cities in the United States are selected. They are San
Francisco (moderate Mediterranean climate), Phoenix (hot desert cli-
mate), Salt Lake City (semi-arid climate) and Norfolk (humid sub-
tropical).

The temporal climatic data is derived from the Typical
Meteorological Year version 3 data sets [39]. For each city, the dry bulb
temperature and relative humidity in one typical summer month have
been used to calculate the humidity of fresh air in ventilation.

4.4. Results and discussion

The indoor moisture variations with and without the MOF materials
for different locations have been calculated and presented in this sec-
tion. Since the outside relative humidity plays an important role of the
regeneration of MOFs, the following discussion will be divided into two
parts according to the climatic conditions.

4.4.1. Dry and moderate climates

The monthly average outdoor air humidity ratio is 6 gkg™ " in
Phoenix, 7 gkg ™! in Salt Lake City, and 8 gkg ™" in San Francisco. The
outdoor air with low humidity during the night of these locations could
be directly used to regenerate the MOF materials that have adsorbed
water vapor during the daytime. The simulated results of the indoor
humidity variations with and without moisture buffer materials (MIL-
100(Fe)) for dry and moderate climates are shown in Figs. 11-13 and
Table 3.

Fig. 11 shows the variation of indoor humidity in a typical summer
month in Phoenix. In the case without MOF materials, the indoor hu-
midity often exceeds the upper limit of the thermal comfort zone (i.e.
RH 60%). The indoor air should be dehumidified by air conditioning,
which causes extra energy use. However, in the case with MOF mate-
rials, the indoor hygrothermal environment is well within the comfort
zone during most time of the occupied period. The moisture buffer

1

Table 3
Latent load removed by MIL-100(Fe) in different cases.

material successfully moderates the fluctuation of indoor humidity.

The daily and monthly indoor moisture fluctuations in Salt Lake
City and San Francisco are shown in Figs. 12 and 13. The humidity of
the fresh air determines the low level of indoor humidity, and the
moisture buffer capacity will be hindered when the low level of indoor
humidity is higher than the start of steep adsorption of the water
sorption isotherm of MIL-100(Fe). Therefore, building located in
Phoenix has the most prominent moisture buffer phenomenon because
of the dry climate. The moisture buffer phenomenon is weaker in San
Francisco due to its higher outdoor humidity.

Table 3 shows the amount of the latent heat removed by MOF in
different conditions. In the daytime when the building is occupied, the
moisture buffer material MIL-100(Fe) functions as a desiccant and re-
moves a large portion of the latent load without extra energy use. The
amount of adsorbed moisture can be calculated since the moisture
variations with and without moisture buffer material have been shown
in simulation results, then the removed latent load can be further cal-
culated. The results are presented in Table 3. The calculated indoor
latent loads are 6.5Wm ™2, 8.6 Wm™2 12.1 Wm™?2 in Phoenix, Salt
Lake City, and San Francisco respectively. The latent loads removed by
MIL-100(Fe) are 5,0 Wm ™2, 4.1 Wm ™2, 24 Wm ™2 in the three cities.
Therefore, the latent load saving rates are 76.9%, 47.7% and 19.8% for
hot dry climate (Phoenix), semi-arid climate (Salt Lake City), and
moderate Mediterranean climate (San Francisco) respectively. The air
change rate of night ventilation in the above simulation is 0.5 ACH.

In order to remove more latent load, the night ventilation should be
enhanced. The higher night ventilation rate will remove more indoor
moisture released by MIL-100(Fe), and contributes to the lower indoor
humidity ratio and higher regeneration rate of MIL-100(Fe). The MBV
will increase, and more latent load will be removed by the dryer MIL-
100(Fe) during the daytime. According to the simulation results, when
the night ventilation rate is raised to 2 ACH from 6 p.m. to 8 a.m., (the
ventilation rate during the day remains as 0.5 ACH), the latent loads
will be totally removed by MIL-100(Fe) in Phoenix and Salt Lake City

Climate (City) Load and efficiency

Ventilation rate is 0.5 ACH for

MOF regenerated by enhanced night MOF regenerated by low-grade

24h ventilation (2 ACH) energy

Hot dry (Phoenix) Latent load removed by MOF 5.0 6.5 -

(W-m~?

Energy saving (latent load) (%) 76.9 100 -
Semi-arid (Salt Lake City) Latent load removed by MOF 4.1 8.6 -

(W-m~?

Energy saving (latent load) (%) 47.7 100 -
Moderate (San Francisco) Latent load removed by MOF 2.4 8.0 -

(W-m~?

Energy saving (latent load) (%) 19.8 66.1 -
Humid (Norfolk) Latent load removed by MOF 0.5 - 16.3

(W-m~?)

Energy saving (latent load) (%) 2.3% - 73.4
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Fig. 11. Indoor humidity variation with and without MIL-100(Fe) in Phoenix.
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Fig. 12. Indoor humidity variation with and without MIL-100(Fe) in Salt Lake City.
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Fig. 13. Indoor humidity variation with and without MIL-100(Fe) in San Francisco.

without extra energy use. The percentage of latent load removed by
MIL-100(Fe) is 66.1% in San Francisco. Night ventilation is a very ef-
fective way to regenerate the MOF materials in dry and moderate cli-
mates.

4.4.2. Humid climates

In Norfolk, the monthly average outdoor air humidity ratio is
15 gkg~!. Fig. 14 shows the indoor moisture variations with and
without the MOF in Norfolk. In Table 3, the simulation results show
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Fig. 14. Indoor humidity variation with and without MIL-100(Fe) in Norfolk.

that the indoor latent load is 22.2 Wm ™2 in Norfolk. The latent load
removed by MIL-100(Fe) is 0.5 Wm ™2, which is only 2.3% of the total
latent load. Therefore, the energy saving potential is limited, due to the
high outdoor humidity throughout the day. Night ventilation cannot
effectively reduce the indoor humidity and regenerate the MIL-100(Fe)
since the outdoor humidity is still quite high in the evening.

In order to use MIL-100(Fe) for continuous passive control of indoor
moisture in the humid climate, it needs to be regenerated with some
low-grade energy, such as solar energy or waste heat from thermal
power plants etc. Since the regeneration temperature of MIL-100(Fe) is
quite low (around 50 °C), it is not difficult to find such a heat source.
The simulation results show that 16.3 Wm ™2 can be removed by the
regenerated dry MIL-100(Fe), which is 73.4% of the latent load. The
efficiency of the whole system is still very high as there is no need for
refrigeration dehumidification. Therefore, MIL-100(Fe) is also applic-
able for the passive control of indoor moisture in humid climates with
proper regeneration strategies. Due to the limitation of the paper
length, a detailed description of the regeneration system for MIL-
100(Fe) is not within the scope of this paper. We will report the system
in the future studies.

Overall, in dry and moderate climates, most of the indoor latent
loads can be removed by MIL-100(Fe) with a night ventilation at 2
ACH, which will significantly save the energy for dehumidification of
the air-conditioning system. In the cases without the MOF buffer ma-
terial, all latent loads have to be removed by the air conditioning
system via refrigeration dehumidification, which causes a lot of energy
use. In the humid climate, the MIL-100(Fe) could remove 73.4% of the
total latent load with the help of a proper regeneration system powered
by low-grade energy. Since the regeneration temperature of MIL-
100(Fe) is around 50 °C, it is easy to regenerate it by solar energy or
other waste heat from different processes. Therefore, MOF buffer ma-
terials have a large energy saving potential in buildings under different
climate conditions.

5. Conclusion

MOF is a new class of crystalline materials with porous structures.
Due to its high surface area, porosity, pore volume and low framework
density, MOFs have a high capability to adsorb water vapor. MIL-
100(Fe) is one type of metal-organic frameworks with large water vapor
uptake capacity. Besides the high moisture sorption ability, MIL-
100(Fe) is nontoxic, water-stable, and can be produced on a large scale.

The paper proposed an innovated application of metal-organic fra-
mework MIL-100(Fe) as a passive moisture buffer material in buildings.
The MIL-100(Fe) has a strong ability to adsorb or release water vapor,
and thus can moderate the daily indoor humidity fluctuation. The water
sorption isotherms of MIL-100(Fe) have been measured. The steep

adsorption occurs between RH = 25% and 50%, which is inside of in-
door thermal comfort zone. The practical MBV of MOF MIL-100(Fe) has
been measured and proved to be one order of magnitude larger than
typical building materials, leading to an exceptional moisture buffer
ability.

The energy saving potential of applying MIL-100(Fe) to control the
indoor humidity has been calculated. In the study, a 5m? wall plate
filled with MIL-100(Fe) was used to control the latent load of an office
room with a size of 48 m?. The simulation results show that most of the
latent loads can be removed by MIL-100(Fe) with a night ventilation at
2 ACH in dry and moderate climates. In the humid climate, the MIL-
100(Fe) could remove 73.4% of the total latent load with the help of a
proper regeneration system powered by low-grade energy.

In summary, MIL-100(Fe) is a very promising moisture buffer ma-
terial for the passive control of indoor humidity in different climates.
The MOF buffer materials could be easily integrated with mechanical
cooling systems to realize the temperature and humidity independent
control. Since the MOF materials could handle most of the indoor latent
load passively, the refrigeration dehumidification process can be
avoided. Dealing only with the sensible load, the evaporation tem-
perature of the cooling system can be raised to above the dew point so
the coefficient of performance (COP) and energy efficiency of the
system can be dramatically improved. Furthermore, new MOFs with
higher water uptake capacity and low regeneration temperature will be
the focus of future studies.

Acknowledgements

The present research was financially supported by DTU Byg. The
authors thank Prof. Christian Serre and Dr Farid Nouar from the Ecole
Normale Supérieure in Paris, France for the preparation of MIL-100(Fe)
samples. The authors acknowledge Dr. Kurt Kielsgaard Hansen for all
the support in the MBV test.

References

[1] P. Huovila, Buildings and Climate Change, United Nations Environment
Programme, Sustainable Consumption and Production Branch, Paris, France, 2009.
L. Pérez-Lombard, J. Ortiz, C. Pout, A review on buildings energy consumption
information, Energy Build. 40 (2008) 394-398.

M. Karimpour, M. Belusko, K. Xing, F. Bruno, Minimising the life cycle energy of
buildings: review and analysis, Build. Environ. 73 (2014) 106-114.

P. Mazzei, F. Minichiello, D. Palma, HVAC dehumidification systems for thermal
comfort: a critical review, Appl. Therm. Eng. 25 (2005) 677-707.

K. Chua, S. Chou, W. Yang, J. Yan, Achieving better energy-efficient air con-
ditioning — a review of technologies and strategies, Appl. Energy 104 (2013)
87-104.

M. Zhang, M. Qin, C. Rode, Z. Chen, Moisture buffering phenomenon and its impact
on building energy consumption, Appl. Therm. Eng. 124 (2017) 337-345.

C. Rode, R. Peuhkuri, B. Time, K. Svennberg, T. Ojanen, P. Mukhopadhyaya, et al.,

[2]
[3]
[4]
[5]

[6

[71

66


http://refhub.elsevier.com/S0360-1323(18)30575-4/sref1
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref1
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref2
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref2
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref3
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref3
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref4
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref4
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref5
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref5
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref5
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref6
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref6
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref7

X. Feng et al.

[81

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Moisture buffer value of building materials, J. ASTM Int. 4 (2007) 1-12.

M. Rahim, O. Douzane, A. Tran Le, G. Promis, B. Laidoudi, A. Crigny, et al.,
Characterization of flax lime and hemp lime concretes: hygric properties and
moisture buffer capacity, Energy Build. 88 (2015) 91-99.

E. Latif, M. Lawrence, A. Shea, P. Walker, Moisture buffer potential of experimental
wall assemblies incorporating formulated hemp-lime, Build. Environ. 93 (2015)
199-209.

M. Rahim, O. Douzane, A. Tran Le, G. Promis, T. Langlet, Characterization and
comparison of hygric properties of rape straw concrete and hemp concrete,
Construct. Build. Mater. 102 (2016) 679-687.

M. Abadie, K. Mendonca, Moisture performance of building materials: from mate-
rial characterization to building simulation using the Moisture Buffer Value con-
cept, Build. Environ. 44 (2009) 388-401.

S. Hameury, Moisture buffering capacity of heavy timber structures directly ex-
posed to an indoor climate: a numerical study, Build. Environ. 40 (2005)
1400-1412.

M. Qin, R. Belarbi, Development of an analytical method for simultaneous heat and
moisture transfer in building materials utilizing transfer function method, J. Mater.
Civ. Eng. 17 (2005) 492-497.

Z. Chen, D. Su, M. Qin, G. Fang, Preparation and characteristics of composite phase
change material (CPCM) with SiO2 and diatomite as endothermal-hydroscopic
material, Energy Build. 86 (2015) 1-6.

Z. Wu, M. Qin, M. Zhang, Phase change humidity control material and its impact on
building energy consumption, Energy Build. 174 (2018) 254-261.

Z. Chen, M. Qin, J. Yang, Synthesis and characteristics of hygroscopic phase change
material: composite microencapsulated phase change material (MPCM) and diato-
mite, Energy Build. 106 (2015) 175-182.

E. Ng, S. Mintova, Nanoporous materials with enhanced hydrophilicity and high
water sorption capacity, Microporous Mesoporous Mater. 114 (2008) 1-26.

J. Bauer, R. Herrmann, W. Mittelbach, W. Schwieger, Zeolite/aluminum composite
adsorbents for application in adsorption refrigeration, Int. J. Energy Res. 33 (2009)
1233-1249.

D. Wragg, R. Johnsen, P. Norby, H. Fjellvag, The adsorption of methanol and water
on SAPO-34: in situ and ex situ X-ray diffraction studies, Microporous Mesoporous
Mater. 134 (2010) 210-215.

R. AbdulHalim, P. Bhatt, Y. Belmabkhout, A. Shkurenko, K. Adil, L. Barbour, et al.,
A fine-tuned metal-organic framework for autonomous indoor moisture control, J.
Am. Chem. Soc. 139 (2017) 10715-10722.

A. Dhakshinamoorthy, M. Alvaro, H. Garcia, Commercial metal-organic frame-
works as heterogeneous catalysts, Chem. Commun. 48 (2012) 11275.

D. Peralta, G. Chaplais, A. Simon-Masseron, K. Barthelet, G. Pirngruber, Synthesis
and adsorption properties of ZIF-76 isomorphs, Microporous Mesoporous Mater.
153 (2012) 1-7.

M. Bahri, F. Haghighat, H. Kazemian, S. Rohani, A comparative study on metal
organic frameworks for indoor environment application: adsorption evaluation,
Chem. Eng. J. 313 (2017) 711-723.

H. Li, M. Eddaoudi, M. Keeffe, O. Yaghi, Design and synthesis of an exceptionally
stable and highly porous metal-organic framework, Lett. Nat. 402 (1999) 276-279.
S. James, Metal-organic frameworks, ChemInform 34 (2003).

P. Horcajada, S. Surblé, C. Serre, D. Hong, Y. Seo, J. Chang, et al., Synthesis and
catalytic properties of MIL-100(Fe), an iron(iii) carboxylate with large pores, Chem.
Commun. (2007) 2820-2822.

G. Férey, Hybrid porous solids: past, present, future, Chem. Soc. Rev. 37 (2008)
191-214.

F. Jeremias, A. Khutia, S. Henninger, C. Janiak, MIL-100(Al, Fe) as water adsorbents
for heat transformation purposes—a promising application, J. Mater. Chem. 22
(2012) 10148-10151.

C. Volkringer, D. Popov, T. Loiseau, G. Férey, M. Burghammer, C. Riekel, et al.,
Synthesis, single-crystal X-ray microdiffraction, and NMR characterizations of the
giant pore metal-organic framework aluminum trimesate MIL-100, Chem. Mater. 21
(2009) 5695-5697.

242

Building and Environment 145 (2018) 234-242

[30] J. Canivet, A. Fateeva, Y. Guo, B. Coasne, D. Farrusseng, Water adsorption in MOFs:
fundamentals and applications, Chem. Soc. Rev. 43 (2014) 5594-5617.

N. Burtch, H. Jasuja, K. Walton, Water stability and adsorption in metal-organic
frameworks, Chem. Rev. 114 (2014) 10575-10612.

Y. Seo, J. Yoon, J. Lee, Y. Hwang, C. Jun, J. Chang, et al., Energy-Efficient dehu-
midification over hierachically porous metal-organic frameworks as advanced
water adsorbents, Adv. Mater. 24 (2011) 806-810.

P. Kiisgens, M. Rose, 1. Senkovska, H. Frode, A. Henschel, S. Siegle, et al.,
Characterization of metal-organic frameworks by water adsorption, Microporous
Mesoporous Mater. 120 (2009) 325-330.

S. Narayanan, X. Li, S. Yang, I. McKay, H. Kim, E. Wang, Design and Optimization of
High Performance Adsorption-based Thermal Battery, (2018).

K. Ng, H. Chua, C. Chung, C. Loke, T. Kashiwagi, A. Akisawa, et al., Experimental
investigation of the silica gel-water adsorption isotherm characteristics, Appl.
Therm. Eng. 21 (2001) 1631-1642.

J. White, Computational Fluid Dynamics Modelling and Experimental Study on a
Single Silica Gel Type B, Modelling and Simulation in Engineering vol 2012, (2012),
pp. 1-9.

ANSI/ASHRAE Standard 55-2013, ASHRAE, Atlanta, 2013.

R. Judkoff, J. Neymark, International Energy Agency Building Energy Simulation
Test (BESTEST) and Diagnostic Method, NREL, National Renewable Energy
Laboratory, Golden, Colo, 1995.

Users Manual for TMY3 Data Sets (Revised), United States, Dept. of Energy,
Washington, D.C, 2008.

[31]

[32]

[33]

[34]

[35]
[36]

[37]
[38]

[39]

Nomenclature

Latin letters

by moisture effusivity kgm~2Pa~1s™1/2

G: moisture transfer in a cycle period gm™
m,: mass of ventilation air kg

m,: mass of indoor air kg

MBYV: moisture buffer value gm~%RH !
M, vapor generation rate kgm ™ >h ™!
Myor: absorption rate kgm~>h~!
Dar atmospheric pressure Pa

ps: saturated vapor pressure P,

Qg latent load kW

1o latent heat of vaporization kJkg™
t: time s

t;: the time when human activities began s
t,: the time when human activities end s
t,: time period s

u: moisture content kgkg™
V,: room volume m?

2

1

1

Greek letters

8, water vapor permeability kgm~'s~'Pa~!
po: dry density of the material kgm ™3

@: relative humidity %

: humidity ratio kg/kgair

ws: humidity of fresh air kg-kga, "
w,: humidity of indoor air kg-kgair ~
@pmo: air humidity ratio without MIL-100(Fe) kgkgai:~*
@ryor: air humidity with MIL-100(Fe) kgkga;, "

1

67


http://refhub.elsevier.com/S0360-1323(18)30575-4/sref7
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref8
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref8
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref8
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref9
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref9
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref9
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref10
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref10
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref10
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref11
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref11
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref11
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref12
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref12
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref12
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref13
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref13
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref13
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref14
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref14
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref14
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref15
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref15
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref16
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref16
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref16
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref17
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref17
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref18
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref18
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref18
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref19
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref19
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref19
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref20
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref20
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref20
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref21
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref21
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref22
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref22
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref22
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref23
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref23
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref23
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref24
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref24
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref25
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref26
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref26
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref26
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref27
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref27
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref28
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref28
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref28
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref29
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref29
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref29
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref29
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref30
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref30
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref31
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref31
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref32
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref32
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref32
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref33
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref33
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref33
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref34
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref34
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref35
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref35
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref35
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref36
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref36
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref36
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref37
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref38
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref38
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref38
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref39
http://refhub.elsevier.com/S0360-1323(18)30575-4/sref39

Journal of Building Engineering 31 (2020) 101345

Contents lists available at ScienceDirect

oo «BUILDING
ENGINEERING

Journal of Building Engineering

journal homepage: http://www.elsevier.com/locate/jobe

ELSEVIER

Check for

Preparation and characterization of metal-organic framework e
/microencapsulated phase change material composites for indoor
hygrothermal control

Pumin Hou, Menghao Qin Y Shuqing Cui, Kan Zu

Department of Civil Engineering, Technical University of Denmark, Lyngby, 2800, Denmark

ARTICLE INFO ABSTRACT

Keywords:

Microencapsulated phase change material
MIL-100(Fe)

Thermal and humidity buffering
Hygrothermal simulation

Building materials with high thermal and hygric inertia can moderate the fluctuation of indoor temperature and
relative humidity, and thus can improve the indoor thermal comfort and reduce the building energy consumption
passively. In this study, a novel hygrothermal control material was prepared based on Metal-Organic Frameworks
(MOFs) and microencapsulated phase change material (MicroPCM). The new MOF/MicroPCM composite has a
dual functionality of adsorption and desorption of both heat and moisture, can offer an accurate passive control
of the indoor hygrothermal environment. N-octadecane was encapsulated by polymethylmetracrylate (PMMA) as
MicroPCM for the thermal buffering. MIL-100(Fe) was prepared by the hydrothermal reaction method as the
humidity buffering material. A series of hygrothermal control composite materials were obtained by grinding
MicroPCM and MIL-100(Fe). Physicochemical properties of the synthesized materials were characterized by
SEM, TEM, XRD, FTIR, Ny physisorption, Water vapor sorption isotherm, DSC and TGA techniques. Hygro-
thermal properties of the composites were analyzed in comparison to pure MicroPCM and MIL-100(Fe). The
thermal and humidity buffering behavior of the composites containing 50% MicroPCM was analyzed by nu-
merical simulations. The results show that the composites possess an excellent thermal and humidity buffer

capacity, which can be used for building energy-saving and improving thermal comfort.

1. Introduction

The building sector accounts for 40% of global energy which is
mainly provided by fossil fuel and corresponding to over one-third of
carbon dioxide emissions [1,2]. Reducing building energy consumption
plays an active part in mitigating global problems such as energy fuel
depletion, environmental pollution, and global warming. Passive design
method is an effective method to reduce building energy consumption
and improve indoor thermal comfort [3,4].

Among various passive design methods, the integration of phase
change material with the building envelope has been widely studied to
improve the thermal inertia and reduce temperature fluctuation [5-7].
However, this solution has little effect on the regulation of relative hu-
midity, which also has a significant impact on building energy con-
sumption and occupants’ comfort [8,9]. Hygroscopic porous materials
can automatically adjust the relative humidity of the indoor environ-
ment rely solely on their own moisture absorption and desorption
properties [10].

* Corresponding author.
E-mail address: menqin@byg.dtu.dk (M. Qin).
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Normally it is difficult to regulate both temperature and humidity at
the same time by a single PCM or porous material. Recently, some re-
searches have combined microencapsulated PCMs with conventional
porous materials (e.g., diatomite, vesuvianite, sepiolite, and zeolite,
etc.) to simultaneously regulate temperature and humidity in the
building [11-13]. These hygrothermal materials show a promising en-
ergy saving potential and the maximal energy-saving rate could be up to
19.57% [14]. However, the conventional hygroscopic materials are
suffering from low moisture absorption capacity and high requirements
for desorption (e.g. high regeneration temperature, etc.) [15]. In order
to make the hygrothermal material have a certain moisture absorption
capacity by simple physical mixing as mentioned in previous research,
the porous material has to occupy a considerable proportion, which will
make the enthalpy of the composite materials greatly reduced. Another
disadvantage is that the pore size distribution of the conventional porous
materials is irregular and the corresponding water adsorption isotherms
do not satisfy the V-type adsorption curve, which is considered to be the
most beneficial for thermal comfort in buildings [16].
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Fig. 1. Schematic representation of the fabrication procedure of (a) MicroPCM and (b) MIL-100(Fe).

Metal-organic framework (MOF) is a new kind of porous crystalline
material with a periodic network structure formed by self-assembly of
inorganic metal nodes and organic linkers [17,18]. MOF is becoming a
promising alternative for moisture adsorption due to its high specific
surface area, permanent porosity, tunable crystalline structure, and
organic functionality [19-22]. MIL-100(Fe) as one of the major crucial
MOF that possesses high water uptake capacity, hydrothermal and cycle
stability [23]. In addition, the main constituent element iron atom is
non-toxic, widely sourced, inexpensive, and environmentally friendly
[24], making MIL-100(Fe) a priority for this work.

In this paper, a series of MIL-100(Fe)/MicroPCM composites were
prepared and studied for temperature and humidity control. Firstly, the
MicroPCM and MIL-100(Fe) were prepared by interfacial polymeriza-
tion [25] and hydrothermal reaction method [24] respectively. Then
two ingredients mixed sufficiently by gridding. The homogeneous
composites were characterized by SEM, TEM, N5 adsorption, XRD, FTIR,
Water Isotherm, DSC and TGA techniques. Finally, the thermal and
humidity buffering behavior of the composites is evaluated by numerical
simulations.

2. Materials preparation
2.1. Raw materials

Methyl methacrylate (MMA), n-octadecane, Sodium dodecyl ben-
zene sulfonate (SDBS) and ammonium persulfate were offered by
Sinopharm chemical. Ferric sulfate nonahydrate (Fe(NO3)3-9H20) and
Benzene-1,3,5-tricarboxylic acid (HsBTC) were purchased from Sigma-
Aldrich. All chemicals used in the experiment are analytical reagents
without further purification.

2.2. Synthesis of MicroPCM

MicroPCMs were prepared by encapsulating the core material n-
octadecane with PMMA using interfacial polymerization. The schematic
production process is illustrated in Fig. 1(a). 21 g n-octadecane and 9 g

MMA were mixed by ultrasonic for preparing the oil phase. 3% SDBS
was added into 30 g distilled water and agitated with 2500 rpm in a flask
at 60 °C for preparing the water phase. Then the oil phase was added to
the water phase and improved the temperature to 80 °C and stirred for
30 min to prepare the O/W emulsion. Finally, 1% ammonium persulfate
solution (0.13 g/ml) of MMA quality was dropwise added into the above
emulsion as initiator and maintained the temperature and stirring rate
until the end of the polymerization after 2 h. The products were covered
by filtration and washed with distilled water 3 times. The white powders
were obtained by vacuum drying at 50 °C for 12 h.

2.3. Synthesis of MIL-100(Fe)

MIL-100(Fe) was prepared by the hydrothermal reaction method.
The schematic production process is illustrated in Fig. 1(b). 5 g Fe
(NO3)3-9H,0 and 1.73 g H3BTC (molar ratio 1.5:1) were dissolved in 1 g
distilled water by sonication for 10 min. Then the solution was trans-
ferred to a 100 ml Teflon-lined autoclave and heated in an oven at 160
°C for 4 h. The obtained reaction product purified using 100 ml distilled
water at 80 °C for 2 h and 100 ml ethanol at 70 °C for 3 h. The products
were covered by filtration at each purification step and washed with
ethanol 3 times. Finally, claybank solid was obtained by vacuum drying
at 150 °C for 12 h.

2.4. Synthesis of MIL-100(Fe)/MicroPCM composites

MIL-100(Fe)/MicroPCM composites were obtained by hand gridd-
ing. Firstly, the MicroPCM and MIL-100(Fe) were dried in a vacuum
oven at 50 and 70 °C for 24 h, respectively. Then different ratios of MIL-
100 (Fe) and MicroPCM were mixed and ground in ambient atmosphere
at least 5 min until homogeneous. Finally, a series of composites con-
taining different proportions of MIL-100(Fe) and MicroPCM were
obtained.
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Fig. 2. SEM and TEM image of MicroPCM (a and b), MIL-100(Fe) (c and d) and MIL-100(Fe)/MicroPCM (e and f).
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Fig. 4. FTIR spectra of as synthesized (a)MIL-100(Fe), (b)MicroPCM and (c)
MIL-100(Fe)/MicroPCM composites.

3. Characterization

Morphologies of the materials were investigated by scanning elec-
tron microscope (SEM; FEI Nova Nano SEM 450) at an accelerating
voltage of 15 kV. Detail structures of the microcapsules were researched
on a transmission electron microscopy (TEM; FEI Tecnai F30) at 200 kV.
N, sorption isotherms were obtained on an ASAP 2020 micromeritics at
—196 °C. Water sorption isotherms were measured by a dynamic vapor
sorption (DVS intrinsic; SMS) instrument. Powder X-ray diffraction
(XRD) patterns were recorded on a diffractometer (Rigaku Smartlab9)
from 2 to 90°. Fourier transform infrared (FTIR) spectra were measured
on a spectrometer (Bruker Verte-80). Differential scanning calorimeter
(DSC) curves were obtained by TA Q200 from —10 °C to 50 °C with the
heating rate of 10 °C/min under N atmosphere. The thermal stability
was tested by thermal gravimetric analyzer (TGA; TA Q50) from
ambient temperature to 600 °C with the heating rate 20 °C/min under
Ny atmosphere.

3.1. Microscopic morphology and chemical characterization

SEM image of the MicroPCM is shown in Fig. 2(a). It can be observed
that the synthesized microcapsules have relatively uniform sizes in
hundreds of nanometers. As illustrated in the TEM image (Fig. 2 (b)) of
MicroPCM, the microsphere is composed of n-octadecane core and
PMMA shell, clearly exhibiting a core-shell structure. Fig. 2(c) and (d)
present the SEM and TEM pictures of MIL-100(Fe), it is obvious that the
MIL-100(Fe) is mainly composed of stick-like crystals. As shown in Fig. 2
(e) and (f), MicroPCM and MIL-100(Fe) were mixed, and some of the
MicroPCM is adsorbed on the surface of the MIL-100(Fe).

XRD patterns of as-synthesized MIL-100(Fe) are presented in Fig. 3
(a). In order to facilitate comparison, the XRD patterns of the simulated
data is also shown in Fig. 3(a). Diffraction peaks of MIL-100(Fe) syn-
thesized in this work at 20 values of 3.4, 4.0, 5.2, 11.0, 14.2, 18.2, 27.6°
are consistent with the simulated one from crystal structure data [26].
The XRD patterns of MIL-100(Fe), MicroPCM and MIL-100
(Fe)/MicroPCM composite mixtures were collected and presented in
Fig. 3 (b). Though the intensities of the diffraction peaks of composite
mixtures attenuated a lot, all peaks in the composite mixtures curve
corresponding to the peaks in MIL-100(Fe) and MicroPCM, indicating
that two substances still retain good crystallinity after grinding mixing.

In order to get the chemical structures and compositions of the ma-
terials, the MIL-100(Fe), MicroPCM and MIL-100(Fe)/MicroPCM com-
posites were studied by FTIR spectra and the results are shown in Fig. 4.
FTIR spectra of as-synthesized MIL-100(Fe) shown in Fig. 4 is similar to
the previous research [27,28], which further confirmed that the
MIL-100(Fe) was synthesized successfully. It can be observed that the
MIL-100(Fe) has a higher purity due to the disappearance of the C=0
stretching vibration around 1714 cm™!, which usually belongs to the
residual H3BTC over from reaction. Compared three spectra curves, the
peak at 3400 cm ™! due to O-H corresponding water can only be found in
MIL-100(Fe) and composites, which means that the MicroPCM is
extremely hydrophobic. FTIR spectra reveal additional bands in the
MIL-100(Fe)/MicroPCM composites corresponding to n-octadecane at
2924 and 2856 cm ™! attributed to the alkyl C-H stretching vibration of
—CH, and-CH3. Besides, the peak at1732 cm ™! denote C=0 stretching
vibrations of the ester group, which acted as a packaging material for
capsuling phase change materials. The peak at 1622 cm ™ is attributed
to the carboxylate groups, which provides interaction between COOH
and Fe ion [29]. While the bands at 1452 cm ™! and 1381 cm ™! are
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mainly due to the symmetric -COOH group. Another two peaks at 760
and 714 cm™! mainly due to C-H bending vibrations of benzene. The
peak at 476 cm ™! stretching vibrations is caused by Fe-O. By comparing
three FTIR spectra curves in Fig. 4, it can be seen that the curve (b)
contained all vibration peaks occurred in the curve (a) and (c), which
confirms that no chemical reaction occurred during the mixing process
of MIL-100(Fe) and MicroPCM.

3.2. Sorption isotherms

Fig. 5(a) presents the N, adsorption-desorption isotherms of MIL-100
(Fe), MicroPCM and composites containing 50% MicroPCM. The
Brunauer-Emmett-Teller (BET) specific surface area and total pore vol-
ume of MIL-100(Fe) and composites containing 50% MIL-100(Fe) is
1672 and 377 m?/g, 0.93 and 0.49 cm3/g, respectively. Both the two
values of the composites are less than pure MIL-100(Fe), which is pri-
marily due to the addition of nonporous MicroPCM. Fig. 5(b) shows the
pore size distributions of MIL-100(Fe) and composites containing 50%
MicroPCM. It was revealed that the pore size distribution of MIL-100(Fe)
changed a lot after being ground with MicroPCM. The pore size of MIL-
100(Fe) dominates at 0.9, 1.4 and 1.7 nm, while the pore size of com-
posites containing 50% MIL-100(Fe) is mainly concentrated around 3.4
nm.

Water adsorption isotherms of MIL-100(Fe), MicroPCM and com-
posites with varying content of MicroPCM were achieved by changing
the relative humidity from 0 to 95% at 25 °C, the results were shown in
Fig. 6. The relative humidity gradient during the test was 10% while the
last step was 5%. When the mass change of the sample in each stage was
less than 0.001%-min?, it was considered that the adsorption reached
equilibrium at this stage and automatically entered the next stage. As
presented in Fig. 6(a), the water adsorption isotherm of MIL-100(Fe)
rises significantly from 20% to 50%, then increases slowly over the
relative humidity, has the characteristic of “S” type. While the
MicroPCM shows linear shape. The water uptake of MIL-100(Fe) at RH
=95% is 57.75%, which indicates that MIL-100 (Fe) as a moisture buffer
material shows great potential in building energy-saving applications
over traditional materials. The water uptake of MicroPCM is 0.85%,
which again confirms its hydrophobicity. According to Fig. 6(b)-(d), the
water uptake of composites was decreased with increasing the
MicroPCM proportion. And the composites containing 30%, 50% and
70% MicroPCM reduced to 30.27%, 24.16% and 15.76%, respectively.
Besides, the adsorption curve changed dramatically by adding
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Fig. 5. (a) N, adsorption-desorption isotherms and (b) pore size distributions of MIL-100(Fe) and composites containing 50% MicroPCM.

MicroPCM. The trigger point of steep adsorption of MIL-100(Fe) moved
from 20% RH to 70% RH. This is caused by the pore size change of MIL-
100 (Fe). Besides, the trigger point of steep desorption moved from 40%
to 70%, which means the composites are easier to desorb than the pure
MIL-100(Fe). Compared the difference of water adsorption isotherm
between pure MIL-100(Fe) and MIL-100(Fe)/MicroPCM composites, it
can be found that the step (between 30% and 40% RH) caused by pol-
ymodal pore size distribution is disappeared as the percentage of
MicroPCM increased to 50%. This can be confirmed from the pore size
distribution of the composites above.

As shown in Fig. 6(b)-(d), the hysteresis loop between the sorption
and desorption curves of composites is wider than pure MIL-100(Fe).
Fig. 7 shows detail hysteresis data of MIL-100(Fe), MicroPCM and the
composites at different relative humidity. It can be observed that the
maximum hysteresis of pure MIL-100(Fe) and composites occurred at
40% and 70%, respectively. And the maximum value shows different
degrees of reduction as the proportion of MicroPCM increased. This may
be caused by two reasons. On the one hand, the addition of nonporous
MicroPCM leads to the reduction of the water uptake. On the other hand,
the PMMA-encapsulated MicroPCM increased the hydrophobicity of the
composites.

3.3. Thermal properties

DSC curves of MIL-100(Fe), MicroPCM and MIL-100(Fe)/MicroPCM
composites are presented in Fig. 8 and corresponding detailed thermal
properties are listed in Table 1. As shown in Fig. 8 that all samples
showed a single endothermic peak except for pure MIL-100(Fe), indi-
cating that MIL-100 (Fe) has no phase transition during the test tem-
perature range and the addition of MIL-100(Fe) does not change the
crystallization form of MicroPCM. As shown in Table 1, both of the
melting temperature (onset temperature) and peak temperature of MIL-
100(Fe)/MicroPCM composites were reduced in various degrees
compared with pure MicroPCM, which may be caused by the surface
tension, capillary action and intermolecular force between the nano-
particles. The enthalpy value reduced rapidly as the proportion of MIL-
100(Fe) increased. This is because both MicroPCM and MIL-100(Fe)
were dried sufficiently before grinding. The MIL-100(Fe)/MicroPCM
composites would adsorb moisture during grinding and the period
before the DSC testing, which directly increased the weight of MIL-100
(Fe) and decreased the relative proportion of MicroPCM.

The thermal stability of the composites with varying content of MIL-
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Fig. 8. DSC curves of MIL-100(Fe)/MicroPCM composites (a)-(e): containing 100%, 70%, 50%, 30%, 0% MicroPCM.

100(Fe) and MicroPCM was measured by a TG analyzer. Fig. 9 demon-
strates the TG results of the composites and Table 2 shows the degra-
dation data including initial decomposition temperature and residual
mass. The weight loss process of MIL-100(Fe) is roughly divided into
three stages [30]. The initial weight loss (about 14 wt%) bellow 100 °C
due to the desorption of free water. The second step (about 13 wt%)
from 100 to 300 °C is ascribed to the loss of bonded water. The last step
(about 31 wt%) occurred at the temperature between 300 and 520 °C is

caused by the decomposition of trimesic acid. The degradation of
MicroPCM has three steps and the initial decomposition temperature
starts at roughly 192 °C and completely loses its weight at around 465
°C. At the first step, the mass drop sharply between 105 and 237 °C due
to the evaporation of octadecane, which is comprised of linear alkane
with low thermal decomposition temperature [31]. The second and
third step was ascribed to the monomer evolution and the random bond
scission of the PMMA shell, respectively [32]. The weight loss rate of the
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Table 1
Thermal properties of composites with varying content of MIL-100(Fe) and
MicroPCM.

Sample  MicroPCM Melting Peak Enthalpy
contents (%) temperature (°C) temperature J/g)

a 100 24.05 28.16 144.20

b 70 22.90 26.27 90.76

c 50 22.67 25.66 44.78

d 30 23.27 25.43 18.45

e 0 - - 0

composites is improved with the increase of the content of MIL-100(Fe)
at the beginning. Along with the rise of temperature, the curves show a
reverse trend. This is because that the weight loss at lower temperatures
is mainly caused by evaporation of water, while the composite with
higher MIL-100(Fe) can adsorb more water vapor. Once the temperature
rises to the thermal decomposition point of octadecane, the weight loss
rate of composites with lower MIL-100(Fe) content will quickly exceed
others. Finally, the composites with lower MIL-100(Fe) have less re-
sidual mass at 600 °C.

4. Hygrothermal buffering behavior of MIL-100(Fe)/MicroPCM
composites

In order to evaluate the effect of MIL-100(Fe)/MicroPCM composites
on the indoor climate of building. Hygrothermal buffering behavior of
the composites containing 50% MicroPCM was analyzed by numerical
simulation [33] using software WUFI Plus. A single-room model was
built based on the case 600 from the International Energy Agency (IEA)
ECBCS Annex 21 [34]. Detail dimensions of the building are shown in
Fig. 10. The selected building faces south with a floor area of 48 m? and
volume of 129.6 m>. Two south-facing double-glazed windows with
dimensions of 2 m x 3 m. The properties of the materials used in
different layers are shown in Table 3. It should be noted that the
underfloor insulation assumed with the minimum density and specific
heat. The light weight building was assumed in Rome with a typical
Mediterranean climate. The mechanical ventilation rate is 0.5 ACH for
the whole day. The case 600 model with hygrothermal buffering
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material installed 2 cm thickness composites containing 50% MicroPCM
on the internal wall. For comparison, the reference room added 2 cm
thickness plasterboard.

Figs. 11-13 show the fluctuation in indoor temperature and hu-
midity for a typical summer week in July. Compared with the reference
room, the room with MIL-100(Fe)/MicroPCM composites has a signifi-
cant reduction of periodic fluctuations in temperature. This is mainly
due to the thermal storage of phase change material. It can be seen from
Figs. 12 and 13, both of the relative and absolute humidity have smaller
amplitudes for room with MIL-100(Fe)/MicroPCM composites. This is
because that the composites show good buffering capacity that can
absorb and release moisture.

Further analysis found that the greater the temperature and relative
humidity difference between day and night, the great the advantages of
MIL-100(Fe)/MicroPCM composites for indoor hygrothermal control.
For example, the temperature difference between day and night on July
1 was 9 °C and the relative humidity difference was 39% RH. For the
room with MIL-100(Fe)/MicroPCM composites as enclosure, the tem-
perature and moisture content at 2:00 p.m. were 30.5 °C and 16.38 g/kg,
respectively. While for the reference room with plaster, the temperature
and moisture content were 33.6 °C and 18.0 g/kg, respectively. Con-
clusions can be drawn that the MIL-100(Fe)/MicroPCM composites can
make full use of the temperature and humidity gradient between day
and night and significantly reduce the daytime peak temperature and
moisture content.

Table 2
TG data of composites with varying content of MIL-100(Fe) and MicroPCM.

Sample  MicroPCM Initial decomposition Residual mass at
contents (%) temperature (°C) 600 °C (%)

a 100 192.2 0

b 70 168.9 26.7

c 50 168.4 34.2

d 30 49.9 35.3

e 0 49.0 40.5

100

80

60

40
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20

100 200

300 400 500 600

Temperature (°C)

Fig. 9. TG curves of MIL-100(Fe)/MicroPCM composites (a)-(e): containing 100%, 70%, 50%, 30%, 0% MicroPCM.
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Table 3
Properties of the envelop materials.
Construction Material Thickness Dry density Porosity Specific heat Thermal conductivity uWw/ Vapor diffusion
(m) (kg/ms) (m®/m®) capacity (J/kg-K) (W/m-K) m2K) resistance (—)
Wall (outside to Ext surf coef 29.3
inside) Wood siding 0.009 530 0.666 900 0.14 15.556 53.1
Fibreglass quilt 0.066 12 0.99 840 0.04 0.606 1.3
Plasterboard 0.012 950 0.61 840 0.16 13.333 9
Int Surf Coef 8.29
Floor (outside to Insulation 1.003 1 0.01 1 0.04 0.04 500
inside) Timber flooring 0.025 650 0.47 1200 0.14 5.6 200
Int Surf Coef 8.29
Roof (outside to Ext surf coef 29.3
inside) Roofdeck 0.019 530 0.1 900 0.14 7.368 13
Fiberglass quilt 0.1118 12 0.99 840 0.04 0.358 1.3
Plasterboard 0.01 950 0.61 840 0.16 16 9
Int Surf Coef 8.29
Window Double glazing - 2500 - 750 1.06 3 -

unit
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Fig. 11. Outdoor and simulated indoor temperature of reference room and room with MIL-100(Fe)/MicroPCM composites.
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Fig. 13. Absolute humidity of reference room and room with MIL-100(Fe)/MicroPCM composites.

5. Conclusion

In this study, MicroPCM synthesized as thermal buffering material
and MIL-(100) synthesized as humidity buffering material. A series of
composites containing different proportions of MicroPCM and MIL-
(100) were obtained by gridding two ingredients. The hygrothermal
properties of the composites were characterized by experimental mea-
surements. Hygrothermal buffering behavior of the composites con-
taining 50% MicroPCM in a lightweight building was obtained by the

10

simulation method. The results show as follows.

(1) When the content of MicroPCM in the composites is more than
50%, the trigger point of steep adsorption and desorption of MIL-
100(Fe)/MicroPCM moved from 20% to 40% RH to 70% and 70%
RH, respectively. That means composites are easier to be regen-
erated than pure MIL-100 (Fe), which will increase its application
in passive buildings.
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(2) There is no chemical reaction between the MicroPCM and MIL-

3

100(Fe) by simple grinding. The addition of MIL-100(Fe)
doesn’t change the crystallization form of MicroPCM. The
enthalpy decreased with the increase of MIL-100(Fe) in the
composites. The temperature and humidity control ability of
composites has a trade-off relationship.

Numerical results show that the composites show excellent
thermal and moisture buffering behavior. Compared with the
same thickness of the plasterboard, the composites can signifi-
cantly reduce the temperature and humidity fluctuations. Thus
the comfort of the room with MicroPCM/MIL-100 (Fe) compos-
ites is improved.
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HIGHLIGHTS

® Moisture buffer values (MBVs) under different boundary conditions are proposed.
® Time-average MBV is introduced to calculate the indoor moisture conditions.

® A new moisture buffer value model (MBM) is developed for building simulation.
® The MBM model can provide a fast and accurate indoor moisture prediction.

ARTICLE INFO ABSTRACT

Keywords: Hygroscopic materials could be used to passively regulate indoor moisture fluctuations, and thus reduce building
Moisture buffering energy consumption. It is essential to accurately calculate the moisture buffering effect in building energy si-
MBV tests mulations. However, in many building simulation tools, moisture buffering has been neglected. In those building
Modelling

tools that include moisture model, moisture buffering either has been estimated by very simple approximations
or has been calculated by complex coupled heat-air-moisture transfer models that require orders of magnitude
more computing time than simple energy prediction. Here, we have developed a new moisture prediction model
with fast solution time and reasonable accuracy based on the moisture buffer value (MBV) theory. The MBV was
originally designed to evaluate the moisture buffering capacity of building materials. Little research has been
carried out to directly use MBV for building energy simulations. This paper first investigates MBVs under dif-
ferent boundary conditions. Secondly, a time-average MBV has been proposed, and its parameters can be ob-
tained from the practical MBV test. Finally, comparison tests between the new moisture buffer value model
(MBM) and other moisture prediction models have been carried out. The results indicate that the MBM can
provide a fast and reasonably accurate prediction for indoor moisture variation.

Indoor moisture prediction

(refers to the temperature changes), but latent load (refers to the hu-
midity changes) remains unchanged. This urges the improvement of

1. Introduction

In the process of achieving the desirable thermal comfort, more and
more buildings are supplied with heating, ventilation and air-con-
ditioning systems (HVAC) to reach the demand, while its usage is re-
sponsible for more than 50% of primary energy used within building
blocks [1]. This continuous growth of building energy consumption has
drawn people’s attention on the energy-efficient control of hygro-
thermal conditions, and it is noted that latent cooling load accounts for
around 40% of the total load of air-conditioning, and its proportion is
even higher in many tropical and subtropical climates [2]. As the
building codes have become much stricter, the improvement of in-
sulation technology have contributed to the decrease of sensible load
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E-mail address: menqin@byg.dtu.dk (M. Qin).
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indoor humidity regulations. It is known that a wet environment may
cause fungus growth and hence people are susceptible to respiratory
diseases and allergies, while dry environment leads to skin allergy and
eye irritation etc. [3]. Furthermore, moisture accumulation within the
material of a building envelop can lead to degradation of organic ma-
terials, metal corrosion and structure deterioration [4,5]. The most
commonly used dehumidification method is vapor-compression air-
conditioning powered by electricity. This system is energy consuming
and has a low coefficient of performance (COP) due to the refrigeration-
dehumidification process, which often makes necessary a great deal of
subsequent re-heating [6]. Some research have indicated that one
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Nomenclature

a Air exchange rate G

A Contact surface area (m?)

c Vapor concentration (kg m™>)

c Equilibrium vapor concentration (kg m™3)

Co Constant component of the indoor vapor concentration (kg
m~%)

Cair Vapor concentration of indoor air (kg m~3)

Csat Saturated vapor concentration (kg m~%)

D Moisture diffusivity (m?s™hH

G Moisture gain (kg s~ 1)

Gy The accumulated moisture mass (kg s~ 2)

MBV Moisture buffer value (g m~2%RH ')

N Ratio factor (m™1)

Paat Saturated vapor pressure (Pa)

t Time (s)

Periodic time (s)

Air velocity (m s™1)
Indoor volume (m®)
Spatial coordination (m)

x < < 1

Greek letters

P Density of hygroscopic material (kg m ™)
u A dimensionless function related to the time ratio
£ Moisture capacity (kg kg™ 1)
@ Relative humidity (%)
) Vapor transfer coefficient (kg m-ts™H
Srotal Lumped total vapor transfer coefficient (kg m s
D Moisture flux (kg m~2s™1)
Harmonic phase (s~ %)
y Time ratio (h h™1)

promising approach to control indoor moisture fluctuations within a
desirable range is to use hygroscopic materials to benefit the moisture
buffering (i.e. adsorption and desorption) at indoor surfaces [7-9].

Indoor humidity conditions have a significant effect on building
energy consumption (e.g. latent load), thermal comfort of residents and
indoor air quality [8]. The relative humidity (RH) in a building is
mainly affected by the following factors: internal moisture sources or
sinks, ventilation and infiltration, air-conditioning equipment, and
moisture buffering (adsorption and desorption) of indoor hygroscopic
materials. Many energy consumption models have ignored the last
term, which may lead to overestimation of peak latent loads [10,11].
Moisture buffer capacity of building materials has been defined to
disclose the phenomenon that hygroscopic materials can adsorb
moisture from the ambient air when the indoor relative humidity rises,
and release moisture to the ambient air when the indoor relative hu-
midity drops [7,10,12]. It is a promising passive method to achieve
moisture control or regulation without adding energy costs.

Over the past decades, many researchers have investigated the
moisture-buffering phenomenon from the aspects of theory, experiment
and simulation [4,13-16]. Time [17] proposed the method to char-
acterize the moisture buffer effect of hygroscopic materials. Then
Padfield [18] has investigated the effect of different adsorbent building
materials on indoor moisture variation in detail. Simonson et al. [19]
have experimentally and numerically proved that the hygroscopic
wood-based materials can reduce the peak of indoor humidity and
improve the perceived air quality. In 2005, Rode et al. [14] have in-
troduced the concept of Moisture Buffer Value (MBV) in NORDTEST
project, which represents the weight change of test samples when
subjected to cyclic relative humidity variations under the set tem-
perature. The test protocol proposed by NORDTEST defines the cyclic
RH step-change between 75% of high humidity level for 8 h and 33% of
low humidity level for 16 h. The amount of moisture exchanged during
the adsorption or desorption period per exposed surface area and per %
RH variation gives the practical MBV in kg m~%(%RH) '. Table 1
presents the different MBV test protocols [14,20,21].

The MBV theory was originally developed to evaluate the moisture
buffering capacity of different building materials. Although the defini-
tion and test method of MBV is clear and easy to understand and con-
duct, its application in building simulation is very limited. Little re-
search has been carried out to directly use MBV for building energy
simulations. There are two main obstacles: (1) the NORDTEST assumes
that the indoor moisture variation is a square-wave function that is very
rare in real built environment; (2) the ideal MBV formula has ignored
the surface resistance between the material and indoor air, while the
measured MBV has taken into account the influence of moisture re-
sistance at the material surface.

Regarding the indoor moisture prediction, some numerical models,
such as the effective capacitance (EC) model [22,23], the effective
moisture penetration depth (EMPD) model [22,24,25] and the coupled
heat, air and moisture transfer (HAMT) model [22,23,26] have been
developed and interagted into building energy simulation tools (e.g.
EnergyPlus, WUFI Plus, TRANSYS etc.). The EC model uses a moisture
capacitance multiplier to estimate the moisture buffering effect, which
is an improvement over neglecting the moisture buffering of the ma-
terials entirely. However, it does not appropriately model the physical
process of moisture adsorption and desorption at the material surface,
and the multiplier is empirical and difficult to predict for different
materials. The effective moisture penetration depth (EMPD) [8,10]
model is based on the assumption that the moisture transfer takes place
between the zone air and a thin fictitious layer of uniform moisture
content of thickness dgyvpp. There are two formulations of the EMPD
model. The one-layer EMPD model only has a thin surface layer to
account for short-term transients, and may cause errors in energy si-
mulations [27]. The two-layer EMPD model has introduced a deep layer
for long-term moisture events, but the model is isothermal and the
thickness of deep layer is empirical [22]. Abadie et al. [25] have de-
veloped an EMPD based lumped model for building simulation. The
parameters in the model can be determined from the MBV test concept.
Many researchers have developed finite-difference models (i.e. the
HAMT models) to predict the moisture transport in hygroscopic mate-
rials. The HAMT model is more physically realistic than the EC and
EMPD models, but it requires much more computation time (10%-10*
longer than the EC model [22]). In addition, the HAMT model requires
many material properties and parameters (e.g. permeability, porosity
and sorption isotherm etc.) that are normally difficult to obtain. There
is a need to develop new moisture models with fast solution time and
reasonable accuracy. Since the moisture buffer value indicates the
quantity of water vapor absorbed or released by hygroscopic materials
when a periodic variation of RH imposed at its surface directly, it is
possible to evaluate and predict the indoor moisture variations by di-
rectly using the MBV theory and test method.

The purpose of this paper is to develop a new moisture prediction
model based on the theory of moisture buffer value (MBV). The paper
first investigates the MBV under different boundary conditions. A ratio

Table 1
Different test protocols of Moisture buffer.

Time intervals (h) RH range (%)

NORDTEST [14] 8/16 33-75
DIS 24353 [20] 12/12 33-53; 53-75; 75-93
JIS A 1470-1 [21] 24/24 33-53; 53-75; 75-93
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factor has been introduced by mathematic deduction to convert MBVs
from square wave to harmonic wave. Secondly, a time-average MBV has
been proposed, and a lumped vapor transfer coefficient containing the
surface resistance will be introduced, which can be obtained from the
normal MBV measurements. Finally, comparison tests between the new
moisture buffer value model (MBM) and other moisture prediction
models (e.g. EC, EMPD and HAMT models) have been carried out.

2. Theory deduction

Indoor humidity load generally exhibits a cyclic variation in a day.
Such variation, taking place at the surface of hygroscopic materials,
leads to moisture adsorption or desorption between indoor air and the
materials. For homogenous porous materials, it is possible to obtain
analytical solutions for moisture transfer under cyclic boundary con-
ditions. One-dimensional governing equation of moisture transfer in
porous materials can be expressed as below [12]:

s _ e 5
ot ox?  p&ax? 1)

where c is vapor concentration [kg m ~3]; p and ¢ are density [kg m ™3]
and moisture capability of materials [kg kg™'], respectively; D is
moisture diffusivity [m? s7'; & is vapor transfer coefficient [kg
m ™~ !s™!]. Derived from the analogy of heat transfer, Eq. (2) correlates
moisture flux @, [kg m~2 s~ 1] with vapor concentration variation.

d dc 0
Oy =——2 =6

Csat OX ox (2)

The corresponding initial and boundary condition can be described

as:

{t =0, c(x) = C(Initial condition);

x =0, gfi = N (cqr — ¢)(Boundary condition);

where N is ratio factor (N = %) [m~']; R is the surface resistance [Pa
m? s kg~ '1; c,;, is the vapor concentration for indoor air [kg m~>]; C is
the initial vapor concentration [kg m~%]. The boundary condition here
indicates the balance of moisture gradients at the interface between the
air and material.

In the present analysis, the temperature is set as a constant, which
eliminates the thermal effect on hygroscopic materials, and therefore
makes it reasonable to assume that moisture properties of the materials
are constant. The vapor transfer coefficient (8) is measured by the cup
method (see appendix A).

2.1. The ideal MBV

The ideal MBV represents the weight change of hygroscopic mate-
rials when subjected to cyclic relative humidity variations. Within a
periodic time T, the surface condition of materials with time is a yT
hours of high humidity (chign) followed by (1-y)T hours of low humidity
(ciow)- The boundary conditions can be expressed as:

| Chighs 0<t<yT
- Ciow, YT <t <T 3)

By using Fourier transform that can convert the square wave func-
tion of Eq. (3) into the sum of simple waves mathematically represented
by sines and cosines, the indoor vapor concentration variation can be
rewritten as [12]:

< t . nat
ct)=C+ Z (A,,cosE + B,,smﬂ)
n=1 T T (4)

where

1 pT nrt
A, = ? -/—‘T CQ(f)'COSTdt =

Chigh — Cl . .
u(smynn’ — sin(1 — y)nn)
nw
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1 T . nmut
B, = T ./:T Co (t)-sdet
Chigh — Clow

= —— (1 + cosnm — cosynw — cos(l — y)nrw)
ni

A
C= 70 = YChigh + (1 - y)clow

From the Eq. (4), it can be found that the variable items against time
include sine and cosine function. However, C is a fixed value de-
termined by the value of high humidity, low humidity and the time
period ratio of high humidity. It has no influence on the moisture flux
against time [12,25]. Therefore, it’s neglected in the following discus-
sion. Based on those harmonic function items
(Z:’:l (Ancos"Tm + anin"Tm)), the moisture flux over the surface of ma-
terials can be presented from Egs. (1)-(3) as:

Do (1)
[se)
A, [am . nmt B, [nm . nmt w
= = [e0epfcos(—— + —) + — Sepsin(— + —))
ngl ca N T T 4 sat T 4

)

The accumulated moisture uptake/release G, can be evaluated and
simplified as [14]:

Gu= [ " Go(0)dt = 1.27(y (1 — )y o 5o
0 Csat (6)
All hygroscopic materials will reach to an equilibrium state after
several cycles, which means the amount of moisture uptake equals to
that of moisture release. During the time interval with high humidity,
air moisture is transferred towards the materials. Thus, by using Egs.
(4)—(6), the ideal moisture buffer value under a square-wave moisture
variation can be can be defined as:

V/OTpE

Gy 5
MBVigea = =127(y(1 — p))0 35—
Ideal ARH (}’ ( )’)) 100 (7)

2.2. MBV under a harmonic wave of indoor humidity

When considering a real living space, the indoor moisture variation
will more likely change in a fluctuant wave but not a square wave
mentioned above. It is hard to maintain a constant high/low humidity
level without the assistance of mechanical systems in built environ-
ment, thus it is improper to use the ideal MBV (obtained under square
wave) to directly evaluate the cyclic moisture uptake in real conditions
[25,28]. Mathematical deductions can pave the way for the transfor-
mation of MBVs under different climates. The conversion from the
square-wave to the harmonic-wave humidity change is presented in this
section. Similar to the square-wave moisture variation, the assumed
indoor vapor concentration variation in the real condition can be ex-
pressed as:

- — . m
C+(Chigh — c)smy—Tt, 0<t<yT

¢+ (¢c— clow)sinﬁt, yI<t<T )
where ¢ is the equilibrium vapor concentration of material [kg m™>].
Under a certain condition (23 °C, y = 0.5), Eq. (3) and Eq. (8) can
be described as in Fig. 1, which has clearly shown how indoor vapor
concentration varies within a periodic time T (24 h).
According to its harmonic change during the cycle, the moisture flux
of sorption process can be written as [12]:

Chigh —C [T LT T
Do aa(t) = ——— SpEsin(—t + =
0_ad (1) o )T o€ si (yT 4) ©

Then the accumulated moisture mass (G,, 44) can be integrated by
Eq. (9) from O to yT.
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Fig. 1. Square-wave and harmonic-wave vapor concentration variation
(33-75% RH).

—

Chi ¢ |yT
high — }’ 5p§

G, =2
v =T N (10)

The desorption process is similar to the adsorption process, the in-
tegrated equation can be written as:
— Clow \(1 V)T

9§

G, :2
e G V7 an

When it comes to an equilibrium state, the moisture uptake is equal
to the moisture release, so the only unknown parameter ¢ can therefore
be evaluated by Eq. (12).

= Chigh\/7 + Clowx/l -Y
N 12)

Plugging the Eq. (12) into Eq. (10), the accumulated moisture mass
can be written as:

G. = Chigh — Coyp \/y(l -7 ‘5/3§T
v Csat N I T 13)
Compared with Eq. (7), MBVyarmonic €an be expressed as:
G 1— —0.035
MBViarmonic = ARV;‘I = OvSSS%MBV}dml = ﬂ(y)MBV}deal

(14)

where the time interval v is the only independent variable to the ratio
factor p. In addition, Eq. (14) indicates that for a complete cycle, the
moisture uptake (or release) under the harmonic wave is different from
that the under square wave due to the ratio factor p(y), which is always
less than 1.

In Fig. 2, the ratio factor p characterizes the accumulated mass
change under different boundary conditions. The vapor transfer coef-
ficient is given as 1.0 x 10 8kgm ™' s, and the density and moisture
capacity keeps constant as 800 kg m ™2 and 0.1 kg kg~ 7, respectively.
When time interval y approaches to 0.5, the accumulated mass reaches
the maximum, but the ratio factor p decreases to the minimum.

2.3. Time-average MBV

As a material property, the ideal MBV represents the total amount of
water vapor exchanged during the adsorption or desorption period. It is
not suitable for building energy simulation, which is normally based on
the hourly data. Therefore, a time-average MBV has been proposed.
First, the cycle has been divided into several time intervals /\t, then
considering the MBVs under different boundary conditions that have
been presented in previous section, the expression of time-average MBV
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at time t; can be defined by:

ft1+Az® (6)dt
MBV;i="1 "~
! At % ARH (15)
For square wave:
MBYV,

0
Z nn-é-pé’cos(n—m + 5+
n=1 Chigh — Clow T T 4

sm(n—m + —)]

B mr
_on \/ T Sept
Chigh — Clow T

e

For harmonic wave:

Chigh — C
Bl -5p§sm(—t + —)
Chigh — Clow }/T (1 7)

It can be found that the time-average MBYV is related to the average
moisture flux over one time step. Within one time step, the value can be
approximated with a constant. In the real condition, the time-average
MBV can be obtained from the MBV test, so the moisture flux at any
time interval can be calculated by Eq. (17). Note that /AARH is a con-
stant equal to the maximum RH difference in a day. In building simu-
lation, the RH difference can be estimated when considering the air
exchange and indoor moisture gain.

MBYV, =

2.4. Surface resistance

In the building physics literatures it is usually assumed that the
surface resistance to transfer of moisture in vapor form is nearly zero or
insignificant, and some researchers [14,29] indicate that the intrinsic
moisture transfer resistance is larger than the surface resistance.
However, Roels et al. demonstrated that it is unreasonable to ignore the
influence of external resistance over the materials in the real building
simulation [10]. It is important to note that the ideal MBV is char-
acterized at the Material level [14,25] by using standard material
properties (e.g. moisture effusivity, vapor transfer coefficient etc.) ob-
tained under stationary conditions. The practical MBV is characterized
at the System level [14,25] that represents the material-environment
combination, which is a function of the moisture effusivity, the air RH
variation period and the air-film resistance [14]. This may be the main
reason that discrepancy exists between the ideal MBVs and practical
ones.

Here, in order to include the system-level surface resistance in the
ideal MBV formulas, a lumped total vapor transfer coefficient (8;o¢a1)
has been introduced. This lumped value combines the surface moisture
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Fig. 2. The correlation of accumulated moisture mass under different boundary
conditions.

82



K. Zu, et al.

transfer and the vapor diffusion across the material and thin air layers
to be a lumped coefficient, in which all factors related to the vapor
transfer is considered. This lumped total vapor transfer coefficient can
be easily obtained from the MBV test by data fitting. The procedure will
be described in the following experiment section. In this paper, the
lumped total vapor transfer coefficient (8o1) Will be used to replace
the vapor diffusion coefficient (8) in the above MBV deductions. Then
the new MBVs together with indoor moisture gain and ventilation will
be used to calculate the indoor moisture variation.

3. Experimental method

The MBV test has been carried out to measure the time-average
MBV and other parameters required in the moisture flux calculations.
The amount of moisture uptake/release with time under both the
square wave and harmonic wave conditions have been recorded with
the nearly same airflow condition in the following simulation. The
material used in the tests are MIL-100(Fe), which is a kind of Metal-
Organic Frameworks (MOFs). MOFs are a new class of porous crystal-
line materials that consist of metal clusters and organic linkers. Owing
to their high porosity and large specific surface, MOFs are promising
sorbents for water vapor. As shown in Fig. 3, the sorption isotherms
indicate that MIL-100 (Fe) has a high moisture adsorption capacity due
to the polymodal pore size distribution [30,31]. Meanwhile, recent
research [31] shows the MBV of MIL-100(Fe) with 0.92 cm® g Lof pore
volume and over 1600 m?*g~! of surface area could be up to
15 gm~>RH ™! at 8 h, which is 33 times higher than the laminated
wood. Here, all measurements last until the system reaches an equili-
brium.

3.1. MBYV test

The climate chamber can provide a constant temperature at 23 °C as
shown in Fig. 4. The test sample (diameter: 26 mm; thickness: 20 mm)
was prepared with all sides sealed except one exposed to the air inside
the climate chamber. Before test, the sample was dehydrated at 50 °C in
an oven, and then put in the climate chamber cooling down to the set
temperature. The mix of dry air and saturated air in proportion reg-
ulates the RH of the climate chamber, and the heater controls the
chamber temperature. The temperature and humidity were measured
by sensors and regulated by PID regulator. A fan stirred the chamber air
to keep the climate chamber in an even hygrothermal condition.

During the MBV test, the sample was hung on the supporter con-
nected to the balance. For the square wave measurement, the test
condition refers to the NORDTEST protocol test (0.1 m/s of airflow
condition over the material surface). The test cycle consists of 12 h of
high RH (75%) and 12 h of low RH (33%) [14]. As for the harmonic
wave measurement, the RH changes from 33% to 75% within a day
(here y equals 0.5). Then the mass change of the test sample was re-
corded every minute in terms of moisture uptake or release, and au-
tomatically plotted by the connected computer. The tests were con-
ducted in several cycles until the mass change was below 5% for the last
three days.

3.2. Results and discussion

Fig. 5(a) shows that a sharp change appears when vapor con-
centration switches from high level to low level and vice versa. How-
ever, under a harmonic vapor concentration variation in Fig. 5(b), it
presents a more continuous change, which is much closer to the real
condition. The moisture flux change with different boundary conditions
show a different evolution. Based on the mathematic deduction de-
scribed in the Section 2, the calculated moisture flux over time matches
well with the measured results, thus it is reasonable to calculate the
lumped total vapor transfer coefficient (8;a1) by fitting the curve of the
MBYV tests. In Table 2, it can be seen that MBV using lumped total vapor
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transfer coefficient (8;4:a1) is much closer to the measured MBV. The
remaining gap may be the error during the experiments. Therefore, the
method of fitting curve is capable of providing a reasonable value to the
following simulation. In the MBV tests, the lumped total vapor transfer
coefficients under different boundary conditions (i.e. square wave and
harmonic wave) are very much alike. So in this paper, the value of
lumped total vapor transfer coefficient (8iora) is set an average
(1.6 x 1077 kg m~'s™1), and it considers all transfer resistances to be
a symbolically lumped parameter for simulation (detailed calculation
steps are presented in the Section 4), which is a more reliable value.

4. Indoor moisture simulation

In the following part, the numerical prediction of the indoor relative
humidity variation will use the MBM model (i.e. the harmonic MBV
model) followed by the corresponding results and analysis. The lumped
total vapor transfer coefficient (8,05 obtained from the MBV tests will
be applied to the proposed MBM model for indoor moisture simulation.
The procedures are the following:

e Measurements of the moisture uptake or release between the test
samples and its surrounding air when the samples are subjected to
square-wave moisture variation and harmonic moisture variation of
the surrounding air, respectively.

® Curve fitting evaluation of the experimental data to obtain the
lumped total vapor transfer coefficients that include the surface
resistance. These parameters (8;,ta) could be estimated by taking
the Egs. (5) and (9) as the fitting functions, respectively. Software,
such as Matlab, Origin, etc., can be used to create user-defined
functions employing Egs. (5) and (9) to calculate the parameters.

e Determination of the expression of time-average MBV (Eq. (15)) and
calculation of the ideal MBV in Egs. (7) and (14) by using the
lumped total vapor transfer coefficients.

e The integration of the expression of time-average MBV, and calcu-
lation of the indoor vapor balance equation.

The present case measured the mass variation of test sample sub-
jected to square-wave and harmonic-wave vapor concentration varia-
tion, respectively. A 24-h periodic relative humidity varies from 33%
RH to 75%RH under a constant temperature (23 °C) at which the sa-
turated vapor concentration is 20.5 g m™~ >, The sample’s properties
mainly include material density (790 kg m™2), moisture capacity
(0.45 g g~ 1. The corresponding experiments set y equal to 0.5 under
different boundary conditions.

In view of the correlation between the water uptake/release of
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Fig. 3. Sorption isotherms of MIL-100 (Fe).
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hygroscopic materials and the moisture buffer capability, MBV affects
the indoor moisture balance. The theory deduction indicates that the
ideal MBV characterizes the material property without considering the
surface resistance and environmental impact, while the time-average
MBV represents the feedback to the indoor moisture variation against
time through the lumped total vapor transfer coefficient (8¢ota)).- The
moisture buffer phenomenon at the room level is related to exposure
areas of the surface materials, moisture load, ventilation rate and in-
door climate etc. The following simulation takes the BESTEST bench-
mark building geometry as a reference shown in Fig. 6 [32].
The indoor vapor balance equation can be expressed as:

= Experiments
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Table 2
The measured parameters under different boundary conditions.

Square Harmonic wave
wave

Lumped total vapor transfer coefficient (MBV 1.52 1.69

test) (x10~7 kg m~ s

Measured MBV (g m~2 RH% 1) 11.9 8.3

Calculated MBV using 8or; (g m™2RH% 1) 13.1 9.1

Ideal MBV (g m~2RH% %) 20.8 13.7

V9 Z ey — )V + G + AsMBV,+ARH
a0 : (18)

where a is air exchange rate [h~ 11; G is moisture gain [kgh™ 11; Ais the
surface area of the moisture buffer material [m?]; V is indoor volume
[m®].

The room size is 8 m X 6 m X 2.7 m, and the wall thickness is
20 cm. A wall panel made of MOF-100(Fe) is installed on the west wall
to act as the moisture buffer material (see Fig. 6), and the surface area
of the wall panel is 12 m? with a 15 mm of thickness. The total vapor
transfer coefficient is 1.6 X 1077 kg m~'s™', a more accurate value
obtained from the experimental measurements. All external surfaces of
this room are assumed impermeable and waterproof, which means
there is no moisture transfer across the building envelopes. The indoor
moisture variation is mainly affected by the moisture adsorption or
desorption of the wall panel made of moisture buffer materials. The
initial indoor air concentration is set 6.15 g m ™, and the outside air
concentration varies as a 24 h harmonic function starting from
6.15 ¢ m~ > with an a (=0.5) ACH of air exchange rate. Additionally,
moisture perturbations occurred between 9:00 am and 5:00 pm with a
0.5 kg h™! of moisture gain. The calculation of indoor vapor balance is
conducted by using Eq. (18) with an explicit discrete scheme. The
moisture flux over the surface of materials is calculated by: (1) the finite
volume method (with a 0.01 m of spatial step and a 1/60 h of time
step); (2) the EMPD model and (3) the MBM model (under harmonic
vapor concentration variation).

Fig. 7 shows the indoor moisture variation when a periodic moisture
gain occurs. Since the HAMT model has been widely validated against
both experimental tests and analytical solutions [22,23,26,33], we as-
sumed that the results from HAMT is correct. The MBM model appears
to be the most accurate. We quantify this accuracy by calculating the
percent difference between the indoor humidity predicted by the HAMT

= Experiments
— Fitting curve

Moisture flux (10° kg/m 2s)

24

Fig. 5. Measured average moisture flux under a 24-h vapor concentration variation (RH = [33%, 75%]). a) Square wave; b) Harmonic wave.
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model and that predicted by the other models at each time step. The
errors are presented in Fig. 8, where the bins are centered at the label
on the x-axis.

Fig. 8 shows that the MBM model matches the HAMT model
within = 2.5% at all time steps and is within + 1% for more than 45%
of the simulation. One possible reason to the small differences (or er-
rors) between the MBM model and the HAMT model might be that the
current MBM model is isothermal and the HAMT is non-isothermal. The
minor temperature change due to the adsorption heat may affect the
value of relative humidity, and the error from the experimental setup
may bring the uncertainty (i.e. the response of humidity sensor) to the
moisture variation prediction as well. Nevertheless, compared with the
results from other models, the MBM model is outperforming the EC and
EMPD model [22] in the prediction of indoor humidity variation. Since
the EC model simplifies moisture buffer effect into a single moisture
capacitance multiplier, the result from the EC model is far from that of
the HAMT model with errors up to 20%. The EMPD model is also less
accurate than the MBM model as it matches the HAMT within + 1% for
only 20% of the simulation.

As to the computing time of the MBM model, it is close to that of the
EC model, which is 2-4 orders of magnitude faster than the HAMT
model [22]. In summary, the MBM model can provide a fast and rea-
sonable prediction for indoor moisture variation.

5. Conclusion

Moisture buffering of indoor hygroscopic materials has a significant
effect on indoor moisture condition and building energy consumption.
This paper has developed a new moisture prediction model — the MBM
model, which is based on the theory of the moisture buffer value
(MBYV). Since the MBV from NORDTEST was originally designed to
classify the moisture buffering capacity of different building materials,
some improvements of the MBV theory have been proposed to make the
MBYV suitable for building simulation. First, the theoretical MBV under a
harmonic-wave indoor moisture variation has been proposed, which is
more practical than the original MBV obtained under the square-wave
test for calculating indoor moisture condition in the near real condition.
Although the ambient RH in a building room may not vary exactly like
a harmonic wave, it is not deviating too much from a harmonic con-
dition, and the conversion of MBVs under different climate can be
achieved in a mathematical deduction [28]. Meanwhile, the surface
resistance between the material and indoor air has also been taken into
account. Secondly, the time-average MBV has been developed and in-
tegrated into the vapor balance along with the transformation to a
harmonic-wave variation. From this perspective, the time-average MBV
can directly correspond to the hourly moisture uptake or release of
materials when indoor RH increases or decreases.

In order to get the required parameters for the MBM model, the
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MBV tests under both the square-wave and harmonic-wave moisture
variation have been carried out. Curve fitting evaluation of the ex-
perimental data can provide the fitting parameters for the calculation of
indoor humidity conditions. Finally, comparison tests between the new
moisture buffer value model (MBM) and other moisture prediction
models (e.g. EC, EMPD and HAMT models) have been carried out. The
results indicate that the MBM model can provide a fast and reasonable
prediction for indoor moisture variation.

Although the current MBM model is isothermal, and the tempera-
ture effect on MBVs has not been considered, the proposed model does
work well to predict the indoor moisture variation. Further research
will be carried out to investigate the temperature effect (e.g. adsorp-
tion/desorption heat) on the MBV and indoor hygrothermal conditions.
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The isothermal cup method was used to measure the vapor transfer coefficient of the material. The saturated salt solution (NaCl, sodium chloride)
provides a constant relative humidity (75.3 *= 0.12% at 25 °C) inside the cup. The cup was placed in a climate chamber with a constant temperature
and relative humidity (33%, 23 °C). Then a vapor pressure gradient appears across the test sample. The cup test was conducted under the conditions

of a constant temperature and a given RH difference.

Fig. A1 shows the schematic of the cup method test. The weight change of the cup with time was measured regularly until the mass loss reaches a

steady state. The vapor transfer coefficient can be expressed as:

5= &
ARH

Climate chamber

(A1)

Thickness d

Sealing

Diameter

! Saturated salt solution |

i

Fig. Al. Schematic of cup method.

where g, is the moisture flow (kg s™1), d is the thickness of the sample (m), and ARH is the difference of relative humidity on both sides of the
sample. In this case, the thickness is 1.5 cm; the diameter of the test sample is 2.5 cm. The vapor transfer coefficient of MIL-100(Fe) can thus be

calculated, and it is 2.82 X 107 kg m~* s 1.

It is important to note that the vapor transfer coefficient from the cup method is a material level property under stationary conditions, which is
normally different from the lumped total vapor transfer coefficient of the system level obtained from the MBV test [14].
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