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Abstract 
Carbon neutral actions have dramatically changed the structure of the current energy 
market in the balance of carbon emissions and removals. In the past decades, building 
energy consumption has increased yearly and accounted for more than one-third of 
primary energy, contributing to a considerable part of total carbon emissions (40%). The 
built environment control in an energy-efficient way will determine the volume of the 
overall building energy consumption. Traditional control methods have been developed 
over the years but are still energy-intensive. However, in recent years, desiccant-based 
built environment control gained much more interest due to their flexible system 
structures and low energy consumption. The main drawback of this system lies in the 
poor performance of the selected desiccant, such as silica gel and zeolite, thus ongoing 
research on novel materials is indispensable.  

Metal-organic frameworks (MOFs) are novel nanocrystal materials that have varieties of 
tunable structures and enable customized structure design based on the specific 
application, and represent the cutting edge of the available porous materials. Most MOFs 
have a strong adsorption affinity on water vapor uptake and mild regeneration conditions. 
Therefore, the overall scope contributes to investigating the potential applications of 
novel materials such as MOFs to the built environment control. With the pursuit of 
energy-efficient moisture control, a series of discoveries have been concluded. The present 
thesis includes three parts: i) the investigation of the moisture buffering performance on 
MOFs; ii) the dynamic performance of MOF coatings in actual conditions; iii) the 
fabrication and optimization of a novel humidity pump using MOFs. 

In the first study, the moisture buffering performance of MOFs has been quantified by 
using experimental and numerical approaches. The experiments include the 
measurements of the practical moisture buffer value (MBVprac) and the determination of 
moisture properties of MOFs to calculate the MBVideal. Variation in the mass change of 
MOFs was continuously recorded as the MOF samples were attached to a balance. The 
measured results showed that MIL-100(Fe) has the maximum MBV compared with MIL-
160(Al) and Al Fum, which is 10 times higher than traditional materials, such as 
laminated wood. Afterward, the numerical calculation was conducted to investigate the 
effect of moisture buffering performance using MIL-100(Fe) on the building energy 
consumption, which indicated that MIL-100(Fe) has excellent moisture buffering 
performance under dry, semi-dry, and temperate climates. Moreover, the mathematical 
deduction on moisture buffering theories with different boundary conditions shows 
excellent potential for predicting the indoor moisture variation. Based on Fick’s law, the 
relationship of moisture flux under different boundary conditions (square wave and 
harmonic wave) can be obtained and further modified by the MBV tests. The results show 
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that this MBV model can predict indoor moisture variation well when referred to the 
HAMT model. 

The sorption dynamics of MOFs has been experimentally and numerically investigated. 
The equilibrium uptake and kinetics of MOFs have been measured to obtain the 
corresponding isothermal model and linear drive force model, all of which have high R-
squared. Based on these models, a dynamic sorption model has been built to predict the 
dynamic sorption performance of MOF coatings, and the measured results matched well 
with the simulated ones, indicating the high fidelity of the model. The parametric studies 
were then performed on the dynamic sorption model, and the results demonstrated that 
different factors, such as operation variables (i.e., cycle time, time ratio, regeneration 
conditions), material properties (i.e., crystal size, diffusivity, porosity), and the coating 
thickness could affect the net volumetric uptake. Different MOFs have different degrees 
of impact on the dynamic sorption performance under different surrounding air conditions.  

The final work includes the fabrication, experiments, and simulation of a MOF-based 
humidity pump, aiming to achieve fast moisture regulation for a specific space. A MIL-
100(Fe) based humidity pump was running with twice as much the dehumidification 
capacity and dehumidification coefficient of performance (DCOP) as a silica gel-based one, 
and the operation variables, including cycle time, supply power, and air velocity, can 
significantly affect the practical dehumidification performance and energy consumption. 
Moreover, this device was reported to have a fast humidity response when it comes to a 
high humidity condition. According to the symmetry of the unit channel, a CFD model 
was then proposed to disclose the correlation between flow field and heat and mass 
transfer, which is validated by a MIL-160(Al) based humidity pump.  The simulated 
results have shown that the changes in the geometry of the unit channel and airflow state 
will change the flow field and then the dehumidification performance and the energy 
consumed. Subsequently, a lumped model on the MOF-coated humidity pump is 
constructed and validated to predict the overall performance of the device on the 
dehumidification performance, and the results indicated that this model could provide 
reasonable accuracy in predicting the outlet air conditions. The humidity pump proposed 
here provides a new dehumidification path and gives new insight into the application of 
MOFs on the built environment control. 
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Resumé 
CO2-neutrale tiltag har dramatisk ændret strukturen på det nuværende energimarked i 
balancen mellem kulstof emissioner og fjernelser. I de seneste årtier er energiforbruget i 
bygninger steget årligt og tegnede sig for mere end en tredjedel af primærenergien, 
hvilket bidrager til en betydelig del af de samlede CO2-emissioner (40 %). Den byggede 
miljøstyring på en energieffektiv måde vil bestemme omfanget af det samlede 
bygningsenergiforbrug. Der er udviklet traditionelle kontrolmetoder i årenes løb, men er 
stadig energiintensive.  I de senere år har de tørremiddelbaserede bygningsmiljøstyring 
imidlertid fået langt større interesse på grund af deres fleksible systemstrukturer og lave 
energiforbrug. Den største ulempe ved dette system ligger i den dårlig udførelsen af den 
valgte tørremiddel, såsom silicagel og zeolit, hvorfor igangværende forskning om nye 
materialer er uundværlig.  

Metal-organiske rammer (MOF'er) er nye nanokrystalmaterialer, der har sorter af 
tunable strukturer og muliggør tilpasset strukturdesign baseret på den specifikke 
applikation, og repræsenterer forkant med de tilgængelige porøse materialer. De fleste 
MOF’er har stærk adsorption affinitet på vanddampoptagelse og milde 
regenereringsbetingelser. Derfor bidrager det overordnede omfang til at undersøge om de 
potentielle anvendelser af nye materialer, såsom MOF'er, til det byggede miljø. Med 
jagten på energieffektiv fugtkontrol er en række opdagelser blevet afsluttet. Nærværende 
afhandling omfatter tre dele: i) undersøgelse af fugtbufferens ydeevne på MOF'er; ii) 
MOF-belægningernes dynamiske ydeevne under faktiske forhold iii) fremstilling og 
optimering af en ny fugtighedspumpe ved hjælp af MOF'er. 

I den første undersøgelse er mof'ernes fugtighedsbufferydelse blevet kvantificeret ved 
hjælp af eksperimentelle og numeriske tilgange. Forsøgene omfatter målinger af den 
praktiske fugtbufferværdi (MBVprac) og bestemmelse af fysiske egenskaber for MOF'er 
til beregning af MBVideal. Variationen i masseændringen af MOF'er blev løbende 
registreret, da MOF-prøverne blev fastgjort til en balance. De målte resultater viste, at 
MIL-100(Fe) har den maksimale MBV sammenlignet med MIL-160(Al) og Al Fum, 
hvilket er 10 gange højere end traditionelle materialer, såsom lamineret træ. Derefter 
blev den numeriske beregning udført for at undersøge effekten af fugtbufferydelse ved 
hjælp af MIL-100 (Fe) på bygningens energiforbrug, hvilket indikerede, at MIL-100 (Fe) 
har den bemærkelsesværdige fugtbufferydelse under tørre, halvtørre og tempererede 
klimaer. Desuden viser det matematiske fradrag på fugtbufferteorier med forskellige 
grænseforhold et fremragende potentiale for at forudsige den indendørs fugtvariation.  
Baseret på Fick's lov, forholdet mellem fugt flux under forskellige grænseforhold 
(firkantet bølge og harmonisk bølge) kan opnås og yderligere ændret ved MBV tests. 
Resultaterne viser, at denne MBV-model kan forudsige indendørs fugtvariation godt, når 
der henvises til HAMT-modellen. 
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Sorptionsdynamikken i MOF'er er eksperimentelt og numerisk undersøgt. 
Ligevægtsoptagelsen og kinetik for MOF'er blevet målt for at opnå den tilsvarende 
isotermiske model og lineære drivkraftmodel, som alle har høj R-kvadreret. Baseret på 
disse modeller er der bygget en dynamisk sorptionsmodel til at forudsige den dynamiske 
sorptionsydelse af MOF-belægninger, og de målte resultater matchede godt med de 
simulerede, hvilket indikerer modellens høje troværdighed. De efterfølgende 
parametriske undersøgelser blev derefter udført på den dynamiske sorptionsmodel, og 
resultaterne viste, at forskellige faktorer, såsom driftsvariabler (dvs. cyklustid, 
tidsforhold, regenereringsbetingelser), materialegenskaber (dvs. krystalstørrelse, 
diffusivitet, porøsitet) og belægningstykkelsen kan påvirke nettovolumetrisk optagelse. 
Forskellige MOF'er har forskellige grader af indvirkning på den nettovolumetrisk 
optagelse under forskellige omgivende luftforhold. 

Det sidste arbejde omfatter fremstilling, eksperimenter og simulering af en MOF-baseret 
luftfugtighedspumpe, der sigter mod at opnå hurtig fugtregulering for et bestemt rum. 
En MIL-100 (Fe) baseret luftfugtighedspumpe kørte med dobbelt så meget 
affugtningskapacitet og affugtningskoefficient af ydelse (DCOP) som en silicagelbaseret 
pumpe, og driftsvariablerne, herunder cyklustid, forsyningseffekt og lufthastighed, kan i 
høj grad påvirke den praktiske affugtningsevne og energiforbrug. Desuden blev denne 
enhed rapporteret at have en hurtig fugtighedsrespons, når det kommer til en tilstand 
med høj luftfugtighed. Ifølge enhedskanalens symmetri blev der derefter foreslået en 
CFD-model for at afsløre sammenhængen mellem strømningsfelt og varme- og 
masseoverførsel, som valideres af en MIL-160 (Al) baseret luftfugtighedspumpe. De 
simulerede resultater har vist, at ændringerne i enhedskanalens geometri og 
luftstrømstilstand vil ændre strømningsfeltet og derefter affugtningsydelsen og den 
forbrugte energi. Efterfølgende konstrueres og valideres en klumpet model på MOF-
belagt luftfugtighedspumpe til at forudsige enhedens samlede ydelse på 
affugtningsydelsen, og resultaterne indikerede, at denne model kan give rimelig 
nøjagtighed i at forudsige udblæsningsluftforholdene. Fugtighedspumpen, der foreslås 
her, giver en ny affugtningssti og giver ny indsigt i anvendelsen af MOF'er på den byggede 
miljøstyring.  
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Nomenclature 
Latin letters 

a Air exchange rate 1/h 
A Surface area m2 

beff Moisture effusivity kg/(m2·Pa·s0.5) 
cb,c0 Vapor concentration kg/m3 
cp Specific heat capacity J/(kg·K) 
d Thickness of test sample m 
Dc Critical diameter  m 
De Moisture diffusivity m2/s 
Dr Dehumidification rate g/h 
Ds Intracrystalline diffusivity m2/s 
Dv Intercrystalline diffusion m2/s 
DCOP Dehumidification coefficient of performance - 
gv Slope of a curve of weight loss against time kg/s 
G Accumulated moisture uptake kg/m2 
G’ Moisture gain kg/h 
h Heat transfer coefficient W/(m2·K) 
hin, hout Air enthalpy kJ/kg 
hm Mass transfer coefficient kg/(m2·s) 
K Equilibrium constant - 
L, W, H Length, width, height m 
Δm Net mass change kg 
m0 Limiting uptake kg/kg 
Nu Nusselt number - 
P Vapor pressure Pa 
Pe Power consumption W 
Pr Prandtl Number - 
Ps Saturated vapor pressure Pa 
Patm Atmospheric pressure Pa 
Δp Difference of vapor pressure Pa 
qah Isosteric heat kJ/mol 
qa Mass flow rate kg/h 
ΔQ Adsorption characteristics energy J/mol 
R Molar gas constant J/(mol·K) 
Re Reynolds number - 
Ri Thermal resistance of i K/W 
Rv Gas constant of vapor J/(kg·K) 
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t Time  s 
T Temperature K 
Tcyc Time period s 
Um Volumetric uptake kg/m3 

V Volume m3 

Y Humidity ratio g/kg 
 

Greek letters 

α Heterogeneity factor - 
β A fitting parameter - 
ρ Density  kg/m3 
ω Water vapor uptake kg/kg 
ωeq Equilibrium uptake kg/kg 
φ Relative humidity - 
δ Vapor transfer coefficient kg/(m·s) 
δp Vapor permeability kg/(m·s·Pa) 
ξ Specific moisture capacity kg/kg 
Ф Moisture flux kg/(m2·s) 

ε Porosity - 
η Moisture removal efficiency g/Wh 
θ Fractional water vapor uptake - 

λ Thermal conductivity W/(m·K) 

µ Dynamic viscosity  kg/(m·s) 
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Chapter 1  

Background 

The dramatic climate change has driven the intensive increase in the built environment 
control, and it is attractive to find an energy-efficient built environment control method 
to relieve the global warming problems. Since traditional air-conditioning methods 
consume a large amount of primary energy, many have focused on exploring the built 
environment control using desiccants. The coupled heat and mass transfer mechanism of 
traditional materials, such as silica gel and zeolite, has been explored in the past century 
through experiments and simulation tools, but the overall performance is slightly 
improved due to the poor performance of materials. In this regard, the new way forward 
may be the exploration of novel materials and the corresponding system design. Metal-
organic frameworks (MOFs) are novel nanocrystal materials that combine two chemical 
disciplines (inorganic and organic chemistry) and have the chemical properties of both 
inorganic and organic materials. It is reported that most MOFs have remarkable sorption 
performance (i.e., adsorption capacity and regeneration) and thus are promising 
candidates for built environment control. However, only a few studies have reported these 
materials for large-scale applications, especially in the built environment. This chapter 
systematically studies the potential of MOFs from material-level analysis to system-level 
applications. It aims to fill some of the gaps in moisture transport in MOF-based systems.  

Parts of this chapter are published in:  

K. Zu, M. Qin, S. Cui. Progress and potential of metal-organic frameworks (MOFs) as 
novel desiccants for built environment control: A review, Renewable and Sustainable 
Energy Reviews, 133 (2020) 110246. 
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1.1 Development of MOFs for moisture control 

According to the World Meteorological Organization (WMO) Provisional Report on the 
State of the Global Climate 2020, heat-trapping greenhouse gases in the atmosphere will 
reach a much higher level, leading to a worldwide temperature rise and thus the surge in 
the air humidity level. Benefitting from the technological upgrade of the contemporary 
era, people’s living environment has evolved from spaces with entirely passive regulation 
into more comfortable and air-conditioned ones. However, it has been reported that the 
energy consumption of air conditioning systems represents more than 40% of the total 
building energy consumption. Traditional cooling dehumidification, for example, cools the 
air below the ambient dew point to remove both sensible and latent loads, but it gives rise 
to a large amount of energy waste owing to the low trigger temperature in latent load 
removal [1, 2]. Therefore, the critical problem inside air-conditioned zones is how to 
achieve independent control of temperature and humidity in an energy-efficient manner 
[3, 4]. The American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) recommend 45%-65% of relative humidity (RH) as the comfort zone in 
residential zones and an excess or deficiency in the accumulated moisture will cause 
discomfort to human beings and damage to household furniture [5]. To achieve these 
goals, desiccant materials have been introduced for investigation with traditional air 
conditioners, and extensive studies have been devoted to the exploitation of novel 
desiccants with high sorption kinetics and capacity and milder regeneration conditions 
[6, 7]. 

According to their morphology, desiccants can generally be divided into liquid and solid 
phases. As many problems are inherent to liquid desiccants, such as bulky and 
complicated systems prone to metal corrosion, solid desiccants are a promising method 
for indoor moisture control [8, 9]. Traditional materials, such as zeolites and silica gels, 
have been used in air-conditioning systems but are incapable of achieving high-
performance moisture control owing to their strict regeneration temperature or low work 
capacity [10, 11]. Therefore, many research efforts have focused on exploiting novel solid 
desiccants, which can improve the overall system performance in terms of moisture 
transport. Recently, some micro/mesoporous materials, such as metal-organic 
frameworks (MOFs), have emerged as potential alternatives to the currently used 
materials [9]. MOFs consist of metal-related clusters (or metal-based nodes) and organic 
ligands bridged by strong chemical bonds. This unique topology provides open 
frameworks with ordered structures [12, 13], and their high structural flexibility and 
porosity make MOF materials promising candidates for sorption-based systems [14]. 
Moreover, many MOF materials bear an S or sigmoidal shape (a sharp change within a 
narrow P/P0) isotherm, which means a sharp rise appears in a narrow relative pressure 
range. This increase is directly related to the unique sorption mechanisms of MOF 
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materials but does not depend on the formation of solid bonding sites inside the crystalline 
frameworks, thus partly explaining their mild regeneration conditions [15]. 

To date, 80000+ MOFs have been reported and proposed; however, only a handful of 
studies have reported their distinct advantages over traditional materials used in built 
environment control [16, 17]. One critical challenge is the fast screening of available MOF 
materials:  

 Long-term cycle stability is a precondition to avoid the degradation of the interior 
structure [10]. Only a few structures have proved good hydrothermal stability after 
tests comprising thousands of cycles [18-21], whereas most MOF materials have 
reported undergoing only dozens of cycles in the lab-scale;  

 The working capacity (adsorption and desorption) affects the working efficiency. A few 
studies have reported MOF-based open solid desiccant systems (directly contacting 
ambient air) for built environment control. Other applications such as water 
harvesting [22, 23] and sorption-based closed systems (e.g., heat pumps [24-30] and 
adsorption-based refrigeration [20, 31-33]) can also provide additional information 
about the basic hydrothermal properties of MOFs;  

 The intrinsic properties determine the application scenarios. It is generally preferred 
to select green, safe, and cost-effective materials for practical applications [34].  

The other challenge is to classify MOF materials to fit the climate conditions. MOFs such 
as MOF-801 [35], MOF-841 [36], MIL-160 [24, 37], CAU-10 [38], and Co2Cl2(BTDD) [39], 
have better working capacity within the 0%- 30% RH range, while MIL-100 (Cr, Fe, Al) 
[26, 40], MIL-101(Cr) [41], Cr-soc-MOF-1 [42], Y-shp-MOF-5 [21], and UiO-66 [36] show 
a high working capacity within the 30%- 65% RH range. In particular, Y-shp-MOF-5 [21] 
and Cr-soc-MOF-1[42] have demonstrated autonomous humidity control capability 
within a desirable range for the built environment (the 45%- 65% RH recommended by 
ASHRAE). MOFs such as PIZOF-2 [36] and MIL-53(Al)-OH [43], which start adsorption 
at high relative pressure (i.e., >65%), have the narrowest operation range (from RHtrigger 

point to 1). The shape of the isotherms reflects the adaptability of MOFs to different climatic 
conditions [44, 45]. Thus, the ongoing work on the screening and classification of MOFs 
should be intensively discussed. Fig. 1.1 shows the sorption capacities of some 
representative materials in different relative pressure ranges. 
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Fig. 1.1 Water vapor uptake of some desiccants within different relative pressure 
ranges. 

1.2 Compositions and intrinsic properties of MOFs 

Standard preparation of MOFs requires metal clusters derived from metal salts and 
organic ligands with or without solvents. Fig. 1.2 shows the time history of MOF synthesis 
[46]. 

 
Fig. 1.2 Development of MOF synthesis in the past decades. 
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MOFs possessing desirable structures can be tuned by exchanging metal ions, ligands, or 
solvents. 

 Metal ions: Metal clusters bond with organic groups. In the past decades, MOF 
materials with many metal clusters of different valences have been reported, such as, 
the divalent metal ions Cu2+, Zn2+, Zr2+, Ni2+, Co2+, Mg2+ and Cd2+ [29, 38, 48-50], 
trivalent metal ions Fe3+, Cr3+, and Al3+ [26], and even tetravalent ions Ti4+ and Hf4+ 
[51, 52]. In addition, many studies have focused on lanthanide series (i.e., Ce, Pr, and 
Eu) and mixed metals [10, 53, 54].  

 Ligands (organic linkers): Ligands that exist between two neighboring metal clusters 
are like the support of an actual building. The intrinsic structure of the ligands can 
determine the hydrophilicity/hydrophobicity of the pore surface. According to the 
network topology, the longer the ligands are, the larger the pore surface area, thus 
providing more adsorption sites and storage space. The most commonly used ligands 
that have been reported in the synthesis of MOFs include 1, 3, 5- benzene tricarboxylic 
acid (BTC), terephthalic acid (TPA), thiophene- 2, 5- dicarboxylic acid (TDC), fumaric 
acid, and biomass-based 2, 5- furandicarboxylic acid (FDCA) [39, 40, 52, 55]. 

 Solvents: Solvents can provide the most benign reaction environment for the synthesis 
of MOF materials, for example, the pH value, can tune the formed structures of MOF 
crystals. Exceptionally, some MOFs can be prepared without using a solvent, that is, 
by mechanochemical synthesis. In addition, solvents have been shown to change the 
thermodynamics and activation energy of a specific reaction. The most commonly used 
solvents include water, ethanol, acetone, and ethyl acetate. A few non-green solvents, 
such as dimethyl sulfoxide, tetrahydrofuran, toluene, formic acid, should be used by 
strictly following standard procedures [56, 57]. 

In addition to the flexible components of MOF materials, their intrinsic properties have 
prompted the development of network topology designs, post-synthesis modification, and 
multivariate MOFs. The interaction between the adsorbent and adsorbate corresponds to 
the intrinsic properties of MOFs. 

Metal sites  

One crucial characteristic discovered in MOF structures is the abundance of 
coordinatively unsaturated metal sites, in which guest molecules (i.e., organic solvents) 
can be coordinated after the preliminary synthesis [58]. Therefore, heating in a vacuum 
oven is critical for removing those unwanted guest molecules before practical use. These 
exposed sites generally have strong polarity, thus playing a vital role in adsorption at the 
early stage. Correspondingly, more recovered unsaturated metal sites can enhance the 
water vapor uptake of MOFs [59-61].  
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Modification 

In addition to metal clusters, the flexibility of the intrinsic structure allows the 
modification of MOF materials [62, 63]. Some functional groups have been grafted into 
the ligands to regulate the hydrophobicity/hydrophilicity of MOFs (changing the trigger 
point P/P0) and then tune the shape of the isotherms. Some hydrophilic functional groups, 
such as -NO2 (nitro), -NH2 (amino), and -OH (hydroxyl), have been used in the synthesis 
of MOFs [64-69]. Compared with the original MOFs, the functionalized MOFs are highly 
tunable in the isotherms but at the expense of surface area and pore volume. In addition, 
other studies have extended MOF structures through ligand exchange in the previous 
framework. This method means that it is possible to make MOFs with identical topology 
and unique functions. An example of this case is HKUST-1 [Cu3(BTC)2], which evolves 
from a tritopic ligand (BTC) to TATB, and further to BBC. The volume of the last analog 
is 17.4 times larger than that of the original HKUST-1 [70]. Accordingly, the topology 
extension can provide more adsorption sites for diverse functionalities. Recently, some 
studies have exploited MOF-based composite materials. For example, to strengthen the 
heat and mass transfer of adsorbents, inorganic salts (e.g., CaCl2 @UiO-66), and carbon 
substrates (e.g., MIL-101(Cr)@graphene oxide) have been combined with MOFs, 
maintaining a high water vapor uptake capacity [71-75].  

Pore 

MOFs consist of many metal clusters and organic ligand units encompassing void spaces, 
resulting in porous structures from a microscopic view. Thus, pores have a specific effect 
on the sorption performance of MOF materials [76]. The flexible selection of metal clusters 
and organic ligands leads to the diversity of the internal structures, thus creating a wide 
range of surface areas, from hundreds to thousands of m2/s, with ultrahigh porosity [77] 
and different pore cage sizes [78]. Moreover, the reported synthesis methods of MOFs also 
indicated that the reaction conditions could lead to an intrinsic structure, allowing 
flexibility during the synthesis. Commonly used methods include the control of residence 
time, feed mass, and reaction temperature. 

1.3 Water vapor adsorption mechanisms 

The water vapor adsorption mechanism of MOF materials has drawn much attention, 
and it can be divided into three subgroups: chemisorption, physisorption, and capillary 
condensation.  

Chemisorption in metallic clusters: Owing to the strong polarity of the unsaturated metal 
sites, these sites inside MOFs evolve into vital adsorption nodes [79], which can form 
initial adsorption sites, subsequently followed by weaker sites. Because there is a strong 
interaction between these unsaturated metal sites and water molecules, a large amount 



 

21 

 

of thermal energy is required to regenerate MOFs completely, which is not a beneficial 
factor for solid desiccant systems. Moreover, some studies have found that repeated 
ad/desorption cycles on water vapor at these sites may gradually degrade the entire 
framework [60, 80].   

Physisorption in layers or cluster adsorption (reversible): Surface water molecules 
initially gather at the hydrophilic surface sites (i.e., hydroxyl), where the water molecules 
are adsorbed as nucleation sites, and then they gather into large water cluster zones. As 
these dispersed water cluster zones are connected, consecutive moisture transport occurs 
from the ambient air to the surface of the pores [81]. This mechanism is observed in some 
MOFs and is similar to conventional materials such as activated carbon. 

Capillary condensation (irreversible):  MOFs are known for their uniform pore size, and 
most of them are microporous (<2 nm) or mesoporous (2-50 nm) materials. First-order 
phase transitions (i.e., capillary condensation) can be observed in mesoporous materials 
as a synergistic effect. In contrast, microporous MOFs can only observe second-order 
phase transitions (i.e., reversible pore filling). As many mesoporous MOFs have hysteretic 
isotherms for water vapor uptake, Coasne et al. [81] summarized the criticality inside 
pores, where the critical diameter (Dc) can be estimated by: 

 𝐷𝐷𝑐𝑐 = 4𝜎𝜎𝑇𝑇𝑐𝑐
𝑇𝑇𝑐𝑐−𝑇𝑇

  (1.1) 

Where σ is the size of the adsorbate molecule (e.g., water is 2.8 Å), T is the temperature, 
and Tc is the critical capillary temperature. According to this theory, Canivet et al. [54] 
identified the hysteresis loop in the isotherms of many mesoporous MOF materials. 
Further, Coudert et al. [82] found that some MOF materials with pore sizes of <2 nm have 
hysteresis loops, and this phenomenon is generally accompanied by the deformation of 
the inner frameworks [88]. 

1.4 Selection criteria of MOFs for applications in the built 
environment 

MOFs with distinctive intrinsic properties and adsorption mechanisms have been 
described in the previous sections. Here, some selection criteria are discussed in detail to 
assess MOF materials for sorption-based applications, mainly from the material property 
level, that is, stability, performance, and safety, and from the manufacturing technology 
level, such as scalability. The former level refers to the material design, while the latter 
depends on the improvement of the industrial level. Fig. 1.3 shows the order of these 
criteria on a scale of 1 to 3.  
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Fig. 1.3 Selection criteria of MOFs for the built environment control. 

 Stability 

Despite the remarkable features of MOF materials, the progress of using MOF materials 
in the built environment is still heavily debated. One of the primary reasons for this is 
poor long-term stability. Given the volatile climate of the built environment, MOF 
materials can quickly undergo decomposition after moisture exposure. Thus, it is 
preferable to select promising candidates from a group of MOFs with high stability. 
Canivet et al. [14] comprehensively reviewed the stability of MOF materials in the 
presence of water vapor and based on these results, the relationship between their 
structure and stability was summarized concerning the strength of metal-ligand bonds 
and the degradation mechanisms (i.e., ligand displacement and hydrolysis [29, 83-90]). 
Lange et al. [16] summarized the stability of MOF materials in an adsorption-based heat 
pump, and different attempts were made to enhance their stability. In addition, Burtch 
et al. [17] conveniently classified the water stability of MOFs in terms of thermodynamic 
and kinetic regimes, as shown in Fig. 1.4, and then defined four levels of stability. 
However, the relationship between the thermodynamic and kinetic control of the stability 
of MOF materials is still under debate [91].  

Level 1

Level 2

Level 3

Stability:

-Thermodynamic stability

-Kinetic stability

Performance:

-Water uptake

-Shape of isotherm (‘S’)

-Regeneration conditions

-Dynamic performance

-Thermal properties

Scalability & safety:

-Kilogram or ton-scale

-Toxicity

-Nonflammability

-etc.
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Fig. 1.4 Stability mechanism of MOF materials in the aspect of structural properties 
[17]. 

 Performance 

An actual sorption-based system needs to consider the water vapor uptake, regeneration, 
and sorption dynamics of the selected desiccants. Lenzen et al. [20] indicated that a 
regeneration temperature of <80℃ can significantly improve sorption-based cooling 
systems. Moreover, high water vapor uptake and dynamic performance can shorten the 
unit cycle time and reduce the overall system volume. Consequently, MOFs with high 
water capacity, dynamic sorption, and mild regeneration conditions are prioritized to 
assess their performance. 

Isotherm is an effective characterization method for porous materials to provide more 
information about the water vapor uptake and affinity to water molecules 
(hydrophilicity/hydrophobicity) [54]. Water vapor uptake and affinity to water molecules 
cooperatively determine the net cyclic capacity. For example, the level of affinity 
corresponds to the level of difficulty for the adsorbed water molecules to break away from 
the pore surface, signifying the regeneration conditions. As exhibited in Fig. 1.5, the 
International Union of Pure and Applied Chemistry (IUPAC) classifies six types of 
isotherms [92]: microporous (I), macroporous, and nonporous (II, III, VI), and mesoporous 
(IV, V). However, many researchers have focused on adsorbents with type V isotherms for 
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sorption-based systems [11]. Type I, II, IV, and step-like type VI isotherms show a sharp 
increase at low relative pressures, requiring more thermal energy to regenerate the 
adsorbents completely. Some traditional materials, such as zeolite (I) and silica gel (II), 
have been reported to regenerate at temperatures greater than 100 ℃ [93]. Type III 
isotherms belong to the hydrophobic group, which only works in an extremely high 
humidity region. In general, the selection criteria except dynamic performance should 
possess a sorption capacity of at least 0.2 gH2O/g of water capacity and < 90 ℃ regeneration 
temperature. 

Dynamic sorption is related to the adsorption and desorption equilibrium (or 
ad/desorption rate) in cycles, which is time-dependent. Thomas et al. [94] initially 
reported sorption tests on traditional adsorbents. Subsequently, an increasing number of 
experimental studies on activated carbon and silica gel have been conducted [95, 96]. 
Recently, the dynamic nature of MOFs has been investigated utilizing in-situ EDXRD 
[65] and thermogravimetric analyses [97]. Solovyeva et al. [98] measured the dynamics of 
MOF-801 in terms of adsorption cooling. Considering the isosteric heat released during 
the adsorption process, materials with a highly dynamic nature can produce a large 
amount of accumulated heat, significantly weakening the sorption performance (e.g., 
desiccant wheel (DW)). An ingenious combination of heat transfer and sorption processes 
will make MOFs suitable for future applications [72, 99-102].  

 

Fig. 1.5 Classification of isotherms based on IUPAC [92]. 
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 Scalability 

There is a wide gap between material synthesis and practical utilization, which requires 
massive production of materials with the required quality. In an actual built 
environment, an open solid desiccant system may require kilograms or tons of MOF 
materials to maintain the indoor humidity level, while only several milligrams or grams 
of MOFs are sufficient for lab-scale measurement. Marta et al. systematically reviewed 
recent synthesis routes to scale up MOF production. Two critical problems influence the 
scalability of MOF materials [103]: synthesis methods and raw materials. In the past 
decades, the synthesis methodology of MOFs has been greatly improved, and the time 
spent was lowered from several days or months to hours or minutes by the emerging 
methods [104], thus contributing to the reduced time cost of scale-up production. 
However, subsequent washing and activation processes to remove the remaining solvents 
increase the initial and overall investment. Fig. 1.6 presents the basic processes for MOF 
production. Therefore, studies on optimizing the synthesis and post-synthesis methods 
are required. In addition, raw materials directly affect the availability of MOF materials, 
especially for large-scale preparation. It is highly recommended to use cost-effective and 
green raw materials to prepare MOFs. To date, many studies have reported the successful 
production of some MOFs for large-scale production [6, 16, 105-107], and it is believed 
that an increasing number of MOFs can be scaled up by upgrading industrial 
technologies. 

 

Fig. 1.6 Processes to the MOF production [103]. 

 Safety 

Toxicity is considered one of the most critical factors for evaluating the reliability of MOF 
materials. As for a building environment, selecting green and nontoxic materials has the 
top priority because there may be direct contact with human beings. Among the raw 
materials for MOF synthesis, including metal clusters, ligands, and solvents, the use of 
environmentally unfriendly chemicals should be reduced or even abandoned. For 
example, green metal clusters (e.g., Al, Fe, Cu, etc.) are regarded as promising 
alternatives to Cr-based MOFs in terms of toxicity [34, 107-109]; green solvents, such as 
water, ethanol, and ethyl acetate, are preferable to less green solvents, including formic 
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acid, dimethyl sulfoxide, and dimethyl formamide [31, 34]; and ligands derived from 
natural or biomass-based products (e.g., 2, 5-furandicarboxylic acid) are good options for 
assembling ideal MOFs. In addition, some other potential safety hazards, such as 
inflammability and bacteriostatic activity, have specific effects on the application of 
MOFs. 

1.5 Potential application scenarios 

In general, an open solid desiccant system is configured to handle the temperature and 
humidity load of the air-conditioned space, where the desiccants directly contact the 
indoor air to achieve heat transfer and moisture transport. According to the working 
principles, open solid desiccant systems can be divided into passive and active types. A 
passive-type system can take advantage of the nature of desiccant materials to reduce the 
moisture fluctuation by adsorbing or releasing water vapor in an autonomous way 
(depending on the indoor humidity level) [110-113]. An active-type system consists of an 
adsorption loop (dehumidification) to dry the process air, and a regeneration loop 
(humidification) to reject the trapped water vapor. The last type requires a large amount 
of energy input, for example, solar energy, electricity, or wind energy, depending on the 
intrinsic properties of the desiccant (e.g., zeolite, ~100 ℃; MOF, 50~90 ℃) [11, 20, 99, 
114]. 

Based on the above reviewed MOF materials, the highly tunable structures of MOFs 
provide a good foundation for the hygrothermal control of the built environment. For 
material-level applications, the optimal MOF materials should bear hundreds and 
thousands of hydrothermal cycling tests and possess remarkable performance. However, 
in real-life situations, the vagaries of the natural climate may result in difficulties in 
selecting the ideal MOFs. Therefore, the requirements of the ideal MOFs at the system 
level should be qualified as follows: 

 In an active-type system, the selection of desiccant materials with high water-lift 
loading and milder regeneration conditions is preferable. S-shaped isotherms can 
achieve a fast response to changes in humidity. No or minimal hysteresis loop at the 
operating humidity range readily regulates the humidity level of the process air up to 
the required value.   

 In a passive-type system, the selected MOF materials should be less temperature-
sensitive, which indicates that these MOFs can maintain identical isotherms against 
temperature changes. MOFs with hysteresis loops and S-shaped isotherms have the 
advantage over other shaped isotherms. The S-shaped isotherms ensure humidity 
control under a specific humidity level (similar to the switch), and the hysteresis loop 
can accurately control the range of the comfort zone. 



 

27 

 

Most MOF materials cannot strictly meet all the requirements in actual scenarios, 
especially after thousands of hydrothermal cycles. A series of heat transformation studies 
using MOFs have been reported with regard to close systems, such as adsorption heat 
pumps and adsorption-driven chillers [27, 31], and open systems, such as water 
harvesting [23]. A large amount of the relevant knowledge about the open solid desiccant 
system in built environment control rests on proof-of-concept [115]. Chang et al. [116] 
successfully investigated the use of MIL-100 and MIL-101 as energy-efficient 
dehumidification materials, subsequently demonstrating improved performance over 
some commercial materials. However, the study mainly focused on the characterization 
of materials rather than on a practical system. Recently, Henninger et al. [56] developed 
a MOF-coated heat exchanger and measured its operation performance under actual 
conditions. A maximum coefficient of performance (COP) of 0.72 with an average cooling 
power of 690 W and faster adsorption kinetics were reported. Some problems mentioned 
in the study [56], such as the coating process in an industrial production line and corrosion 
issues, may hinder the further application of these novel materials. 

Autonomous humidity control materials can reduce the energy demand of air 
conditioners, and thus they have attracted considerable attention. Eddaoudi et al. [21, 41] 
reported two novel MOF materials with the most desirable isotherms to achieve accurate 
humidity control inside the comfort zone. Overall, the material properties and system 
requirements based on climate conditions make up an integrated technical line to 
assemble an optimal system. 

 Passive type 

Owing to the special isotherms of many MOF materials, these MOFs can primarily act as 
building materials to achieve moisture buffering, which has also been reported on some 
traditional materials such as wood and plasterboard [117]. Fig. 1.7 shows the ideal 
working principles for moisture buffering. As the indoor humidity level increases above 
Ψmax, the desiccant starts the adsorption process, reducing the indoor vapor 
concentration. However, when the indoor humidity level is lower than Ψmin, the trapped 
vapor is released into the ambient air. This phenomenon means that the moisture 
buffering phenomenon largely depends on the intrinsic properties of the desiccant. A good 
example comes from Abtab et al. [41], where Cr-soc-MOF can efficiently regulate the 
indoor humidity within 45-65% RH (also recommended by ASHRAE). 



 

28 
 

 
Fig. 1.7 The variation of water vapor uptake around the critical relative humidity range. 

 Active type 

Active-type systems generally force one stream of process air to flow the dehumidification 
channel to generate the desired supply air. Simultaneously, the other stream of the 
process air flows through the regeneration channel to recover the desiccant. Cyclic 
switchover can maintain continuous operation. Fig. 1.8 shows the working principles of 
three standard active-type systems. Most of these systems consist of a dehumidification 
unit, regeneration unit, and cooling unit [118]:  

Dehumidification unit. The dehumidification process can usually work in two different 
ways: adiabatic [119, 120] and isothermal [9]. Adiabatic dehumidification can deal with a 
large inflow flux, resulting in considerable thermal accumulation owing to the adsorption 
heat in the desiccant layer. In contrast, for isothermal dehumidification, desiccants 
handle the humidity load (or latent load), and the cooling units can immediately remove 
all the sensible loads, including adsorption heat. From Fig. 1.8, it is clear that the 
isothermal dehumidification process is more desirable than the adiabatic process when 
considering the operation performance. The most commonly used solid desiccant systems 
include adiabatic systems (e.g., fixed bed, desiccant wheels (DWs)) and isothermal 
systems (e.g., desiccant-coated heat exchangers (DCHEs)). As stated in the previous 
sections, it was found that the performance of the materials can determine the overall 
system operation. Traditional materials, such as silica gel and zeolite, have been widely 
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applied in fixed beds [121-124], DWs [120, 125-127], and DCHEs [9, 128-131]. However, 
few studies have evaluated these promising MOFs for dehumidification [23, 56, 132].  

Cooling unit. To reduce the adverse effect of the adsorption heat, a cooling unit was 
employed to cope with the sensible load inside the solid desiccant system. This unit cools 
the air inflow to the required supply air temperature. The cooling medium inside the 
tubes should overcome the sensible load from the process air and the adsorption heat from 
the desiccant. 

Regeneration unit. The regeneration unit is a critical part of active-type solid desiccant 
systems, which guarantees the continuity of the dehumidification or humidification 
processes (cyclic operation). As mentioned before, the regeneration conditions reflect the 
hydrophilicity/hydrophobicity of the chosen desiccant, and a solid desiccant system can 
make full use of a variety of energy sources, such as waste heat and solar energy. In 
addition, it is noted that there is a specific loss [128] in the heat and mass transfer during 
the switchover between the dehumidification and regeneration units, which should be 
minimized.  

 

Fig. 1.8 The psychrometric processes of three standard active-type systems. O: outside 
air; S: supply air; P1 and P2: medium process. 

To date, a large amount of studies about the water vapor related adsorption applications 
using MOFs still resides in heat transformation, such as heat pump and adsorption chiller 
[16, 17], and atmospheric water harvesting [23], and only a few have reported the 
preliminary attempts on MOF-based systems. Cui et al. [99] prepared a MIL-100(Fe) 
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based heat exchanger to make a high-performance air-conditioner with COP (coefficient 
of performance) of up to 7.9. Xu et al. [132] assessed a MOF-coated heat exchanger 
through material characterization and numerical simulation, and the results indicated a 
significant enhancement in dehumidification capacity over the reference group using 
silica gel. Transaera, Inc. [133] developed a MOF-based desiccant integrated with a 
traditional air-conditioner, which showed a 35% of improvement in the air conditioner. 
Terzis et al. [134] reported a MOF-based fluidized bed to achieve a high moisture 
harvesting rate even at low relative humidity conditions. Liu et al. [135] conducted 
experimental evaluations on a MOF-based desiccant wheel, which exhibited a 40-48% of 
increase in the dehumidification capacity and 13-19% in COP. More active-type 
application cases using MOFs are to be expected. 

1.6 Outline of this thesis 

Solid desiccant technology has the potential to create a comfortable and hygienic 
environment in an energy-efficient manner compared with traditional methods. In this 
study, the desiccant is primarily focused on removing the latent load for the target space. 
Thus, materials with remarkable operational performance are potential candidates. 
Topologically, MOFs consist of numerous units of metal clusters and ligands. Different 
MOFs may exhibit different sorption performances owing to their tunable structure and 
uniform pore cages. These microstructures determine the unique adsorption mechanisms 
and the operation performance, such as regeneration conditions usually between 60-90 ℃ 
(or even < 60 ℃) and the shape of isotherms (i.e., S-shaped). The S-shaped isotherms were 
found to be humidity-sensitive, with a sudden change in water vapor uptake at the fixed 
relative pressure. 

In the past decades, the research and development of MOFs have advanced considerably. 
In the built environment, the trade-off between cycling stability, water vapor uptake, and 
regeneration conditions can be achieved by tailoring the structure of MOFs, such as 
functionality and modification. Advances in topology design and improvement in 
synthesis technology [136] can reduce the gap between lab-scale synthesis and large-scale 
production for practical applications in both active and passive solid desiccant systems. 
Despite the tremendous progress achieved in MOFs, none of the MOFs can meet all the 
requirements so far because of the gap between materials and existing systems. 
Therefore, systematic exploitation of the novel desiccants on solid desiccant systems is 
necessary, promoting the development of material-based system designs. 

Based on this point, the research work presented in this Ph.D. thesis has the following 
structure: 

The first part includes a literature review on the development of MOFs in water vapor 
adsorption from material synthesis to system-level applications, from intrinsic properties 
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and adsorption mechanisms to the selection criteria (Chapter 1). Moreover, the 
preparation and characterization methods of the selected MOFs are explained in Chapter 
2.  

The second part consists of three studies, including experiments, simulations, and 
analyses (Chapters 3-5). Each chapter represents an independent investigation: moisture 
buffering performance of MOFs, dynamic performance of MOF coatings, and operation 
characteristics of a MOF-based humidity pump. The chapters present a detailed 
experimental description, the computational methodology, and the corresponding results. 

The conclusions and perspectives are summarized in Chapter 6. The appendices include 
the measured data, some additional results, and simulation models. 
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Chapter 2  

Preparation and characterization 

In this chapter, the preparation of MOFs is described in detail. In addition, 
characterization methods such as XRD, BET, SEM, and DVS are introduced to measure 
the crystal structure information, observe the microstructure and quantify the sorption 
capacity of these MOFs.  

2.1 Material preparation 

Based on the above-mentioned selection criteria, three types of MOFs, MIL-100(Fe), MIL-
160(Al), and aluminum fumarate (or Al fum), were selected, which were synthesized using 
the hydrothermal method [137-139]. Fig. 2.1 shows MOF powders after the activation 
process, and Table 2.1 provides the structure information of MOFs. The corresponding 
synthesis methods, including the purification and activation processes, are as follows: 

MIL-100(Fe) 

Ferric nitrate nonahydrate (12.12 g) and trimesic acid (5.67 g) were mixed in 18 mL of 
distilled water. The suspension was then placed in a three-neck round-bottom flask (75 
mL) equipped with a magnetic stirrer and reflux condenser. The three-neck round bottom 
flask was heated in an oil bath of 95 ℃ at a stirring speed of 300 rpm for 12 h. The reaction 
product was purified four times using distilled water and ethanol for 24 h, respectively. 
A vacuum oven set at 150 ℃ was used to activate the reaction product for 12 h to make 
the orange MIL-100(Fe) powder. 

MIL-160(Al) 

Aluminum chloride hexahydrate (6.45 g), 2,5-furandicarboxylic acid (5.85 g), and sodium 
hydroxide (1.5 g) were added to 75 mL of distilled water. The reactants were then 
transferred into a three-neck round-bottom flask (250 mL) and heated under magnetic 
stirring at 100 ℃ with reflux for 24 h. After the reaction, the sample was cooled to room 
temperature and purified by centrifugation using distilled water (three times) and 
ethanol (three times). The purified sample was then placed in a vacuum oven at 150 ℃ 
for 12 h to form a white MIL-160(Al) powder. 
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Table 2.1 Components and structures of MOFs [107, 137, 138]. 

Metal 

unit 
Linker Formula 

Size of 

cages 

Pore 

topology 

Structural 

characteristics 
Structures 

MIL-

100(Fe) 

Iron 

octahedra 

Trimesic acid 

(C9H6O6) 

Fe3O(OH)(H2O)2 

[C6H3(CO2)3]2 

2.5nm/ 

2.9nm 

3D 
Lewis-acid 

sites 

MIL-

160(Al) 

AlO6 

octahedra 

2,5-

furandicarboxylic 

acid (C6H4O5) 

Al(OH)[ C4H2O(CO2)2] 0.5nm 1D 
Brønsted-acid 

sites 

Al fum 
Al  

octahedra 

Fumaric acid 

(C4H2O4) 

Al(OH)(fum*) 0.58nm 1D 
Lewis-acid 

sites 

*fum: fumarate



34 

Aluminum fumarate (Al fum) 

To obtain Solution A, 9.27 g of aluminum sulfate octadecahydrate was dissolved in 39 mL 
of distilled water inside a round bottom flask, and then stirred and heated in an oil bath 
at 60 ℃ for 1 h. Solution B was prepared by mixing 2.37 g of sodium hydroxide and 3.22 
g of fumaric acid in 48.5 mL of distilled water. Solution B was added dropwise to Solution 
A while maintaining the temperature (60 ℃) for another 2 h at a stirring speed of 300 
rpm. The white precipitate was purified by washing with distilled water and ethanol, and 
centrifugation. The purified sample was placed in a vacuum oven at 150 ℃ for 12 h. 

Fig. 2.1 Photo of MOF samples after vacuum dry. 

2.2 Material characterization methods 

X-ray diffraction (XRD)

X-ray diffraction (XRD) is a common technique used to characterize the crystal structures
of materials. As the crystal phases are directly related to the material properties, XRD
can conduct texture analysis of crystal materials, for example, MOFs. According to
Bragg’s law, the intensity of diffracted beams (see Fig. 2.2) corresponds to the type and
position of the atoms in the atomic plane, and the peak of the intensity is related to the
degree of crystalline perfection. In this regard, XRD was used to verify the successful
synthesis of MOFs.
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Fig. 2.2 Schematic of XRD. 

 Scanning Electron Microscope (SEM) 

In a scanning electron microscope (SEM), electron beams are applied to the atoms from 
the test sample to transmit the surface information of the sample to the data collector 
(i.e., PC), including the morphology and composition. The operation is conducted under 
almost complete vacuum conditions (~1e-12 bar). The electrons in the electron beam 
produced from an electron gun are accelerated by a large voltage gradient. After passing 
through the condenser and objective lens, these accelerated electrons scan the surface of 
the test samples and produce a raster scan pattern. Based on the position of the electron 
beam and the intensity of the reflected electron signal, an SEM image is formed in the 
data player. The simple operation, including pretreatment of samples, is shown in Fig. 
2.3. 

Fig. 2.3 Simple processes of SEM tests. 

In this work, a QFEG 200 Cryo ESEM instrument (Fig. 2.4) was used to observe the 
morphology of the selected MOF materials. To obtain high-quality SEM images, some 
parameters need to be considered during the tests, such as the accelerating voltage, spot 
size, and working distance.  

Solid powder 
sample

Sample holder

Conductive adhesive

Gold coating

Grind

Scanning

Dry
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Fig. 2.4 Operation of SEM analyzer, QFEG 200 Cryo ESEM. 

 Brunauer, Emmett, and Teller (BET) 

The Brunauer, Emmett, and Teller (BET) theory is a standard method to characterize the 
gas adsorption and quantify the specific surface area of porous materials in units of m2/g, 
which explains the multilayer adsorption model. The BET equation can be written as:  

𝜑𝜑
𝑚𝑚∙(1−𝜑𝜑)

= 𝑐𝑐−1
𝑐𝑐∙𝑚𝑚𝑠𝑠

𝜑𝜑 + 1
𝑚𝑚𝑠𝑠∙𝑐𝑐

(2.1) 

Where φ is the relative pressure, c the BET constant, m and ms the adsorbed gas and 
monolayer adsorbed gas quantities, respectively. From Eq. (2-1), there is a linear 
relationship between φ/[m·(1-φ)] and φ, which means that the slope (Ψ) and y-intercept 
(I) of the measured BET plot can be calculated as:

𝑚𝑚𝑠𝑠 = 1
Ψ+𝐼𝐼

, 𝑐𝑐 = 1 + Ψ
𝐼𝐼

  (2.2) 

𝑆𝑆𝐵𝐵𝐵𝐵𝑇𝑇 = 𝑁𝑁∙𝑠𝑠
(Ψ+𝐼𝐼)∙𝑉𝑉∙𝑎𝑎′

(2.3) 

Where N is the Avogadro number (= 6.02214076 × 1023 mol−1), s the cross-section of the 
adsorbate, V the molar volume of the adsorbate gas used, and a’ the net mass of the 
adsorbent. Fig. 2.5 shows the schematic of the ad/desorption processes on the BET tests, 
namely, cycles between pore filling and regeneration. 
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Fig. 2.5 Schematic of pore filling and regeneration processes. 

The BET tests were conducted using an Autosorb iQ-MP/XR (Fig. 2.6). The sorption 
analysis starts with degassing the MOF sample, which can be achieved by heating the 
sample with a continuously flowing inert gas (N2) for 24 h. The specific surface area of the 
sample can be determined by the adsorption of nitrogen on the pore surface of the sample 
at a cryogenic temperature (77 K, boiling temperature of nitrogen). Based on the 
measured amount of nitrogen gas, calculations (Eqs. (2.1)-(2.3)) can be performed. In 
addition, this device can also determine the pore size and pore volume of the test sample, 
which helps quantify the possible adsorption capacity (or loading capacity).  
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Fig. 2.6 Photo of the gas sorption analyzer, Autosorb iQ. 

 Dynamic vapor sorption (DVS) 

Given the high accuracy and stability of the temperature and humidity control, a 
gravimetric analyzer based on dynamic vapor sorption (DVS) was applied to measure the 
isotherms and kinetics of the selected MOF samples. Inside the DVS apparatus, two small 
pans were suspended on each side of the microbalance. The test sample was placed on a 
sample pan, while the other was placed in the reference group. The microbalance can 
directly detect 0.1µg of accuracy in the mass variation, and thus the DVS apparatus can 
record the sample mass against relative pressure or time. A built-in heater source can 
maintain an isothermal environment based on the set temperature. The humidifier 
produced water vapor to reach the set relative pressure level. Dry N2 was used to purge 
the test chamber before loading the test sample. A simple schematic of the DVS apparatus 
is shown in Fig. 2.7.  

Before the tests, the test sample was loaded onto the sample pan, while the dry process 
was running under a relative pressure of 0.1% (≈ 0P/P0) for 24 h (no change in mass). 
When the DVS instrument started to measure the mass variation at each set vapor 
pressure (P/P0), 0.006 dm/dt was adopted to guarantee a small mass change at the end of 
each vapor pressure. During the measurements on sorption kinetics, the temperature 
inside the test chamber was set between 20 to 40 ℃ at 0.65 P/P0 [140]. 
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Fig. 2.7 Schematic and photo of DVS analyzer, DVS Advantage. 
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Chapter 3  

Moisture buffering capacity of MOFs 

In this chapter, the moisture buffering capacity of MOFs was quantified through 
experiments and simulations. The experimental part includes measurements of the 
moisture buffer value (MBV) in ideal and practical conditions and determination of the 
material properties, such as vapor permeability and moisture capacity. The experimental 
results were analyzed to compare the differences between the ideal and practical MBVs 
of different MOFs. Subsequently, the experimentally obtained material properties were 
used in a simulation case to estimate the potential latent removal rate under different 
climate conditions. In addition, based on the definition of MBV, a time-averaged MBV 
was proposed, which was deduced and then integrated with different boundary conditions 
to predict the indoor moisture variation.  

Parts of this chapter are published in: 

Zu K, Qin M, Rode C, Libralato M. Development of a moisture buffer value model (MBM) 
for indoor moisture prediction. Appl Therm Eng 2020; 171: 115096. 

3.1 Background 

With the rising demand for thermal comfort, many buildings are equipped with heating, 
ventilation, and air-conditioning (HVAC) systems and the widespread usage of HVAC 
systems accounts for more than 50 % of the total building consumption [141]. As a result 
of stricter building codes in the past decades, the upgrade in insulation technology can 
contribute to the decrease in sensible load. However, the latent load (i.e., moisture gain) 
hardly changes. Meanwhile, traditional HVAC systems can achieve latent load control 
but at the expense of a sensible load (lower than the dew point), which may even 
deteriorate the energy consumption [142, 143]. It is worth mentioning that a highly humid 
environment may benefit fungus growth and cause respiratory diseases and allergies to 
human beings. A dry environment can cause severe skin allergy and eye irritation [144]. 
Vapor-compression air-conditioning systems are a widely used dehumidification method 
that is generally driven by high-grade energy (i.e., electricity). Considering that a great 
deal of energy is spent on the overcooling and reheating processes, this system possesses 
a relatively low coefficient of performance (COP). In recent years, a promising approach 
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to regulate indoor moisture fluctuation has been investigated, which takes advantage of 
the moisture buffering capacity of hygroscopic porous materials [145-147]. This method 
means that these materials can autonomously adsorb or release water vapor from/to the 
ambient air based on the humidity level of the surrounding environment. 

To assess the level of indoor latent load, one parameter, RH, has been used, which has a 
significant impact on the thermal comfort and air quality of buildings. According to a 
detailed investigation of the source of latent load, the humidity level of the building 
environment can be influenced by the following factors: internal moisture sources, 
ventilation and infiltration, HVAC systems, and indoor hygroscopic building materials. 
Some researchers have calculated the energy consumption models of the built 
environment without considering the last term, which may lead to the overestimation of 
the overall latent loads [145]. It has been reported that most building materials exhibit a 
moisture buffering phenomenon that refers to the adsorption or release of moisture from 
/to the ambient air depending on the indoor RH [112, 145]. In this regard, this type of 
moisture regulation can mitigate RH fluctuations without using additional energy costs. 

To date, many studies have investigated the moisture buffering of different building 
materials in terms of theory, experiments, and simulations [117, 142, 149, 150]. Time 
[151] comprehensively explored moisture transport in wood materials through
experiments and numerical models. Padfield [152] measured the moisture response of
many traditional building materials under changing RH and compared the results with
those of the built models. Simonson et al. [153] reported that structures play a specific
role in indoor peak humidity through experiments and numerical models. In 2005, Rode
et al. [117] first proposed the concept of MBV in the NORDTEST project, derived from the
mass variation of test samples once exposed to a step-change in RH. Apart from the MBV
defined in NORDTEST project, some other standards have proposed protocols to the
measurements of MBV, such as DIS 24353 [154] and JIS A 1470-1 [155].

Concerning the indoor moisture prediction (considering the moisture buffering 
phenomenon), several numerical models have been proposed and developed, such as the 
effective capacitance (EC) model [156, 157], the effective moisture penetration depth 
(EMPD) model [156, 158], and the coupled heat, air and moisture transfer (HAMT) model 
[156, 159]. These models have been widely used as simulation tools for building energy 
consumption (e.g., EnergyPlus, WUFI Plus, and TRANSYS). The EC model regards the 
moisture buffering capacity of building materials as a moisture capacitance multiplier, 
which is an improvement over those neglecting the moisture buffering effect. However, 
this model does not bridge the connection of moisture transport between the materials 
and the surrounding air, and the multiplier is an empirical value that varies depending 
on the material. The EMPD [146] model was developed under the assumption that 
moisture transport appears only in the zone between the air and a thin layer of 
hygroscopic materials (or penetration depth). The EMPD model can generally be divided 
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into two formulations: the one-layer EMPD model [160] only considers a thin surface layer 
to predict the short-term tendency. In contrast, the two-layer EMPD model [156] adds a 
deeper layer for long-term moisture transport. There is no doubt that the latter has higher 
adaptability but consumes more computing time. Abadie et al. [158] deduced a lumped 
model for predicting the moisture variation based on the EMPD model, and the 
parameters used in this model can be obtained from practical MBV tests. Further, many 
studies have used finite-difference models, such as the HAMT model, to evaluate moisture 
transport inside hygroscopic materials. The HAMT model clarifies the heat and moisture 
transport between the air and the materials. It is a more convincing model but requires 
considerable computing time (it is reported to be 102-104 times longer than the EC model 
[156]).  

Although the moisture buffering capacity of MOFs has been specifically studied with 
simulations and experiments, traditional building materials, such as wood and gypsum 
board, have low sorption capacity and undesirable isotherms, thus having a limited effect 
on indoor humidity regulation. Recently, some studies have reported the use of MOFs for 
autonomous humidity control. Feng et al. [161] used MIL-100(Fe) as a moisture buffering 
material, and the calculation results indicated that it can remove most of the latent load 
in dry and moderate climates.  Qin et al. [162] prepared a precise humidity control 
material (PHCM), MIL-101(Cr), which reported a practical MBV of 20.5 g/m2/RH. 
Eddaoudi et al. reported two MOF materials successively, Y-shp-MOF-5 [21] and Cr-soc-
MOF-1[41], to achieve autonomous humidity control. Based on the unique properties of 
MOFs, it is promising to use these materials to strengthen the moisture buffering 
capacity, that is, to reduce the energy consumption of air conditioning.  

3.2 Moisture buffer value (MBV) of MOFs 

 Experimental system 

In this part, the MBV tests were described, conducted in a temperature and humidity-
controlled climate chamber, as shown in Fig. 3.1. By referring to the NORDTEST project, 
the temperature in the climate chamber was set at 23 ± 0.5 ℃, and the relative humidity 
adopts step changes with 8 h of high RH (75%) and 16 h of low RH (33%) for a complete 
cycle [117]. The mixing of dry and saturated air controls the humidity level, and the 
electric heater regulates the temperature. An embedded PID controller can maintain the 
temperature and humidity around the set values. Besides, a fan was fixed at the bottom 
side of the climate chamber to provide an even hygrothermal environment. The balance 
(0.01 g of accuracy) is connected to the computer so that the mass variation of the sample 
can be measured every minute and then automatically plotted in the displayer. As for 
each group, the results are adopted if only the max mass variation of each cycle is < 5% 
and continues for at least 3 days.  
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Fig. 3.1 Schematic of experimental system. 

 Measurement of MBVprac 

The practical MBV can be calculated as [117]: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑎𝑎𝑐𝑐 = ∆𝑚𝑚
𝐴𝐴∗∆𝑅𝑅𝑅𝑅

(3.1) 

Where Δm represents the net mass change during a complete cycle [kg]; A indicates the 
surface area contacting the ambient air [m2]; ΔRH is the relative humidity interval [%] (42% 
in this case). 

The selected MOF materials include MIL-100(Fe), MIL-160(Al), and Al fum. Before the 
tests, all of the test samples were compressed in the petri dish and then dried in an oven 
of 100 ℃ for 12 h. Fig. 3.2 shows the schematic of the moisture transport during the 
measurement of MBV. It can be found that the samples in the petri dish have only one 
side exposed to the air. The variation of the total mass is recorded continuously as the 
sample is hung directly to a balance shown in Fig. 3.1. 
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Fig. 3.2 The schematic of the moisture transport in the climate chamber. 

Fig. 3.3 shows the mass variation of MOFs in the last three cycles. According to Eq. (3.1), 
it can be found that the difference of MBV in different MOFs depends on the net mass 
variation for a complete cycle. Thus the cyclic mass variation in MIL-100(Fe) shows the 
outperforming moisture buffering capacity than the other MOFs. Table 3.1 provides the 
detailed size of the MOF samples and compares the practical MBV.  

 

Fig. 3.3 Mass variation of MOFs against time. 

75% RH 33% RH
16h

8h

MOF MOF 
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Table 3.1 The tested sample size, exposed area, thickness, and the calculated MBVprac. 

Materials Sample 
size (mm) 

Exposed 
area (m2) 

Thickness 
(mm) 

MBVprac 
(g/m2/%RH) 

Ref. 

Brick 56 × 226 0.013 110 0.69 ± 0.11 [117] 

Cellular 
concrete 

298 × 198 0.059 74 1.05 ± 0.07 [117] 

Concrete 350 × 100 0.035 25 0.42 ± 0.11 [117] 

Laminated 
wood 

250 × 250 0.063 15 0.46 ± 0.07 [117] 

Spruce 
boards 

250 × 349 0.087 14 1.22 ± 0.04 [117] 

MIL-
100(Fe) 

Ф65 3.32×10-3 ~16 ± 1 5.17 ± 0.15 This work 

MIL-160(Al) Ф65 3.32×10-3 ~16 ± 1 1.08 ± 0.07 This work 

Al fum Ф65 3.32×10-3 ~16 ± 1 2.29 ± 0.08 This work 

 Calculation of MBVideal 

In order to compare the MBVprac with MBVideal, the measurements of the physical 
properties of MOFs should be conducted. According to the definition of MBVideal, it can be 
derived from [117]: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖 = 𝐺𝐺(𝑡𝑡)
∆𝑅𝑅𝑅𝑅

= 0.00568 ∙ 𝑝𝑝𝑠𝑠 ∙ 𝑏𝑏𝑖𝑖𝑒𝑒𝑒𝑒 ∙ �𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 (3.2) 

𝑏𝑏𝑖𝑖𝑒𝑒𝑒𝑒 = �𝛿𝛿𝑝𝑝∙𝜌𝜌𝑑𝑑∙
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝑝𝑝𝑠𝑠
(3.3) 

Where G(t) is the accumulated moisture uptake [kg/m2]; ps the saturated pressure, [Pa]; 
beff the moisture effusivity [kg/m2/Pa/s0.5]; Tcyc the time period [s]; δp vapor permeability, 
[kg/m/s/Pa]; ρd density of MOF [kg/m3]; ω the water vapor uptake [g/g]. 

The measurement of isotherms

In Chapter 2, DVS has been used to measure the isotherms of MOFs. The isotherms at 
296 K, including ad/desorption branches, were shown in Fig. 3.4, which indicates that 
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MIL-100(Fe) and Al fum have an obvious hysteresis loop in isotherms. Besides, the 
maximum adsorption capacity in descending order is MIL-100(Fe)>Al fum >MIL-160(Al).  

 

Fig. 3.4 Isotherms of MOFs at 296 K. Adsorption (solid line); desorption (dashed line). 

Determination of the vapor permeability 
The cup method was adopted to measure the vapor permeability of the selected MOFs.  
The saturated salt solution of sodium chloride (NaCl) was prepared to provide a constant 
RH (75.7 ± 0.13% at 23 ℃) environment inside the cup. Then the cup was put in the 
climate chamber with 23 ℃ of temperature and 33% of RH. At this point, a vapor pressure 
gradient across the materials is formed. All the edges were sealed so that vapor transport 
could only take place through the material layer. 
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Fig. 3.5 Schematic of cup method. 

Fig. 3.5 shows the schematic of the test components. The total mass change of the device 
against time was recorded in each minute. Thus, the vapor permeability can be expressed 
as: 

𝛿𝛿𝑝𝑝 = 𝑔𝑔𝑣𝑣∙𝑖𝑖
𝐴𝐴∙∆𝑝𝑝

 (3.4) 

Where gv is the slope of a curve of weight loss against time [kg/s], d is the thickness of the 
test sample [m], and Δp is the difference of vapor pressure between the sample. 
Correspondingly, the measured results were calculated in Table 3.2. 

Table 3.2 Measurements of vapor permeability (23℃). 

Materials Thickness [mm] Surface area [m2] Vapor permeability 
[kg/(m·s·Pa)] 

MIL-100(Fe) 5 2.14 × 10-4  (5.06 ± 0.37) × 10-11 

MIL-160(Al) 5 2.14 × 10-4  (3.7 ± 0.18) × 10-11 

Al fum 5 2.14 × 10-4  (4.56 ± 0.15) × 10-11 

Saturated salt solution

Thickness d

Sealing

Diameter

Climate chamber

Test Sample
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Fig. 3.6 The comparison of MBVideal and MBVprac for different MOFs. 

In Fig. 3.6, it can be found that there is a difference between MBVideal and MBVprac, and 
the latter one containing the convective mass transfer resistance is smaller than the ideal 
MBV. Since MOFs have been tightly compressed in the petri dish, the equivalent density 
of MOFs after the dry process is in the magnitude of 600 kg/m3, which is adopted in the 
calculation of MBVideal. In general, MBVprac may be more reasonable if there is a thin layer 
of material. The moisture buffering capacity can be sorted by: MIL-100(Fe)>Al fum >MIL-
160(Al). Therefore, MIL-100(Fe) will be used as the only MOF to perform the MBV-related 
calculations. 

3.3 Calculation of the building hygrothermal load: a 
simulation case 

 Details of the building model 

In Section 3.2, the experimental results of MBV for different MOFs indicate that 
MBVprac of MIL-100(Fe) outperforms that of the other two MOFs. To assess the moisture 
buffering capacity of this MOF, the BESTEST case 600 benchmark has been used, which 
referred to the International Energy Agency (IEA) ECBCS Annex 21. The hygrothermal 
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behavior using MIL-100(Fe) painting was simulated by using software WUFI Plus V3.2. 
Fig. 3.7 shows the geometry of the building. The one-story building face south with a 
volume of 2.7 m(H)· 6 m(W) ·8 m(L) and a floor area of 48 m2, and two 2 m × 3 m of 
windows located in the south wall. 

 

Fig. 3.7 BESTEST lightweight building case. 

Table 3.3 provides the specifications of the material properties. Considering that the 
weather data of the building has a specific effect on the indoor hygrothermal loads, four 
cities were selected to investigate the effect of moisture buffering performance of MIL-
100(Fe) on the latent load variations, namely, Phoenix (Hot desert climate), Madrid 
(Semi-arid climate), Paris (Temperate climate) and Shanghai (Humid subtropical 
climate). The weather data can be obtained from EnergyPlus Weather Data. Assuming 
that this building is designed for office room. During the daytime from 9:00 to 17:00 each 
week, it is occupied. The internal heat and moisture gain are set at 15 W/m2 and 0.5 kg/h, 
respectively. The HVAC system is operated to maintain the indoor temperature between 
20 and 26 ℃, and the relative humidity under 65%. As for the unoccupied period, the 
HVAC system is shut down, and there are no internal heat gain and moisture gain in the 
office room. Besides, 0.5ACH of infiltration rate is set throughout the day. Here MOF 
material was painted on the internal wall (exclude floor and ceiling) with a thickness of 
0.5 cm. For comparison, the reference room does not have the MOF painting. 
  

8m

2m

3m

2.7m
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Table 3.3 Specifications of the building materials. 

Position 

(Outside 
to 
inside) 

Material Thickness 

(m) 

Density 

(kg/m3) 

Specific 
heat 
capacity 

(J/kg.K) 

U-value 

(W/m2.K) 

Vapor 
diffusion 
resistance 
factor (-) 

Roof hext*    29.3  

Roofdeck 0.019 530 900 7.37 13 

Fiber glass 0.1118 12 840 0.358 1.3 

Plasterboard 0.01 950 840 16 9 

hin*    8.29  

Floor Insulation 1.003 - - 0.04 500 

Timber floor 0.025 650 1200 5.6 200 

hin    8.29  

Wall hext    29.3  

Wood siding 0.009 530 900 15.56 53.1 

Fiber glass 0.066 12 840 0.61 1.3 

Plasterboard 0.012 950 840 13.33 9 

hin    8.29  

Window Double 
glazing unit 

0.00375 

(glass) 

+0.013 
(air gap) 

2500 750 3 - 

* hext, hin indicate the heat transfer coefficient (including radiation and convection) of exterior and 
interior wall.  
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 Computational results 

The introduction of moisture buffering materials in the built environment can affect the 
indoor latent load. It is also noticed that the moisture buffering process may have a 
specific effect on the sensible load. In this regard, energy consumption, including sensible 
and latent loads under different climates, is simulated. The results of the energy 
consumption with and without MOF using were presented in Table 3.4. 

It can be found from Table 3.4 that in the arid, semi-arid, and temperate climate, MIL-
100(Fe) can efficiently reduce the latent load up to 84.7%, 67%, and 22%, respectively. 
Considering the dry outdoor air, a certain amount of the night ventilation with moisture 
buffering materials is feasible to help remove the entire indoor latent load. Moreover, 
MIL-100(Fe) is a new class of porous material with ultrahigh porosity, leading to low 
thermal conductivity. This may explain the decline of the total sensible load. As the 
climate becomes much more humid, such as in a humid subtropical climate, the effect of 
moisture buffering material on the latent load has been reduced. Significantly, the 
moisture buffering material may slightly increase the indoor latent load for the extra 
humid climate, such as Shanghai. The possible reason may be the high humidity level all 
day during the summer period, which means that even the ventilation during unoccupied 
time cannot regenerate the MOF layer. This kind of weather condition is not beneficial to 
the moisture buffering effect, and it is recommended to use the extra heat (e.g., solar 
energy and waste heat) to regenerate the MOF layer during the unoccupied period. 

Table 3.4 Energy consumption results (kWh) of four different climates in a year. 

 MOF layer 

(Y/N) 

Total sensible load Total latent load 

Phoenix 

(Hot desert climate) 

Y 8566 4.9 

N  8671.5 32.1 

Madrid 

(Semi-arid climate) 

Y 4609.4 7.9 

N 4768.6 24.1 

Paris 

(Temperate climate) 

Y 3211.7 68.4 

N 3256 87.6 
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Shanghai 

(Humid subtropical climate) 

Y 4877.3 951.9 

N 4938.7 950.8 

To conclude, the calculations show that the moisture buffering materials perform well 
when there is a significant difference in the humidity level between day and night. The 
dry outdoor air can remove the moisture adsorbed at night during the occupied time, thus 
enabling the recovery of the moisture buffering capacity. The cities with dry, semi-dry, 
and even temperate climates are promising areas. In addition, the latent load removal 
rate of different hygroscopic materials in Phoenix, Madrid, and Paris cases were 
compared in Fig. 3.8. The simulated results indicated that MIL-100(Fe) (MBVprac ≈ 5.17 
g/(m2·%RH)) has the optimal latent load removal rate than the other three traditional and 
conventional hygroscopic materials: gypsum board (MBVprac ≈ 0.6 g/(m2·%RH)), spruce 
board (MBVprac ≈ 1.1 g/(m2·%RH)) and wood-fiber board (MBVprac ≈ 1.2 g/(m2·%RH)).  

Fig. 3.8 Latent load removal rate under different climates.
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3.4 A moisture buffer value model (MBM) for indoor 
moisture prediction 

Given all the external factors (i.e., ventilation, moisture gain), indoor humidity level 
generally experiences a periodic variation for a day cycle. The varied humidity level 
directly worked on the surface of the hygroscopic materials, leading to the ad/desorption 
process. Assuming that it is a homogeneous material, Eq. (3.5) explained the physical 
moisture transfer process inside the material. The mathematical problem of the 1-D 
moisture transport can be expressed as [112]: 

 𝜕𝜕𝜑𝜑
𝜕𝜕𝑡𝑡

= 𝐷𝐷𝑖𝑖
𝜕𝜕2𝜑𝜑
𝜕𝜕𝑥𝑥2

= 𝛿𝛿𝑝𝑝∙𝑝𝑝𝑠𝑠
𝜌𝜌𝑑𝑑∙ξ

𝜕𝜕2𝜑𝜑
𝜕𝜕𝑥𝑥2

= 𝛿𝛿
𝜌𝜌𝑑𝑑∙ξ

𝜕𝜕2𝜑𝜑
𝜕𝜕𝑥𝑥2

 (3.5) 

Where De is the moisture diffusivity [m2/s]; ξ represents the specific moisture capacity 
[g/g]; δ the vapor transfer coefficient [kg/m·s]. 

However, the boundary condition can have a significant effect on the distribution of 
moisture. In this 1-D model, the initial and boundary conditions can be concluded as 
below: 

Initial:  𝑡𝑡 = 0, 𝑐𝑐(𝑥𝑥) = 𝐶𝐶̅ 

Boundary:  𝑥𝑥 = 0, 𝜕𝜕𝑐𝑐
𝜕𝜕𝑥𝑥

= 𝑁𝑁(𝑐𝑐𝑎𝑎𝑖𝑖𝑝𝑝 − 𝑐𝑐) 

Where N is a ratio factor calculated by 1/(R·δp) [1/m], R the surface resistance [Pa· 
m2·s/kg], cair the vapor concentration of the ambient air [kg/m3], and C� the initial vapor 
concentration [kg/m3]. 

In the present case, the surrounding temperature is regarded as a constant (isothermal 
environment). In this regard, the isothermal environment can exclude the thermal effect 
on the properties of hygroscopic materials, thus making it reasonable to assume constant 
properties. The vapor permeability (δp) is determined through the cup method (see Fig. 
3.5). 

 MBV theory deduction 

Square-wave humidity variation 

It is known that the MBVideal indicates the mass variation of hygroscopic materials when 
subjected to the square-wave humidity variation. In a periodic time, Tcyc, the humidity 
level at the ambient air consists of a γTcyc of high humidity level chigh and a (1- γ)T of low 
humidity level clow. Thus, the boundary conditions can be summarized as: 

 𝑐𝑐𝑏𝑏 = 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ,   0<𝑡𝑡<𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙,   𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐<𝑡𝑡<𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

 (3.6) 
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According to Fourier transform, the vapor concentration at the boundary can be evaluated 
as: 

 𝑐𝑐0(𝑡𝑡) = 𝑐𝑐′� + ∑ (𝑎𝑎𝑛𝑛 cos 𝑛𝑛𝑛𝑛𝑡𝑡
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∞
𝑛𝑛=1 + 𝑏𝑏𝑛𝑛 sin 𝑛𝑛𝑛𝑛𝑡𝑡

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
) (3.7) 

Where,  𝑎𝑎𝑛𝑛 = 1
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∫ 𝑐𝑐0(𝑡𝑡) ∙ cos 𝑛𝑛𝑛𝑛𝑡𝑡
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑡𝑡 = 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙
𝑛𝑛𝑛𝑛

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

(sin 𝛾𝛾𝛾𝛾𝛾𝛾−sin(1 − 𝛾𝛾)𝛾𝛾𝛾𝛾) 

 𝑏𝑏𝑛𝑛 = 1
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∫ 𝑐𝑐0(𝑡𝑡) ∙ sin 𝑛𝑛𝑛𝑛𝑡𝑡
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑡𝑡 = 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙
𝑛𝑛𝑛𝑛

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

(1 + cos𝛾𝛾𝛾𝛾 − cos 𝛾𝛾𝛾𝛾𝛾𝛾 − cos(1 − 𝛾𝛾)𝛾𝛾𝛾𝛾) 

 𝑐𝑐′� = 𝐴𝐴0
2

= 𝛾𝛾𝑐𝑐ℎ𝑖𝑖𝑔𝑔ℎ + (1 − 𝛾𝛾) 𝑐𝑐𝑖𝑖𝑙𝑙𝑙𝑙 

In Eq. (3.7), it is seen that the function of the vapor concentration at the boundary is made 
up of two time-dependent items (sine and cosine functions) and one constant item related 
to the high and low humidity limit and time ratio. The latter does not affect the moisture 
flux. Thus it can be neglected. According to the sum of harmonic functions, 
∑ (𝑎𝑎𝑛𝑛 cos 𝑛𝑛𝑛𝑛𝑡𝑡

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
∞
𝑛𝑛=1 + 𝑏𝑏𝑛𝑛 sin 𝑛𝑛𝑛𝑛𝑡𝑡

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
), the moisture flux at the boundary can be calculated based on 

Eqs. (3.5)- (3.7):  

  ∅0(𝑡𝑡) = ∑ ( 𝑎𝑎𝑛𝑛
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠

�
𝑛𝑛𝑛𝑛
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿 ∙ 𝜌𝜌ξ cos(𝑛𝑛𝑛𝑛𝑡𝑡
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑛𝑛
4

)∞
𝑛𝑛=1 + 𝑏𝑏𝑛𝑛

𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠
�

𝑛𝑛𝑛𝑛
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿 ∙ 𝜌𝜌ξ sin(𝑛𝑛𝑛𝑛𝑡𝑡
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑛𝑛
4

)) (3.8) 

The moisture variation in the materials will approach an equilibrium state after several 
cycling. Thus the amount of moisture adsorbed equals that of moisture released (mass 
conservation). Taking the high humidity period into account, the MBVideal under a square-
wave humidity variation can be calculated based on the integration of moisture flux [13]: 

 𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖 = 𝐺𝐺𝑙𝑙
∆𝑅𝑅𝑅𝑅

= ∫ ∅0(𝑡𝑡)𝑖𝑖𝑡𝑡𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
0

∆𝑅𝑅𝑅𝑅
= 1.27(𝛾𝛾(1 − 𝛾𝛾))0.535

�𝛿𝛿𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝜌𝜌ξ

100
 (3.9) 

Harmonic-wave humidity variation 

As for an actual living space, the indoor humidity level varies more like in a fluctuant 
wave but not the sudden humidity change (i.e., square wave). Generally, it is infeasible 
to keep a constant humidity level without using any air-conditioning systems. In that 
case, ideal MBV is not applicable to evaluate the moisture variation under actual 
conditions [158, 163]. According to Fourier transform theory, the wave equation can be 
calculated by the sum of cosine and sine functions, which indicates that the mathematical 
deductions can provide the way to calculate the MBV under different climate conditions. 
Here the transformation of MBV from the boundary of square-wave humidity change to 
that of the harmonic-wave humidity change is presented. Similar to the case with the 
boundary of square-wave humidity change, it is assumed that the harmonic-wave 
humidity change can be expressed as: 
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𝑐𝑐𝑏𝑏 =
𝑐𝑐+̅(𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐)̅ sin 𝜋𝜋

𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡,   0< 𝑡𝑡<𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑐𝑐+̅(𝑐𝑐−̅𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙) sin 𝜋𝜋
(1−𝛾𝛾)𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡,   𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐<𝑡𝑡<𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
(3.10) 

In a complete cycle, the moisture flux of ad/desorption process can be calculated based on 
the harmonic change [112]: 

∅0,𝑎𝑎𝑖𝑖(𝑡𝑡) = 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐̅
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 �

𝑛𝑛
𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿𝜌𝜌ξ sin( 𝑛𝑛
𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡 + 𝑛𝑛
4

) , 0 <  𝑡𝑡 < 𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 (3.11) 

∅0,𝑖𝑖𝑖𝑖(𝑡𝑡) = 𝑐𝑐−̅𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 �

𝑛𝑛
(1−𝛾𝛾)𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿𝜌𝜌ξ sin( 𝑛𝑛
(1−𝛾𝛾)𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡 + 𝑛𝑛
4

) , 𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 < 𝑡𝑡 < 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 (3.12) 

When it comes to the equilibrium state, the accumulated mass variation during the 
adsorption process should equal that during the desorption process. Thus, the 
accumulated moisture mass during the adsorption process, 0<t<γTcyc, can be calculated 
by:  

𝐺𝐺𝑙𝑙,𝑎𝑎𝑖𝑖 = 2 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐̅
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠

�𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛

∙ 𝛿𝛿𝜌𝜌ξ (3.13) 

The accumulated moisture mass during the desorption process, γT <t<T, can be calculated 
by: 

𝐺𝐺𝑙𝑙,𝑖𝑖𝑖𝑖 = 2 𝑐𝑐−̅𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠

�(1−𝛾𝛾)𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛

∙ 𝛿𝛿𝜌𝜌ξ (3.14) 

And 

𝐺𝐺𝑙𝑙,𝑎𝑎𝑖𝑖 = 𝐺𝐺𝑙𝑙,𝑖𝑖𝑖𝑖 (3.15) 

Then the unknown parameter 𝑐𝑐̅ can be evaluated by: 

𝑐𝑐̅ = 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ√𝛾𝛾+𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙�1−𝛾𝛾

√𝛾𝛾+�1−𝛾𝛾
 (3.16) 

Compared with Eq. (3.9), MBV under a harmonic-wave humidity variation can be 
expressed as: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅𝑎𝑎𝑝𝑝𝑚𝑚𝑙𝑙𝑛𝑛𝑖𝑖𝑐𝑐 = 𝐺𝐺𝑙𝑙
∆𝑅𝑅𝑅𝑅

= 𝜇𝜇(𝛾𝛾)𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖

𝜇𝜇(𝛾𝛾) = 0.888 (𝛾𝛾(1−𝛾𝛾))−0.035

√𝛾𝛾+�1−𝛾𝛾
 (3.17) 

In Eq. (3.17), it can be seen that the ratio factor μ can be expressed as a function of the 
time interval γ. Besides, considering that μ is less than 1, the MBV under a harmonic-
wave humidity variation is less than the ideal MBV. In Fig. 3.9, the ratio factor μ presents 
the variation of accumulated moisture mass under two different climate conditions. As 
the time interval γ reaches 0.5, the accumulated moisture mass is maximum while the 
ratio factor μ drops to the minimum. 



56 

Fig. 3.9 The correlation of accumulated moisture mass under different boundary 
condition. δ=1.0×10-8 kg/m/s, ρ=800 kg/m3, ξ=0.1 kg/kg. 

Time-averaged MBV 

According to the MBV theory, ideal MBV can be a material property that characterizes 
the capacity of water vapor exchanged for a complete cycle. It cannot be applied to the 
building energy simulation because the calculation is based on the data of the unit time 
step (i.e., min or hour). In this regard, time-averaged MBV can be used for the calculation 
of latent load change. Assuming that the cycle is divided into several time steps, △t, the 
calculation of time-averaged MBV at time ti can be expressed as:  

𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 =
∫ ∅0(𝑡𝑡)𝑖𝑖𝑡𝑡𝑠𝑠𝑖𝑖+∆𝑠𝑠
𝑠𝑠𝑖𝑖
∆𝑡𝑡∙∆𝑅𝑅𝑅𝑅

(3.18) 

Based on the different boundary conditions mentioned above, the MBVi can be calculated 
as below. 

For square wave: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 = ∑ ( 𝐴𝐴𝑛𝑛
𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙

�
𝑛𝑛𝑛𝑛
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿 ∙ 𝜌𝜌ξ cos(𝑛𝑛𝑛𝑛𝑡𝑡𝑖𝑖
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑛𝑛
4

)∞
𝑛𝑛=1 + 𝐵𝐵𝑛𝑛

𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙
�

𝑛𝑛𝑛𝑛
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿 ∙ 𝜌𝜌ξ sin(𝑛𝑛𝑛𝑛𝑡𝑡𝑖𝑖
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑛𝑛
4

)) 

(3.19) 

For harmonic wave: 
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 𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 = 𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐̅
𝑐𝑐ℎ𝑖𝑖𝑖𝑖ℎ−𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙 �

𝑛𝑛
𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

∙ 𝛿𝛿𝜌𝜌ξ sin( 𝑛𝑛
𝛾𝛾𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡𝑖𝑖 + 𝑛𝑛
4

)  (3.20) 

Based on the mathematic deduction, the time-averaged MBV reflects the average 
moisture flux in a time step, and when the time step tends to zero, the value can be 
regarded as a constant at this time step. As for an actual condition, MBV tests can provide 
the variation of time-averaged MBV. △RH represents a constant, referring to max RH 
difference throughout a day. Based on the mass conservation, the RH difference of a day 
can be estimated when considering all the moisture sources (i.e., building materials, air 
exchange). 

 Surface resistance to the moisture transport 

According to the available literature about building physics, the surface resistance during 
moisture transport is neglected. Some reports [117, 164] demonstrated that the moisture 
transport resistance inside the material is larger than the surface resistance, which relies 
on the convection at the boundary. However, Roels et al. [165] pointed out that the lack 
of surface resistance for the hygroscopic materials will overestimate their buffering 
capacity in the actual building simulation. Here it can be found that ideal MBV 
characterizes the building materials from the Material Level [117, 158] evaluated by 
measuring the material properties under certain conditions, while the practical MBV is 
obtained from the actual conditions at the System Level [117, 158], bridging the material 
with the environment. In this regard, this may explain the difference between the ideal 
MBV and practical MBV. 

In order to integrate the surface resistance with the ideal MBV, a lumped total vapor 
transfer coefficient δtotal was defined, which contains the moisture transport from the air 
layer to the inside materials. Namely, all factors involved in moisture transport are 
considered. Based on the MBV tests, the lumped total vapor transfer coefficient δtotal can 
be obtained from the measured data by fitting. The details about the MBV tests can refer 
to in Section 3.2. Here the vapor diffusion coefficient in the ideal MBV deduction will be 
replaced by the calculated lumped parameter δtotal. The δtotal-modified MBV is then 
applied to evaluate the indoor moisture change throughout a day. 

 Results of MBV tests under different boundary conditions 

Fig. 3.10 shows the measured moisture flux under different RH variation conditions. In 
the condition with square-wave RH change, sharp changes occur when there is a sudden 
RH switch (RHhigh»low or RHlow»high). However, compared with the condition of harmonic-
wave RH change, the moisture flux varies in a continuous curve and conforms to the 
actual conditions. It can be found that the boundary condition can change the shape of 
the curve for the moisture flux variation. Based on Eqs. (3.8), (3.11), and (3.12), moisture 
flux from the mathematic deduction can match well with the results from MBV tests. In 
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this regard, the fitting parameter δtotal includes all the resistance of moisture transport 
from material to boundary and air. Table 3.5 provides the results of different MBV. The 
calculation of δtotal used MBV is closer to the practical MBV, and μ(γ) obtained from Eq. 
(3-17) is 0.659, which is close to the measured MBV under two different conditions, 
namely, 0.697. Therefore, the fitting method to obtain δtotal can represent the practical 
MBV to the following calculations. It is worth mentioning that during the MBV tests, the 
value of δtotal with different boundary conditions is consistent. In the following case, the 
lumped total vapor transfer coefficient (δtotal) is regarded as a constant (average δtotal = 
1.6×10-7 kg/m/s). 

Fig. 3.10 The measured moisture flux variation with a 12 h-12 h RH cycle (RH= 33%- 
75%). a) Square wave; b) Harmonic wave. 

Table 3.5 The measured parameters under different boundary conditions (12 h, 75% RH 
-12 h, 33% RH)

Square-wave RH Harmonic-wave RH 

Lumped total vapor transfer coefficient 
from MBV tests (×10-7 kg/m/s) 

1.52 1.69 

Measured MBV (g/m2/RH%) 11.9 8.3 

Calculated MBV including surface 
resistance (g/m2/RH%) 

13.1 9.1 

Ideal MBV (g/m2/RH%) 20.8 13.7 
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 Simulation by using moisture buffer value model (MBM) 

In this part, the MBV model (MBM) will be applied to conduct the numerical calculation 
for the indoor humidity variation. Since the lumped total transfer coefficient δtotal is 
obtained from the above MBV tests, δtotal used time-averaged MBV will be inserted into 
the mass conservation equation. The details are summarized as below: 

 Measurements of the moisture flux over the test sample are periodically 
adsorbed/released from/to the air when exposed to the square-wave and harmonic-
wave RH variation of the indoor air. 

 The fitting process of the measured data is performed to evaluate the fitting coefficient 
with different boundary conditions, δtotal. Eqs. (3.8) and (3.11) will be used as the 
fitting equations. 

 The time-averaged MBV is calculated using the obtained fitting parameter, δtotal, 
based on Eq. (3.18). The mass conservation equation is integrated with the time-
averaged MBV to calculate the indoor moisture variation. 

The MBV tests measured the net mass change of MIL-100(Fe) when exposed to different 
RH variations (boundary conditions). In order to reduce the effect of temperature on the 
material properties, it is assumed an isothermal environment where the saturated water 
vapor concentration is calculated by 20.5 g/m3. The RH varies between 33% and 75% in a 
24 h cycle. The needed material properties are constants, mainly density (790 kg/m3) and 
the net cyclic adsorption capacity (0.45 kg/kg). γ is set at 0.5 for different boundary 
conditions. 

Since the moisture buffering capacity corresponds to the water vapor uptake/release of 
the building materials, it has a specific effect on the indoor moisture balance. At the 
material level, ideal MBV unveils the optimal moisture buffering capacity of the 
materials, and time-averaged MBV can show the moisture buffering capacity at each time 
interval. At the room level, practical MBV includes the effect between the material and 
air, and the δtotal used time-averaged MBV involves the moisture transport inside the 
material and between the material and air. In this regard, the hygroscopic materials 
integrated with moisture load, ventilation, indoor climate, can reflect the trend of indoor 
humidity level. A simple description of the building case was provided, the BESTEST 
lightweight building case using a MIL-100(Fe) panel with 12 m2 of surface and 15mm of 
thickness. Here the indoor mass conservation equation of vapor is expressed as: 

 𝑀𝑀 𝑖𝑖𝑐𝑐𝑖𝑖
𝑖𝑖𝑡𝑡

= 𝑎𝑎(𝑐𝑐0 − 𝑐𝑐𝑖𝑖)𝑀𝑀 + 𝐺𝐺′ + 𝐴𝐴 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 ∙ ∆𝑅𝑅𝑅𝑅 (3.21) 

Where a is the air exchange rate [1/h]; G’ indoor moisture gain [kg/h]; A the surface area 
of the panel [m2]; V indoor net volume [m3]. 
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Fig. 3.11 Schematic of BESTEST benchmark building using MIL-100(Fe) panel. 

In Fig. 3.11, a MIL-100(Fe) panel is hung on the wall as the moisture buffering source. 
The total vapor transfer coefficient obtained from MBV tests is regarded as 1.6×10-7 
kg/m/s, a more reasonable value based on the above analysis. It is assumed that all 
external surfaces of this building case are impermeable and waterproof, thus no moisture 
transport across the walls. In Eq. (3.21), the change of indoor humidity level is affected 
by indoor moisture gain item, ventilation item, and moisture buffering item. The last item 
involves the moisture adsorption/release from the MIL-100(Fe) panel. The initial vapor 
concentration of the indoor air is 6.15 g/m3 (30% RH), and the vapor concentration of the 
outdoor air varies in a harmonic function with the cycle of 24 h and amplitude of 8.2 g/m3. 
The air exchange rate is set at 0.5ACH throughout the day. In addition, there is a 
moisture gain of 0.5 kg/h during the period between 9:00 am and 5:00 pm. An explicit 
discrete scheme solves the mass conservation of indoor vapor balance in Eq. (3.21). For 
comparison, the moisture flux over the hygroscopic materials can be evaluated 
respectively by 1) The finite volume method (spatial step of 0.01 m and time step of 1 
min); 2) The EMPD model; 3) The MBV model. 

Based on the deduction of MBV theory, the MBV model takes advantage of the lumped 
total vapor transfer coefficient, δtotal, obtained from the practical MBV tests. Thus it is 
supposed to have a reasonable prediction of indoor vapor concentration. Here Fig. 3.12(a) 
shows the calculation of indoor vapor balance with different models. Assumed that the 
HAMT model is correct in this case, the results from the MBV model are a little higher 
than that from the HAMT model, which shows that the max relative humidity amplitude 
calculated by the MBV model is around 16%. One possible reason may be that the current 
MBV model is derived from the assumption of an isothermal environment, yet the HAMT 
is a non-isothermal model. For example, the adsorption heat from the hygroscopic 
material panel may affect the moisture distribution inside the panel. Besides, when 
compared with the results from the square-wave variation, the MBVharmonic model 

8.0 m
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Ventilation

Moisture gain
Moisture buffering at 

the surface of inner wall

Indoor air

Moisture 
buffer material
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outperforms the other two models, the MBVsquare model, and EMPD1 model, in predicting 
the indoor humidity change. 

Fig. 3.12(b) presented the absolute error of different models compared with the HAMT 
model. EC model regards the moisture buffering capacity as a moisture capacitance 
multiplier, and the results calculated by the EC model are far from the calculated results 
of the HAMT model. In addition, the EMPD1 model [156] calculated 19% of the relative 
humidity amplitude, higher than the HAMT model (14%) and MBV model (16%). In this 
regard, according to the mean error (%RH), the MBV model shows better results than 
both EC and EMPD1 models. Compared with the HAMT model, the max absolute error in 
the MBV model can be as low as 3%RH. As for the computing time, the calculation from 
the MBV model consumes almost the same amount of time as the EC model. Thus it is 
theoretically 2~4 orders of magnitude faster than that from the HAMT model [156]. In 
summary, it is indicated that the MBV model (MBM) can evaluate the indoor moisture 
variation with a reasonable calculation error and computing time.  

Fig. 3.12 (a) Indoor moisture variation prediction; and (b) the calculation error. 

3.5 Summary 

In this chapter, the moisture buffering capacity of MOFs was investigated through 
experiments and numerical calculations, which indicated that MOFs could regulate the 
moisture fluctuation by autonomously adsorbing or releasing water vapor from/to the 
ambient air. First, by referring to the NORDTEST protocol, MBV from the material level 
(MBVideal) indicates that MIL-100(Fe) has an optimal moisture buffering capacity 
compared to the other two MOFs MIL-160(Al) and Al fum. Moreover, the MBV from the 
system level (MBVprac) shows that the MBV tests represent the moisture buffering 
performance under actual conditions, and MBVprac is lower than MBVideal. Second, to 
compare the performance of MIL-100(Fe) (max MBVprac) for the building simulation, four 
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cities with different climate conditions were selected for the BESTEST lightweight 
building case. The calculated results indicate that moisture buffering materials used in a 
hot and dry climate and a semi-dry climate have the best latent load removal rate, 
whereas, in a humid climate, the performance of moisture buffering materials is 
dramatically reduced owing to the high humidity level of the outside air throughout the 
day. Third, according to the MBV theory proposed from the NORDTEST project, the MBV 
was deduced with different boundary conditions, and the introduction of the time-
averaged MBV can reflect the equivalent moisture flux at a specific time interval. Based 
on the calculation of the indoor vapor balance, the MBM can calculate the indoor humidity 
variation with reasonable accuracy. In summary, the moisture buffering effect can reduce 
building energy consumption depending on the local climate condition. The selection of 
hygroscopic materials with high MBV has the highest priority. 
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Chapter 4  

Sorption dynamics of MOFs: 

experiments and modeling 

This chapter describes the dynamic performance of MOFs for vapor adsorption in a 
humidity- and temperature-controlled environment. The equilibrium water vapor uptake 
indicates the sorption capacity of the material and sensitivity to the vapor pressure, 
whereas the dynamic sorption performance represents the available moisture capacity in 
cycles in an active-type system. The experimental part initially includes the equilibrium 
sorption tests and dynamic sorption tests, which are used to quantify the adsorption 
capacity and adsorption rate and then build the isotherm model and linear driving force 
model, respectively. Further, to assess the sorption dynamics of MOFs under actual 
conditions, a dynamic test platform was constructed to validate the dynamic sorption 
model. Parametric studies based on the validated model investigated the effect of 
different operational parameters on the dynamic sorption performance of MOFs.  

Parts of this chapter are published in: 

Zu K, Qin M. Experimental and modeling investigation of water adsorption of hydrophilic 
carboxylate-based MOF for indoor moisture control. Energy 2021; 228: 120654. 

4.1 Background 

To improve the thermal comfort of the built environment, an increasing number of 
building blocks are now equipped with HVAC systems, which are responsible for more 
than 40% of the total building energy consumption [166-168]. There is ongoing research 
to explore energy-saving air-conditioning methods to conform to the Sustainable 
Development Goals (SDGs) agreed upon by UN member states. Generally, the total 
energy load in the air conditioning of buildings can be divided into sensible (temperature) 
and latent (humidity) loads. Traditional air conditioning systems consider the trade-off 
between latent and sensible loads by consuming a large amount of energy to cool the inlet 
air below the dew point and then reheating it up to the required supply air conditions. 
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Even if this refrigeration dehumidification method can regulate both the temperature and 
humidity levels, the systems require a low evaporation temperature (~5- 7 °C) and 
reheating of the processed air, leading to a decrease in COP [2]. In addition, there is a 
risk of refrigerant leakage (i.e., HCFCs and HFCs) in the evaporator and condenser, thus 
contributing to ozone depletion and global warming [169]. To reduce the energy 
consumption of all air conditioning systems, it is necessary to develop new energy control 
strategies. Some reports have pointed out that desiccant-based air-conditioning systems 
can independently regulate the temperature and humidity levels by taking advantage of 
their adsorption and desorption mechanisms [170, 171]. This dehumidification method 
has many merits, such as utilizing low-grade energy (e.g., waste heat). To date, the critical 
problems that limit practical applications have focused on the performance improvement 
of desiccants. Conventional desiccants such as silica gel and zeolite have poor 
performance in loading lift and regeneration conditions, thus leading to the high 
complexity and bulky size of these systems [172]. It is noted that the amount of the 
loading lift relies on the nature of the desiccant [173], and the interaction between the 
adsorbate and desiccant and the intrinsic structure may affect the sorption equilibrium 
and regeneration conditions. In this case, the screening and selection of desiccants can 
determine the COP of air-conditioning systems [174]. 

MOFs have recently evolved as an ideal alternative to applications in heat pumps and 
dehumidifiers due to their highly tunable structure and remarkable sorption 
performance. Several studies have reported that many MOFs possess S-shaped 
isotherms, high cycling load lifts, and low regeneration temperatures [16, 175]. Seo et al. 
[116] indicated that two MOFs, MIL-100 and MIL-101, can be used to achieve 
dehumidification with high cycling stability and adsorption capacity. Xu et al. [132] 
prepared a full-scale desiccant-coated heat exchanger using HKUST-1 and compared its 
dehumidification performance with a silica gel-based heat exchanger. Bareschino et al. 
[176] conducted a numerical study on an adsorption cooling system using MIL-101 as an 
adsorbent. The results also indicate a much higher dehumidification performance than 
that of silica gel. Moreover, some studies [20, 49] reported the measured sorption 
performance of different MOFs on closed adsorption chillers using water as the adsorbate. 
All these studies proved the great potential of MOFs in dehumidification. 

4.2 Characterization of MOFs 

XRD patterns of all the selected MOFs are shown in Appendix A1, and the diffraction 
peaks of the synthesized MOFs are consistent with the reported ones [45, 99]. The 
morphologies of MOFs, MIL-100(Fe), MIL-160(Al), and Al fum, were characterized by 
using the scanning electron microscope (SEM). Fig. 4.1 presents the microstructure of the 
MOF crystals, and there are many intercrystalline voids observed between crystals. It 
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can be estimated that these connected voids could further extend the area of interface 
between crystals and water vapor. Besides, Table 4.1 presented the results from BET 
tests. It is found that MIL-100(Fe) has a larger surface area and micropore volume than 
the other two MOFs. Fig. 4.2 provides the measured pore size distribution of MOFs from 
N2 adsorption. Al fum has a much stronger adsorption capacity among these MOFs when 
the relative pressure reaches a high level (>0.9). 

Fig. 4.1 SEM photos of MOFs. a, b) MIL-100(Fe); c, d) MIL-160(Al); e, f) Al fum. 
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Table 4.1 Porous properties of MOFs. 

 
Surface area 

(m2/g) 

Micropore volume* 

(cm3/g) 
Mean pore diameter 
(nm) 

MIL-100(Fe) 1321 0.63 0.737 

MIL-160(Al) 740 0.254 0.679 

Al fum 890 0.396 0.829 

* t-plot method.  

 

 
Fig. 4.2 N2 isotherms at 77 K. Adsorption (full symbols), desorption (empty symbols). 
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4.3 S-shaped isotherm modeling 

 Langmurian type isotherm model 

According to the developed adsorption theory, the measured isotherms fitted with the 
isotherm model disclose the sorption behavior between adsorbate and adsorbent under 
different vapor pressure and temperature. As for the water vapor-MOF pair, it is reported 
that Langmurian type isotherm can well represent the equilibrium adsorption capacity 
as a function of vapor pressure, P, and temperature, T, including the S-shaped isotherm 
case. Therefore, the isotherm model can be given by [172]: 

 𝜃𝜃 = 𝜔𝜔𝑒𝑒𝑒𝑒

𝑚𝑚0
=

𝐾𝐾� 𝑃𝑃
𝑃𝑃𝑠𝑠
�
𝛼𝛼

1+(𝐾𝐾−1)� 𝑃𝑃
𝑃𝑃𝑠𝑠
�
𝛼𝛼 (4.1) 

Where θ is the fractional water vapor uptake [-]; ωeq and m0 the amount of the equilibrium 
water vapor uptake [kg/kg] and limiting uptake [kg/kg]; Ps and P the saturated vapor 
pressure and vapor pressure [Pa], respectively. The equilibrium constant K can be 
evaluated by β·exp(α·ΔQ/RT). Here β is a fitting parameter; α indicates the heterogeneity 
factor obtained from experiments; ΔQ is the adsorption characteristics energy. 

 Determination of fitting parameters 

By using the gravimetric analyzer (DVS), the water vapor uptake of MOFs can be 
measured under different temperature conditions, as shown in Fig. 4.3. All the results 
demonstrated that the isotherms of these MOFs were almost S-shaped during the 
adsorption process, which means that a sudden adsorption process occurred at a specific 
relative pressure. This may result from the uniform pore size inside the MOF crystals. In 
Fig. 4.3, it can be found that the fitting curves for isotherms of MOFs match well with the 
measured isotherms [172]. It indicates that the fitting equation (Eq. (4.1)) can calculate 
the equilibrium water vapor uptake of these MOFs as a function of vapor pressure and 
ambient temperature. In addition, the plot of isotherms shows that these MOFs are 
sensitive to the temperature change because every 10 ℃ rises will accompany apparent 
changes in the starting point (or turning point, P/P0). The max water vapor uptake at 30 
℃ can reach up to 0.6 (MIL-100(Fe)), 0.35 (MIL-160(Al)), and 0.46 (Al fum), respectively. 
The fitting parameters of MOFs are shown in Table 4.2. 
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Fig. 4.3 Sorption isotherms under different temperature conditions. Experiments 
(scatters) and fitting (curves). a) MIL-100(Fe); b) MIL-160(Al); c) Al fum. 

Table 4.2 Fitting information of Langmurian type isotherm model for MOFs – water 
system. 

m0 α ΔQ β R-square

MIL-100(Fe) 
+ water vapor

0.61 
kg/kg 

3.62 1272 J/mol 8.165 0.9852 

MIL-160(Al) + 
water vapor 

0.39 
kg/kg 

1.19 26442 J/mol 1.118 × 10-4 0.9678 

Al fum + 
water vapor 

0.41 
kg/kg 

10.1 1405 J/mol 1247 0.9946 
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 Isosteric heat of MOFs based on the isotherm model 

According to the description of Clausius- Clapeyron equation, the isosteric heat (qah) can 
be calculated by: 

 𝑞𝑞𝑎𝑎ℎ = 𝑅𝑅𝜕𝜕𝑖𝑖𝑛𝑛𝑅𝑅
𝜕𝜕�−1𝑇𝑇�

  (4.2) 

Since the isotherm model builds the connection among the equilibrium water vapor 
uptake, vapor pressure, and the ambient temperature, the isosteric heat is calculated by 
the Clausius–Clapeyron equation in Eq. (4.2). According to Langmurian type isotherm 
model, Fig.4.4 shows there is a linear relationship between the vapor pressure [ln(P)] and 
the inverse of temperature [1/T] under the given water vapor uptake fraction (θ). The 
slope of the ln(P) against 1/T should be –qah/R, thus the isosteric heat can be obtained. 
Based on the plot of the ln(P) against 1/T, the isosteric heat of MOFs are 45 kJ/mol (MIL-
100(Fe)), 55 kJ/mol (MIL-160(Al)), and 45.2 kJ/mol (Al fum), respectively. According to 
the reported results [16,177], the relative error of the isosteric heat on MOFs was around 
4-8%. In this regard, the following simulation will adopt the average value of the obtained 
isosteric heat.  

 

Fig. 4.4 Isosteric heat of water vapor adsorption on MOFs under different water vapor 
uptake fraction. a) MIL-100(Fe); b) MIL-160(Al); c) Al fum. 
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4.4 Linear driving force model (LDF) 

 Adsorption rate 

Adsorption rate is a parameter that could measure the dynamic performance of adsorbent 
materials and evaluate the total operation performance of a sorption-based system. In 
order to calculate of adsorption rate, dω/dt, a linear driving force model can be applied 
and simplified [74, 178, 179]: 

 𝑖𝑖𝜔𝜔
𝑖𝑖𝑡𝑡

= 60
𝑖𝑖2
𝐷𝐷𝑠𝑠(𝜔𝜔𝑖𝑖𝑒𝑒 − 𝜔𝜔) (4.3) 

 𝐷𝐷𝑠𝑠 = 𝑎𝑎1 · 𝑒𝑒𝑥𝑥𝑝𝑝 �− 𝑎𝑎2
𝑅𝑅𝑇𝑇
� (4.4) 

Where Ds is the vapor diffusion coefficient inside the desiccant crystal [m2/s]; a1 and a2 
are obtained from experimental tests [178]. In this regard, the average adsorption rate 
(dω/dt) is calculated by inserting Eq. (4.1) into Eq. (4.3). Then Eqs. (4.7) and (4.11) 
together with Eq. (4.3) make up the dynamic adsorption model to calculate the moisture 
transport inside the material layer. 

 Intracrystalline diffusivity 

Intracrystalline diffusivity depicts the transport of the adsorbed water inside the 
adsorbent material layer. To evaluate the variation of the real-time water vapor uptake 
as in Eq. (4.3), this parameter should be obtained through kinetic tests on different 
materials. According to Fick’s law, the fraction of actual water vapor uptake against the 
equilibrium water vapor uptake can be simplified as follows: 

 𝜔𝜔𝑠𝑠

𝜔𝜔∞
= 1 − ∑ 6

(𝑛𝑛𝑛𝑛)2
exp (− (2𝑛𝑛𝑛𝑛)2𝐷𝐷𝑠𝑠

𝑖𝑖2
𝑡𝑡)∞

𝑛𝑛=1  (4.5) 

Where ω∞ is the amount of the water vapor uptake as time goes on ∞. In Eq. (4.5), the 
corresponding intracrystalline diffusion (Ds) is obtained from the test results by fitting if 
the average crystal size can be measured (see Appendix C1). By integrated with the LDF 
model [179], the intracrystalline diffusivity function can thus be expressed based on Eq. 
(4.4) and rewritten as: 

 ln �𝐷𝐷𝑠𝑠
𝑎𝑎1
� = − 𝑎𝑎2

𝑅𝑅𝑇𝑇𝑠𝑠
 (4.6) 

Eq. (4.6) has indicated a linear relationship between the intracrystalline diffusion (Ds) 
and the inverse of the temperature. Moreover, this deduction is identified in the measured 
data shown in Fig. 4.5. Table 4.3 presented the obtained value of a1 and a2 for different 
MOFs. Accordingly, Eq. (4.6) can be inserted into Eq. (4.3) to evaluate the adsorption rate 
at different positions of the adsorbent layer. 
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Table 4.3 The obtained fitting parameters for a1 and a2. 

 MIL-100(Fe) MIL-160(Al) Al fum 

a1 (m2/s) 7.36 × 10-12 1.13 × 10-11 7.21 × 10-12 

a2 (J/mol) 2.64 × 104 2.85 × 104 2.59 × 104 

 

 

Fig. 4.5 The measured intracrystalline diffusion with the different inverse of 
temperature. The measured data (Scatter) and the fitting curve (Line). a) MIL-100(Fe); 

b) MIL-160(Al); c) Al fum.  
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4.5 Validation and parametric studies 

 Test platform 

In Fig. 4.6, ad/desorption dynamic performance tests were performed on a MOF-coated 
metal plate, and the whole platform was put in a small climate chamber. Here, the metal 
plate is used to achieve fast thermal diffusion from the heat source (heating or cooling). 
The air conditioner and humidifier controlled the inlet air to regulate the temperature 
and humidity, respectively. Two groups of temperature and humidity sensors were fixed 
at the inlet and the climate chamber. The MOF-coated plate (4 cm × 4 cm × 0.05 cm) is 
attached to the thermoelectric module, where the temperature sensor controls the surface 
temperature. Thus the temperature at the bottom side of the plate can be periodically 
regulated at 20 ℃ (AD) and 70 ℃ (DE). To validate the modeling, two different 
thicknesses (0.25 mm and 0.8 mm) of MOF coating were prepared on the top side of the 
plate. The air conditions of the climate chamber were maintained at 21 ℃, 65% RH, and 
the air velocity over the MOF coating (3 cm above the surface) is monitored at less than 
0.15 m/s, which is reasonable to neglect the convective mass transfer.  

Vapor outlet

Data collector

Weighing
MOF Coating (up)

+
Aluminum plate (down)

Humidifier

Room air
(Vapor inlet)

T RH

Balance

Small test chamber
(21oC, 65%RH)

Heater

 

Fig. 4.6 The platform of dynamic sorption tests. 

The coating process is presented as following steps: 

1) The preparation of the aluminum plate. The aluminum plate was immersed in 
≥99.5% of acetone for 5 min and then rinsed with distilled water. The aluminum plate 
was then put in 0.3 mol/L of the acetic acid solution for 1 min and rinsed with distilled 
water. The aluminum plate was finally covered in 1 mol/L NaOH for 1min and then 
rinsed and dried in the oven. 

2) The preparation of suspension. Taken 0.15 g MOF for example, 0.15 g of MOF was 
added in 0.45 g distilled water and stirred at 300 rpm for 30 min. Then 0.1 g water-
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borne binder (SILERS MP 50E, WACKER) was added. The suspension was stirred 
evenly to form a viscous suspension.  

3) Coating and post-processing. The viscous suspension was evenly applied in the 
aluminum plate and then put in an oven with 50 ℃ for 2 h and subsequently 150 ℃ 
for 4 h. 

 Mathematical model 

To calculate the heat and mass transfer in the MOF coating layer, a transient 3-D 
mathematical model (x, y, z, t) is built in this part. When considering the sorption 
behaviors of the MOF coatings, Fig. 4.7 shows the simulation model in detail for the 
dynamic performance calculation, where there are two domains: heat transfer domain 
(metal plate, desiccant layer, and air) and mass transfer domain (desiccant layer and air) 
operated in cycles. This simulation case refers to the experiments shown in Fig. 4.6. In 
addition, it should be noted that there are many mechanisms involved during the 
ad/desorption process of MOFs, indicating the moisture transport in this MOF-coated 
plate unit is a complicated process. Some assumptions on the proposed model have 
therefore been made:  

• There are no dead air and even distribution of temperature and humidity in the small 
test chamber; 

• The air conditions of the climate chamber are steadily maintained at the set value; 
• The thickness of the desiccant in the metal plate is uniform; 
• The vapor in the intercrystalline voids is assumed to conform to the ideal gas state; 
• Some parameters such as crystal size, porosity, and mass distribution are spatially 

uniform; 
• The physical properties such as thermal conductivity and isosteric heat are not 

temperature-dependent but related to the amount of water vapor uptake. 

 

Fig. 4.7 The schematic of the simulation model. 
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Moisture transport in MOF coating 

The mass variation of vapor in the desiccant layer can be calculated by [178, 180]: 

 𝜕𝜕𝜌𝜌𝑣𝑣
𝜕𝜕𝑡𝑡

+ 𝛻𝛻 ∙ (𝜌𝜌𝑣𝑣𝑢𝑢) = 𝛻𝛻 ∙ 𝐷𝐷𝑣𝑣𝛻𝛻𝜌𝜌𝑣𝑣 − 𝜌𝜌𝑖𝑖
1−𝜀𝜀
𝜀𝜀

𝜕𝜕𝜔𝜔
𝜕𝜕𝑡𝑡

 (4.7) 

Where ρv and ρd are the vapor concentration and the density of dry desiccant [kg/m3]; ε 
the porosity of desiccant; ω the amount of the adsorbed vapor in the desiccant layer 
[kg/kg]; ∂ω/∂t the adsorption rate at the specific time and space. Based on Darcy’s law and 
the equation of state (P= ρRvT), the air velocity vector in the porous medium is written 
as: 

 𝑢𝑢 = −𝐴𝐴
𝜇𝜇
∙ ∇𝑃𝑃 = −𝐴𝐴𝑅𝑅𝑣𝑣

𝜇𝜇
(𝜌𝜌𝑣𝑣∇𝑇𝑇 + 𝑇𝑇∇𝜌𝜌𝑣𝑣) (4.8) 

 𝐴𝐴 = 𝑖𝑖2𝜀𝜀3

150(1−𝜀𝜀)2
 (4.9) 

For the intercrystalline diffusion, Dv, it is evaluated by the following equation: 

 𝐷𝐷𝑣𝑣 = 𝑖𝑖�

3
�8𝑅𝑅𝑣𝑣𝑇𝑇

𝑛𝑛
 (4.10) 

Where µ is the dynamic viscosity of vapor [kg/(m·s)]; ▽P the pressure gradient in the 
intercrystalline pore; �̅�𝑑 the average size of intercrystalline pores, which can be expressed 
as a function of crystal size and overall porosity [m]. 

Energy conservation in MOF coatings 

Considering that the ad/desorption of water vapor accompanies the heat transfer, the 
energy conservation can be governed by the following equation [25, 26], which includes 
the heat conduction and the adsorption heat inside the desiccant layer. 

 𝜌𝜌𝑐𝑐���(𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡

+ u∇ ∙ 𝑇𝑇) = ∇ ∙ 𝜆𝜆𝑖𝑖𝑒𝑒∇𝑇𝑇 + 𝑞𝑞𝑎𝑎ℎ𝜌𝜌𝑖𝑖(1 − 𝜀𝜀) 𝜕𝜕𝜔𝜔
𝜕𝜕𝑡𝑡

 (4.11) 

 𝜌𝜌𝑐𝑐��� = (1 − 𝜀𝜀)𝜌𝜌𝑖𝑖(𝑐𝑐𝑝𝑝𝑚𝑚 + 𝜔𝜔𝑐𝑐𝑝𝑝𝑙𝑙) + 𝜀𝜀𝜌𝜌𝑐𝑐𝑝𝑝𝑣𝑣 (4.12) 

Where qah is the isosteric heat during ad/desorption process [J/kg]. In Eq. (4.12), it is 
indicated that the average volumetric heat capacity [J/(kg·K)] considers different 
materials such as desiccant, cpm, adsorbed vapor, cpw, and the vapor phase, cpv. Besides, 
the equilibrium thermal conductivity is estimated by using the modified Zehner-
Schlunder model [181]: 

 𝜆𝜆𝑖𝑖𝑒𝑒 = �1 − √1 − 𝜀𝜀�𝜆𝜆𝑣𝑣 + �1 − √𝜀𝜀�𝜆𝜆𝑚𝑚 + �√1 − 𝜀𝜀 + √𝜀𝜀 − 1� ∗ 

 �
𝑘𝑘�1−𝜆𝜆𝑣𝑣

𝜆𝜆𝑚𝑚
�

�1−𝑘𝑘∗𝜆𝜆𝑣𝑣𝜆𝜆𝑚𝑚
�
2 𝑙𝑙𝛾𝛾

𝜆𝜆𝑚𝑚
𝑘𝑘∗𝜆𝜆𝑣𝑣

− 𝑘𝑘−1

1−𝑘𝑘∗𝜆𝜆𝑣𝑣𝜆𝜆𝑚𝑚

� , 𝑘𝑘 = (1−𝜀𝜀
𝜀𝜀

)0.9676 (4.13) 
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Initial and boundary conditions  

The initial conditions of the whole MOF coatings are: 

𝑇𝑇(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 0) = 𝑇𝑇0, 𝜌𝜌𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 0) = 𝜌𝜌0, 𝜔𝜔(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 0) = 𝜔𝜔𝑖𝑖𝑒𝑒(𝑃𝑃0,𝑇𝑇0) (4.14) 

The boundary conditions of the whole MOF coatings are: 

𝜌𝜌𝑣𝑣(0,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝜌𝜌𝑣𝑣(𝐿𝐿,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝜌𝜌𝑣𝑣(𝑥𝑥, 0, 𝑧𝑧, 𝑡𝑡) = 𝜌𝜌𝑣𝑣(𝑥𝑥,𝑊𝑊, 𝑧𝑧, 𝑡𝑡) 

= 𝜌𝜌𝑣𝑣(𝑥𝑥,𝑦𝑦, 0, 𝑡𝑡) = 𝜌𝜌𝑣𝑣(𝑥𝑥,𝑦𝑦,𝑅𝑅, 𝑡𝑡) = 𝜌𝜌𝑎𝑎 (4.15) 

𝑇𝑇𝑝𝑝𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖�𝑥𝑥,𝑦𝑦,−𝑅𝑅𝑝𝑝, 𝑡𝑡� = 𝑇𝑇𝑠𝑠 = �𝑇𝑇𝑐𝑐 , 𝐴𝐴𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑡𝑡𝐴𝐴𝐴𝐴𝛾𝛾 
𝑇𝑇ℎ, 𝐷𝐷𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑡𝑡𝐴𝐴𝐴𝐴𝛾𝛾 (4.16) 

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

|𝜕𝜕=0 = 0 (4.17) 

 𝑇𝑇(𝑥𝑥,𝑦𝑦, 0, 𝑡𝑡) = 𝑇𝑇𝑝𝑝𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖(𝑥𝑥,𝑦𝑦, 0, 𝑡𝑡)  (4.18) 

𝛾𝛾 ∙ 𝜆𝜆𝑖𝑖𝑒𝑒∇𝑇𝑇|𝑐𝑐=𝑅𝑅,𝑥𝑥=0 = ℎ𝑣𝑣(𝑇𝑇𝑎𝑎 − 𝑇𝑇) + 𝜖𝜖𝜖𝜖(𝑇𝑇𝑙𝑙4 − 𝑇𝑇4) (4.19) 

Where 𝜖𝜖 represents the emissivity from the surface to the surroundings. Fig. 4.7 shows 
that the Dirichlet boundary for vapor transfer and the third boundary for heat transfer is 
adopted to evaluate the sorption performance of MOF coatings. In Table 4.4, the physical 
properties of MIL-160(Al) were measured and reported in the existed literature [177], 
which will also be used for the other two MOFs in the simulations. Other required 
parameters are provided in Table 4.5. 

Table 4.4 Physical properties of MOFs in the simulation of moisture transport. 

Parameters Symbol 
Value 

MIL-160(Al) 

Density (kg/m3) ρd 400-600

Specific heat capacity (J/kg/K) cp 1100-1600* 

Thermal conductivity (W/m/K) λm 0.07 

Porosity ε 0.4 

Crystal size (m) d 1.5×10-6 

* Dry sample: 1100 J/kg/K; Saturated sample: 1600 J/kg/K.
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Table 4.5 Physical properties of other materials in the simulation. 

Parameters Symbol Value 

Thermal conductivity of 
water vapor (W/m/K) 

λv 0.018 

Thermal conductivity of 
metal plate (W/m/K) 

λplate 2770  

Specific heat of water vapor cpv 
-2×10-7 T3 + 5.9×10-4 T2 + 
0.11 T + 1790 

Specific heat of adsorbed 
water vapor (J/kg/K) 

cpw 4200 

Specific heat of metal plate 
(J/kg/K) 

cpm 960 

Simulation methodology 

All the governing equations together with auxiliary equations Eqs. (4.1) -(4.13) were 
solved by using the finite difference scheme in the whole domains. The simulation was 
performed on COMSOL v5.5 with structured meshing for the dynamic model shown in 
Fig. 4.7. To valid the model, the operation conditions were identical to the experiments as 
listed in Table 4.6. It is worth noting that the variable time step is adopted in this 
simulation case to avoid the non-convergence at the time with the sudden change, reduce 
the competing time. The initial time step of 0.01s was set considering the sudden change 
at the initial stage. Besides, to reduce any abnormal results, convergences criteria have 
been determined by setting tolerance as 1e-6. 

Table 4.6 The operation conditions of experiments. 

Operation conditions Symbol Value 

Initial temperature T0 21 ℃ 

Initial vapor concentration ρ0 0.0118 kg m-3 

Bottom temperature Ts 20 ℃ (AD) / 70 ℃ (DE) 

 Validation 

As described in Section 4.5.1, the validation of modeling for dynamic performance was 
conducted with the bottom surface temperatures periodically changed between 20 ℃ (Ad) 
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and 70 ℃ (De) in cycles. Based on the obtained parameters from material properties and 
initial conditions, the cyclic uptake of water vapor on MIL-160(Al) was evaluated, which 
matches well with the measured results presented in Fig. 4.8(a) and (b). In Fig. 4.8 (c), 
the overall discrepancy is in a range of ± 20%, demonstrating the high fidelity of this 
dynamic modeling. In addition, from the measured results, it is found that the time spent 
in the adsorption process is longer than that during the desorption process, and this is 
because both the intracrystalline and intercrystalline diffusivity are temperature-
dependent parameters, conforming to Eqs. (4.6) and (4.10). Namely, a higher temperature 
can accelerate the diffusion of the adsorbed water vapor.   

Table 4.7 shows the amount of the MIL-160(Al) coatings with different thicknesses. As 
for the coating thickness of 0.25 mm and 0.8 mm, the measured results indicated that 
0.25 mm of coating could reach the saturated state faster than the one with 0.8 mm, and 
it is primarily because the thicker coating implies an increased thermal resistance and 
accumulated isosteric heat inside the coatings. For MIL-160(Al), it is noted that 70 ℃ of 
heat source can well drive the regeneration process, outperforming most of the 
conventional desiccants (zeolites, >90 ℃ [182]). 

Fig. 4.8 Variation of the cyclic uptake on MIL-160(Al). (a-b) Validation with thickness δ 
= 0.25 mm and 0.8 mm; (c) Discrepancy between experimental results and simulation; 

Table 4.7 The amount of the MIL-160(Al) coatings on the metal plate. 

  Thickness 

Name 
~0.25 mm ~0.8 mm 

MIL-160(Al) 0.142 g 0.463 g 

In addition, dynamic sorption experiments of MOF coatings using MIL-100(Fe) and Al 
fum have been conducted, and the experimental results are shown in Fig. 4.9. Here if it 
is assumed that the material properties of these MOFs were adopted by referring to MIL-
160(Al), Fig. 4.9 also presents the simulated results. The cycle time of 1200 s and 1400 s 
has been used for different thicknesses of coatings, respectively. The results indicated 
that the changing trend of the measured cyclic uptake conforms to that from the 
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simulations, though there is a specific difference between the simulated and measured 
results. Table 4.8 provided the weight of the MOF coatings in a 4 cm × 4 cm of the 
aluminum plate after the drying process. 

Table 4.8 The amount of other MOF coatings on the metal plate. 

Name Thickness 

MIL-100(Fe) 0.15 g (0.234 mm) 0.535 g (0.878 mm) 

Al fum 0.155 g (0.264 mm) 0.518 g (0.84 mm) 
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MOF coatings using MIL-160(Al) were selected to observe the adsorbed water vapor 
distribution, and the observed cross-section was chosen as shown in Fig. 4.10. When it 
reaches the equilibrium state, there is always a specific amount of adsorbed water 
retained in the MOF coatings at the start of each adsorption process as shown in Fig. 
4.11, and all the MOF coatings here with different thicknesses can reach the saturated 
state at the end of each cycle. The calculated equilibrium water vapor uptake of different 
MOFs is almost identical to the measured results from the isotherms (Fig. 4.8). 

MOF coating

(Cross section)

Metal plate
 

Fig. 4.10 Position of the observed cross section.  

 

Fig. 4.11 The distribution of the adsorbed water vapor on MIL-160(Al) coating. (a) and 
(c) Initial adsorption state; (b) and (d) Final adsorption state. 
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 Parametric studies 

For consistency, the surrounding air conditions are identical to the experimental 
conditions, maintained at 21 ℃ and 0.0118 kg/m3. Considering that the thermophysical 
properties of MIL-160(Al) are reported in ref. [99], the following simulations will use MIL-
160(Al) as the benchmark material to investigate the effect of different factors (e.g., cycle 
time, diffusivity, porosity) on the dynamic sorption performance. The material properties 
of MIL-160(Al) are listed in Table 4.4. During the adsorption process, the bottom 
temperature is given at 20 ℃ to ensure the isothermal adsorption, offsetting the adverse 
effect of isosteric heat. The air velocity over the surface of coatings is initially neglected. 
To better compare the sorption performance of MOFs, the volumetric uptake, Um, is 
defined as a time-dependent variable, which can be calculated by 

𝑈𝑈𝑚𝑚 = 𝜔𝜔𝚤𝚤���𝜌𝜌𝑖𝑖(1 − 𝜀𝜀) (4.20) 

Where 𝜔𝜔𝚤𝚤��� is the average uptake [kg/kg] at the time of i. 

Cycle time and diffusivity 

Based on the validated model, the effect of cycle time and diffusivity on the variation of 
Um has been investigated to assess the sorption performance of MIL-160(Al). The 
thickness of the MOF coatings is given at 0.25 mm. In Fig. 4.12, the simulated results 
compare the cyclic variation of volumetric uptake under the different time ratios of a cycle 
(tAD: tDE). It is found that a reasonable cycle time (tAD+ tDE) and the time ratio (tAD: tDE) 
can maximum the cyclic dynamic performance. By extending the cycle time (see Fig. 
4.12(a) and (c)), the variation of the volumetric uptake during the adsorption process 
gradually reaches the equilibrium state after 1000 s, respectively. According to the 
moisture transport theory on the MOF coatings, it is indicated that the mass transport is 
primarily dominated by either intercrystalline (Dv) or intracrystalline (Ds) diffusivity, 
which is described by Eq. (4.4) and (4.10). In this case, the characteristic time of these 
MOFs calculated by the intercrystalline diffusivity (δ2/Dv) are 102 s, much less than that 
obtained from the intracrystalline diffusivity (d2/Ds), 103 s. This means that the 
intracrystalline diffusivity determines the best cycle time for these MOF coatings, which 
conforms to the results in Fig. 4.12 (c). 
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Fig. 4.12 The effect of time ratio at different cycle time on the variation of the 
volumetric uptake and the net cyclic capacity. 

Fig. 4.13 shows the effect of the crystal size and diffusivity on the cyclic dynamic 
performance, which refers to Eqs. (4.3)-(4.4). Given that the cycle time (1250 s) and the 
time ratio (tAD: tDE=3:1, tAD=1000 s) are maintained in this case, Fig. 4.13(a) presented 
that increasing the crystal size can significantly decrease the cyclic volumetric uptake 
and make it take a longer time to the equilibrium state during the adsorption and 
desorption processes. Besides, when lowering the diffusivity (decrease the factor a1 in Eq. 
(4.4)), a similar changing trend can be observed in Fig. 4.13(b), namely, reducing the net 
volumetric uptake of a cycle. Based on Eq. (4.4), it is found that the intracrystalline 
diffusivity (Ds) determined the transport of the adsorbed water inside the coatings. 
Considering the above analysis on the characteristic time calculated by intracrystalline 
diffusivity, the time spent in the adsorption process is supposed to be close to the same 
order of magnitude as d2/Ds. For example, a larger Ds (a1 changed from = 2 × 10-11 m2/s 
to 5 × 10-11) will save the time to the equilibrium state from 103 s to <250 s. In this regard, 
as for each given material, the performance optimization should consider the factors like 
crystal size and diffusivity on the variation of the volumetric uptake.  

 

Fig. 4.13 The effect of crystal size and diffusion on the variation of the volumetric 
uptake and the net cyclic capacity. 
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In conclusion, the change of some factors such as cycle time, time ratio, crystal size, and 
diffusivity can lead to the apparent change in the volumetric uptake (e.g., the shape of 
curves, Um v.s. time). Here a reasonable cycle time and time ratio can realize the full 
dynamic performance of coatings, improving the volumetric uptake per unit time. 
Besides, the intracrystalline diffusivity is mainly related to the selected materials or the 
nature of the desiccant, and the crystal size can maximum the dynamic performance at 
the structure level. Suppose the accumulated heat load, including the adsorption heat, 
can be controlled immediately by the external heat source. In that case, the dynamic 
sorption performance of MOF coatings can ensure fast moisture regulation.  

Porosity and characteristic length 

Based on the mass transport theory on the porous materials, there is a tradeoff between 
the net cyclic capacity and the time to the equilibrium state under the different porosity. 
High porosity can increase the chance of collision between water vapor molecules and the 
pore surface (less time to the equilibrium), reversely reducing the net sorption capacity 
and increasing the thermal resistance in the coatings. The change of the characteristic 
length (or thickness) can enhance the net sorption capacity if the isothermal conditions 
and thermal diffusion in the coatings are well guaranteed. In this regard, to investigate 
the effect of porosity and characteristic length on the dynamic sorption performance, some 
reasonable parameters as analyzed above, tcycle=1250 s, tAD: tDE=4:1 and d=1.5 µm, are 
adopted in this case. Fig. 4.14 shows the variation of net cyclic sorption capacity (=Um × 
V=Um × A× δ) against the porosity and the characteristic length.  

Fig. 4.14 Variation of the net cyclic capacity shown as a function of a) porosity and b) 
thickness. 

Fig. 4.14(a) presented that the porosity can significantly change the net cyclic sorption 
capacity, especially with thicker coatings. The increase in the porosity leads to the decline 
of the net cyclic capacity. Even if a higher stacking density is preferable (high volumetric 
uptake), a much low porosity can also hinder the intercrystalline diffusivity, and thus the 



 

83 

 

water vapor transport. In addition, Fig. 4.14(b) presents the net cyclic sorption capacity 
variation against the characteristic length (thickness of coatings). It is found that 
increasing the thickness will lead to the decline of the volumetric uptake, especially δ>1 
mm, while improving the net cyclic sorption capacity to some extent. Since the thickness 
can directly relate to the thermal conduction resistance and the internal heat source 
(adsorption heat), the plot of the net cyclic sorption capacity against the thickness 
resembles a convex function (nonlinear variation). 

Regeneration and surrounding humidity level 

Fig. 4.3 shows that temperature variation will change the isotherms, i.e., uptake, because 
the relative pressure is related to both the vapor pressure and the temperature. From the 
system level perspective, it is desirable to use a small amount of input energy to run the 
system operation. Thus a milder regeneration condition can improve the coefficient of 
performance for the whole system. In this context, the dynamic sorption performance of 
MOF coatings under the regeneration temperature of 50 ℃, 70 ℃, and 90 ℃ is calculated, 
which is compared with a commercial material, zeolite 13X [25]. The calculation of the 
other two MFOs using the same material properties as MIL-160(Al) is also presented. The 
following conditions are provided to the simulation: tcycle=1250 s, tAD: tDE=4:1, δ=0.25 mm 
and d=1.5 µm. 
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Fig.4.15 The effect of regeneration 
temperature on the net cyclic capacity. 

Fig. 4.16 The effect of the surrounding 
vapor pressure on the net cyclic capacity 

(Treg=70℃). 

In Eq. (4.4), it can be found that intracrystalline diffusivity is regarded as a function of 
temperature. During the desorption process, the regeneration temperature can change 
the intracrystalline diffusivity and the average desorption rate, and affect the remaining 
amount of the adsorbed water vapor (or the net cyclic sorption capacity). Fig. 4.15 shows 
the effect of the regeneration temperature on the net volumetric uptake, and a higher 
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temperature will boost the cyclic capacity limitedly, for example, from 37 kg/m3 (50 ℃), 
86 kg/m3 (70 ℃) to 105 kg/m3 (90 ℃). This means that 70 ℃ of the heat source is well 
enough to regenerate the MIL-160(Al) coatings. Besides, the simulated results about MIL-
100(Fe) and Al fum have indicated that these MOFs have a milder regeneration 
temperature than MIL-160(Al), and 50 ℃ of heat source can achieve the regeneration of 
MOF coatings. In Fig. 4.16, the effect of the relative pressure for the surrounding air has 
been investigated, and the simulated results indicated that the variation of the relative 
pressure only has a limited effect on the net volumetric uptake of MIL-160(Al), but this 
is quite different from that using Al fum and MIL-100(Fe). Under the low humidity level, 
Al fum and MIL-100(Fe) have lousy performance in the moisture removal, but in other 
words, these MOFs can be easily regenerated with low humidity level, which is good 
candidates for humidification, i.e., in the dry winter conditions. 

Fig. 4.17 The effect of different surrounding air temperatures on the net cyclic capacity 
(Treg=70 ℃). a) RH=0.65; b) ρ0=0.0118 kg/m3. 

Apart from the investigation on the different relative pressure of the surrounding air, Fig. 
4.16 has provided the calculated results of the net volumetric uptake against surrounding 
air temperature with given relative pressure or vapor concentration of the air. Fig. 4.17(a) 
indicated that MOFs are little sensitive to the surrounding air temperature if there is a 
constant relative pressure condition of the air. While in Fig. 4.17(b), under the constant 
vapor concentration, the surrounding air temperature has different degrees of effect on 
the net volumetric uptake. As the surrounding air temperature increases (21 ℃→35 ℃), 
the relative pressure decreases (65%→29%), leading to the apparent change of the net 
volumetric uptake in MIL-100(Fe) and Al fum except MIL-160(Al) and zeolite 13X. 
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4.6 Summary 

It is known that adsorption-based systems have a highly flexible system framework that 
can use low-grade energy, such as waste heat and solar energy, to improve the system 
performance. To date, many experimental and numerical studies have been published to 
report the operation performance of solid desiccant systems, but the performance of MOFs 
in the coating form for water vapor transport has rarely been reported from both 
experiments and simulations. In this chapter, SEM measurements of these MOFs reveal 
the crystal structure that illustrates the vapor transport among the crystals. The 
measurements of isotherms on different MOFs indicated the ad/desorption equilibrium 
under different relative pressures and temperatures. The experimentally obtained 
Langmurian type isotherm model can reasonably predict the equilibrium uptake of 
materials with S-shaped isotherms, a function of the vapor pressure and temperature. 
Moreover, the intracrystalline diffusivity can be measured to solve the linear drive force 
equation. 

To observe and predict the sorption dynamics of MOFs, MOF coatings with different 
thicknesses were prepared and placed in a temperature and humidity-controlled climate 
chamber. The dynamic sorption model integrated with the Langmurian type isotherm 
model and LDF model was established, and the simulated results agreed well with the 
experimental results. Using this model, the corresponding parametric studies were 
performed in detail. The conclusions are summarized as follows. 

1) Under the given air conditions, a reasonable cycle time with a specific time ratio (tAD

: tDE) can make full use of the sorption capacity of the coatings. In addition, factors
such as the intracrystalline diffusivity and crystal size of the coating materials can
affect the effective duration of a cycle.

2) Porosity can directly change the transport of the adsorbed water and the stacking
density of the coatings, but the sorption capacity is limited, and the thermal resistance 
increases as the porosity increases. Moreover, if there is a given porosity for the
coating, increasing the coating thickness can improve the net cyclic sorption capacity,
however, as the thickness increases, the increasing trend of the net cyclic sorption
capacity decreases owing to the increased accumulated adsorption heat.

3) Compared with the reference material- a commercial material (zeolite 13X), the
simulated results indicated that 70 ℃ of the heat source is sufficient to regenerate the
MIL-160(Al) coating with a thickness of 0.25 mm. The coatings using Al fum and MIL-
100(Fe) can even be regenerated with a heat source of 50 ℃. Considering that the
intracrystalline diffusivity is a temperature-dependent variable (related to the
ad/desorption rate), the variation in regeneration conditions will affect the cycle time
and the time ratio. Further, the surrounding air conditions (i.e., RH and temperature)
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have a limited effect on the net cyclic sorption capacity of MIL-160(Al) coatings, 
however, given a constant vapor pressure, MIL-100(Fe) and Al fum are more sensitive 
to the variation of the surrounding air. This means that MIL-160(Al) has better 
adaptability to different climate conditions. 
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Chapter 5  

A novel MOF-based humidity pump 

This chapter continues the dynamic performance of MOFs shown in Chapter 4 but 
investigates the operation performance in an actual system, involving the moisture 
transport between the desiccant coatings and air in terms of experiments, modeling, and 
optimization. This chapter aims to develop a MOF-based humidity pump. First, a 
humidity pump using MIL-100(Fe) was fabricated. The effect of the operation variables 
on the operation performance was comprehensively investigated, and then the humidity 
response rate was measured. Second, a humidity pump with MIL-160(Al) was prepared 
to validate a 3-D multi-physic model, and it helped to disclose the effect of the flow field 
on the heat and mass transfer. Based on this model, a COMSOL-based computing 
interface was designed. Third, to reduce the computing time for predicting the variation 
of outlet air conditions, a MATLAB-Simulink-based interface was developed based on the 
equivalent RC circuit, validated by an Al fum-based humidity pump. This will facilitate 
the development and further optimization of a novel device to regulate the humidity load. 

Parts of this paper are published in: 

Hou P, Zu K, Qin M, Cui S. A novel metal-organic frameworks based humidity pump for 
indoor moisture control. Build Environ 2021; 187: 107396. 

5.1 Background 

In the past decades, building energy consumption has gradually become a global concern. 
The building blocks consume more than 40% of the primary energy derived from fossil 
fuels, which is equivalent to more than one-third of the carbon emissions [183]. An 
increasing number of buildings are equipped with air conditioning systems to maintain a 
high quality of the living environment, which account for a considerable proportion of the 
total building energy consumption. Note that the energy load of the air conditioning 
consists of sensible and latent loads, and the latent load gradually consumes a larger 
amount of energy for air conditioning, especially in regions with humid climates [184]. In 
general, it has been reported that latent load is responsible for 20%-40% of the total air-
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conditioning load [185]. As a cooling dehumidification method, a vapor-compression 
refrigeration (VCR) system is commonly employed to control indoor temperature and 
humidity levels. However, the temperature during the dehumidification process is lower 
than the dew point temperature (condensation of vapor), and this process is followed by a 
possible reheating process to reach the desired supply air condition, which significantly 
reduces the energy-saving efficiency of the system [2]. Based on VCR systems, many 
studies have reported that a temperature increase of 1 °C in the evaporator could improve 
the COP in approximately 2.8%, and accordingly, 2.5% of energy consumption would be 
saved [186, 187]. In this regard, independent control of sensible and latent loads may 
efficiently reduce the cooling load in the evaporator. Therefore, a combination of 
refrigeration and dehumidification systems is promising. To achieve the goal of 
independent latent load control, many technologies have been devoted to solid 
dehumidification [140, 188], liquid desiccant dehumidification [189, 190], and membrane 
dehumidification [191, 192]. Most of these methods can match low-grade energy sources 
to improve the dehumidification capacity and energy savings [193-195]. As a promising 
method, a solid desiccant-based system can significantly promote dehumidification 
performance through the practical design of the system structure and selection of the 
desiccant. 

In several studies, heat exchangers (i.e., the condenser and evaporator) have been coated 
with desiccant, and the dehumidification performance has been investigated when they 
are integrated with VCR systems [196, 197]. Chai et al. [198] prepared a heat pump using 
a desiccant coated heat exchanger (DCHE), indicating that this system has a large 
dehumidification capacity with a COP of 5.36 under high humid climate conditions. 
Valarezo et al. [199] reported an improved dehumidification or humidification capacity of 
DCHEs by using a novel composite (mixing of silica gel and sodium acetate) 
experimentally measured during either summer or winter. However, the commonly used 
desiccants include silica gel and zeolite, and their high regeneration conditions and low 
sorption capacities significantly reduce the overall system performance and limit the 
development of adsorption-based systems. Even though composite desiccants have been 
reported by integrating traditional materials with hygroscopic salt to improve the 
sorption capacity, related problems such as instability and deliquescence have not been 
solved. Recently, MOFs have been used as novel adsorbents, exhibiting remarkable 
adsorption-related properties [13, 40]. In 2018, Cui et al. [99] used MIL-100(Fe) as 
coatings on the surface of heat exchangers, and the reported COP was as high as 7.9. 

The concept of a humidity pump is similar to that of a heat pump, yet the former can 
transport the moisture in an inverse gradient of water vapor concentration, that is, the 
vapor in the air can be transferred from a space with a relatively low humidity level to 
another space with a high humidity level. Li et al. [200] fabricated a full-solid-state 
humidity pump using silica gel as a coating layer, which reported good humidity control 
performance without the use of a refrigerant. However, this device is still limited by the 
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traditional desiccant- silica gel. In this regard, the combination of MOFs and the humidity 
pump is worth exploring because of their promising sorption performance and potential 
for moisture transport. 

5.2 Operations of MIL-100(Fe)-based humidity pump  

 The construction of humidity pump 

The schematic and photo of the MOF-based humidity pump are shown in Fig. 5.1(a) and 
(c). Fig. 5.1(b) describes the core parts of the humidity pump, which are consisted of two 
MOF coated heat sinks (MOF-HEx) and two thermoelectric coolers. Two identical sizes 
(100 mm (L) × 50 mm (W) × 50 mm (H)) of aluminum-based heat sinks are installed 
symmetrically. The plug-in HEx has 11 fins with a surface area of 0.132 m2 and a 
thickness of 0.5 mm each. The width between two adjacent fins (air channel) is 4 mm. 
MIL-100(Fe) is coated over the surface of each fin, mixed with a water-borne binder (silica 
sol), which is reported to have a limited effect on the sorption characteristics and capacity 
[99]. The weight of the heat sinks with and without MIL-100(Fe) coating is 199.6g and 
244.6g, respectively. Two cascaded thermoelectric coolers (40 mm (L) × 40 mm (W) × 3.8 
mm (H)) are sandwiched by the heat sinks while using thermal grease to reduce the 
thermal contact resistance. The rest space of the sandwich layer not covered by the 
thermoelectric modules is stuffed by the silicon sealant, a thermal insulation material, to 
reduce the direct heat transfer from the hot side to the cold side. 

Afterward, the connected core parts of the humidity pump (heat sinks and thermoelectric 
coolers) are fixed inside an enclosed acrylic box (300 mm (L) × 60 mm (W) × 130 mm (H)), 
which is shown in Fig. 5.1(c). At the middle of the partition plate, a rectangular cut-out 
of 100 mm × 50 mm is prepared to match the size of the surface of the heat sink. The 
contact between the heat sinks and the partition plate is filled with hot melt adhesive to 
guarantee gas tightness.  

As shown in Fig. 5.1(b), thermoelectric coolers can simultaneously provide hot and cold 
heat sources at the opposite sides due to the Peltier effect if an electrical current passes 
through it. In this regard, the heat loads from the incoming air and the adsorption heat 
of MOF coatings during the dehumidification process seemed to be transferred to the 
other side for regeneration. The switchover of the dehumidification and regeneration 
process can be achieved by reversing the electrical current and turning the four-way 
valves. 
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(a) (b)

(c)

Fig. 5.1 The construction of MOF-based humidity pump. a) schematics of the humidity 
pump; b) Illustration of moisture transport; c) Photo of the humidity pump using MIL-

100(Fe). 

 Working principle 

In this humidity pump, the dehumidification and regeneration processes are performed 
simultaneously at the opposite air channels when it starts running. The working 
principles are described in detail as below: 

Dehumidification: Generally speaking, there are three different ways to achieve the 
purpose of dehumidification: isothermal dehumidification (O→B1), cooling 
dehumidification (O→B2), and isenthalpic dehumidification (O→B3), respectively. 
According to the reported refs [99, 200], isothermal dehumidification has been regarded 
as the most promising method, while comparatively, the other two are less energy-
efficient to some extent. In the structure of this humidity pump, the water vapor from the 
humid air can be adsorbed when flowing over the surface of MIL-100(Fe) coatings at the 
cold side. The dried air can thus have subtle temperature variation, such as a slight 
temperature rise like O-B observed in our case. From the perspective of energy 
conservation, it can be explained by the total thermal equilibrium at the dehumidification 
channel, including the conduction and Joule heat from TEC modules, convection heat 
from the incoming air, adsorption heat from the coatings, and the residual heat after each 
switching. Therefore, it is achievable to regulate the latent load in a nearly isothermal 
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way (an ideal path close to O→B1) by strengthening the heat transfer, e.g., ventilation 
and input power.  

Regeneration: Based on the thermodynamics principles, it is an ideal regeneration 
process if the trapped water vapor is regenerated in the path O→A1, because this can 
significantly reduce the energy consumption due to slight sensible load variation. In fact, 
it is difficult to run the process through isothermal regeneration. Thus the most desirable 
way is to use fewer energy sources to drive the regeneration process, especially under low 
temperatures. Considering the natural interaction between the adsorbent (i.e., zeolite, 
MOF) and adsorbate (i.e., water vapor), traditional materials like zeolites requires >90 ℃ 
of heat source to achieve the regeneration process (O→A2), but MIL-100(Fe) can only need 
a ~50 ℃ of heat source to achieve the goal [99]. In our humidity pump, the regeneration 
process should follow path O→A, close to the ideal path (O→A1). 
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Fig. 5.2 Psychrometric chart of the air conditioning process in the humidity pump. 

 Operation modes 

In this section, the experimental investigation has been performed in two operation 
modes: 1) Mode 1- Test mode for operation parameter studies. 2) Mode 2- Internal recycle 
mode for operation performance under a localized space. Inlet air conditions, together 
with the operation parameters, are provided in Table 5.1. 
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Mode 1 (Test mode): Mode 1 is designed to measure the dynamic characteristic of the 
humidity pump with different operation parameters. The device is put in the test room, 
and then the fan pumps the process air with the regulated temperature and humidity 
level as the inlet air for both the dehumidification and regeneration air channel. In Fig. 
5.3(a), the humidity level of the inlet air decreased after flowing through the 
dehumidification channel due to the adsorption process of the MOF coatings. 
Subsequently, the outlet air from the dehumidification channel or the dried air is ducted 
indoors. At the same time, the other stream of indoor air flows through the regeneration 
channel and takes away the released water vapor from the MOF coatings. The air from 
the outlet of the regeneration channel is supposed to vent outdoors. If coatings approach 
to the saturated state, switching the current direction of the TE modules can exchange 
the roles of dehumidification and regeneration functions. To achieve continuous operation, 
a four-way valve (outlet) is applied by just turning 90 degrees from position A1 to A2, and 
this process will be conducted in each half cycle. 

Mode 2 (Internal recycle mode): To measure the humidity response rate of the device, 
Mode 2 is conducted within a climate chamber with a high humidity level. In Fig. 5.3(b), 
the inlet air at the dehumidification channel is from the sealed test chamber, and the 
dried outlet air is vent back into the sealed test chamber. The inlet air at the regeneration 
channel is the ambient air apart from the test chamber, and the exhaust air is deducted 
outdoors. Two four-valves are applied to keep the continuous operation, and the roles of 
the dehumidification (internal recycle channel) and regeneration (external channel) 
functions are exchanged periodically for each half cycle. In this mode, there is no direct 
heat and mass transfer between the air at the dehumidification channel and regeneration 
channel, where the adsorbed moisture can be exhausted continuously until the 
equilibrium state. The indoor air vented to the regeneration channel is primarily used to 
carry the heat and release moisture from the MOF-coated heat sink. In this regard, after 
several cycles, the MOF-based humidity pump enables the sealed test chamber to 
maintain a specific low humidity level.  
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(a) Mode 1: Test mode

(b) Mode 2: Internal recycle mode

Fig. 5.3. The operation modes of MOF-based humidity pump. 
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Table 5.1 Operation conditions of different modes 

Operation mode Parameters Values 

Test mode 

Average inlet air conditions 
at the De/Re channels 

22.8℃, 60% RH 

Cycle time 5 min, 10 min, 15 min 

Thermoelectric power 15 W, 20 W, 25 W 

Inlet air velocity 1.5 m/s, 3.5 m/s, 4.2 m/s 

Internal recycle mode 

Initial inlet air conditions 23 ℃, 81% RH 

Cycle time 10 min 

Thermoelectric power 30 W 

Inlet air velocity 2.4 m/s 

 Installation of the humidity pump 

When the device runs, the incoming air of each inlet is supplied via the plaster duct. The 
supply power to the thermoelectric modules is adjusted and recorded. The whole device 
has no mechanical operations or moving parts. Throughout the test processes (AD/DE), 
four sensor probes are installed at each inlet and outlet of the channels to monitor the 
temperature and humidity level of the air, which are digital sensors with the accuracy of 
± 0.2 °C and ± 2% RH (SEK-SHTC3-Sensors, Sensirion). The inlet airflow rate of each 
channel is controlled by a variable frequency fan (LH-50P, Jiuyefeng Environmental 
Technology Co., Ltd.) and recorded by an anemograph (Testo 410-1). The current and 
voltage to the thermoelectric modules and the fan under different operation conditions 
are recorded to evaluate energy consumption. 

 Performance indexes 

To evaluate the operation performance of MOF-based humidity pump, some parameters 
have been used and calculated:  

Dehumidification rate (Dr): It is the amount of the moisture removal during the 
dehumidification process (a half cycle), which is written as below:  
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 𝐷𝐷𝐴𝐴 =
∫ 𝑒𝑒𝑠𝑠(𝑌𝑌𝑖𝑖𝑛𝑛−𝑌𝑌𝑙𝑙𝑜𝑜𝑠𝑠)𝑖𝑖𝑡𝑡𝑠𝑠2
𝑠𝑠1

∆𝑡𝑡
 (5.1) 

Where Dr (g/h) is dehumidification rate; qa (kg/h) the mass flow rate; Yin and Yout (g/kgdry 

air) the humidity ratio of the air at inlet and outlet during the dehumidification process, 
respectively; t1 and t2 start and end time of a dehumidification process when it runs in 
the equilibrium state; Δt the time interval between the start and end time of a 
dehumidification process Δt= t2 - t1. 

Moisture removal efficiency (η): It is the dehumidification capacity with per energy 
consumption:  

 𝜂𝜂 = 𝐷𝐷𝑝𝑝
𝑅𝑅𝑒𝑒

 (5.2) 

Where η (g/Wh) represents the moisture removal efficiency. Pe (W) is the total power 
consumption, namely, the power of TE modules. 

Dehumidification coefficient of performance (DCOP): It represents the variation 
of air enthalpy during the dehumidification process of a cycle with a certain amount of 
the supply power for the regeneration process: 

 𝐷𝐷𝐶𝐶𝐷𝐷𝑃𝑃 = 𝑒𝑒𝑠𝑠(ℎ𝑖𝑖𝑛𝑛−ℎ𝑙𝑙𝑜𝑜𝑠𝑠)
𝑅𝑅𝑒𝑒

 (5.3) 

Where hin and hout are the air enthalpy of the process air at the inlet and outlet of the 
dehumidification channel. 

 Test results and discussion 

Dynamic characteristics 

The dynamic characteristics of this MIL-100(Fe) used humidity pump have been 
conducted by showing the variation of the temperature and humidity ratio at the inlet 
and outlet of both the top channel and bottom channel. The same inlet air conditions at 
these two channels have been adopted to reduce the effect of inlet air conditions on the 
whole cycling performance. The experimental conditions are provided below: the 
temperature and relative humidity of the inlet air are 22.8 °C and 60%; air velocity at 
each inlet is 1.5 m/s; the current and voltage to the TE modules are 2.66 A and 11.32 V 
(Pcalculated=30 W), respectively. 

Fig. 5.4 shows the variation of temperature and humidity ratio at the outlet of each 
channel after it runs in the equilibrium state. There is a switchover between the 
dehumidification and regeneration process in each half cycle. Since this device is 
symmetric, the following analysis will focus on the top channel. From 0 to 10 min in Fig. 
5.4(b), the top channel is in the regeneration process, and it is found that temperature at 
the outlet increases sharply within the first 1min and then gets flattened. The humidity 
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ratio at the outlet also varies sharply in a rising trend at the early stage but has a 
progressive decrease. As the surface temperature of the heat sink increases sharply, the 
relative pressure over the MOF coatings has been changed, thus leading to the release of 
the adsorbed water vapor. However, the vapor pressure equilibrium between the coatings 
and the air will be reached as the regeneration process continues. In this regard, the 
desorption rate of the coatings is gradually decreased, thus a declined humidity ratio of 
the outlet air. During the period between 10-20 min, the function of the top channel and 
bottom channel has been exchanged. Here it can be found that the air temperature at the 
outlet of the top channel drops rapidly but is still a little bit higher than that of the inlet 
air. From the thermodynamic analysis, the cooling load generated from the cold side of 
the TE modules cannot offset all the input sensible loads, resulting in the temperature 
rise on the dehumidification side. However, Fig. 5.4(b) shows that this temperature rise 
was limited (2~3 ℃), and the average outlet air temperature is around 25.5 ℃. Noted that 
the adsorption heat from the coatings can also be seen as an inner heat source. Besides, 
the humidity ratio of the top channel (dehumidification process) plunges dramatically 
when the air passes through the surface of MIL-100(Fe) coatings. Analogously, as the 
coatings gradually reach the saturated state, the dehumidification rate decreases, and 
the humidity ratio of the outlet air increases towards the humidity ratio of the inlet air. 

 

Fig. 5.4 Humidity ratio and temperature of inlet and outlet air in Mode 1. 

Comparison between the MOF-based and silica gel-based humidity pump 

In order to compare the operation performance of different materials used humidity 
pump, the experimental conditions remain the same as the above-described experiments: 
the inlet air conditions are 22.8 °C and 60% RH, respectively. Air velocity is 1.5 m/s. The 
supply power of the TE modules is 30 W. Fig. 5.5 shows the difference in the humidity 
ratio between the inlet and outlet air at the top channel. There are two different coating 
materials used, which are MIL-100(Fe) and traditional material- silica gel. The measured 
results show that the humidity pump using MIL-100(Fe) has a larger humidity ratio 
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difference, and a greater ad/desorption rate than the silica gel used group. This is 
primarily because MIL-100(Fe) has a larger sorption capacity and gentle regeneration 
condition than silica gel. Based on the performance indexes, Eqs. (5.1)-(5.3), the 
dehumidification rate, moisture removal rate, and DCOP of MIL-100(Fe) used humidity 
pump are 26.24 g/h, 0.87 g/Wh, and 0.24, respectively. In comparison, the values obtained 
from the silica gel-based humidity pump are 12.23 g/h, 0.41 g/Wh, and 0.1, respectively. 
The calculation of performance indexes has indicated that MIL-100(Fe) based humidity 
pump is outperforming the silica gel-based one. 

Fig. 5.5 Comparison of humidity ratio difference on silica gel and MIL-100(Fe) based 
humidity pump 

Dehumidification performance under different operation conditions 

• Cycle time

During the measurements of the dynamic characteristics, the measured results have 
shown that the moisture removal from the MIL-100(Fe) coatings drops gradually as time 
proceeds, which means that the cycle time may have a specific effect on the operation 
performance of the device. The operation parameters like air velocity and supply power 
to the TE modules have been given at 1.5 m/s and 30 W, respectively. The effect of cycle 
time on the operation performance is investigated. Fig. 5.6 shows the humidity ratio 
difference between the inlet and outlet air of the top channel. The cycle time of 10 min, 
20 min, and 30 min was selected. The results indicated that the corresponding max 
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humidity ratio difference is 2.63, 2.85, 2.89 g/kg during the dehumidification process and 
2.58, 2.84, 3.05 g/kg during the regeneration process. In this regard, it is depicted that 
the max humidity ratio difference can increase as the cycle time is extended because there 
will be enough time for the sufficient regeneration of the MIL-100(Fe) coatings if 
increasing the cycle time. Besides, as the cycle time increases, the attenuation of the 
humidity ratio during the dehumidification and regeneration processes becomes more 
evident. Fig. 5.7 shows the variation of performance indexes with different cycle times. 
Both the dehumidification rate and moisture removal efficiency experienced an increase 
and then decreased when extending the cycle time. In contrast, DCOP increases as the 
cycle time increases. Besides, it is noted that the cycle time from 10 min to 20 min can 
make a remarkable increase on DCOP and a slight increase in the dehumidification rate 
and moisture removal efficiency. However, when extending the cycle time from 20 min to 
30 min, the dehumidification rate and moisture removal efficiency drop dramatically with 
a subtle increase in DCOP. In this case, the cycle time of 20 min is much more preferable.  
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Fig. 5.6 Humidity ratio difference of humidity pump with different cycle time. 
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Fig. 5.7 Effect of cycle time on the performance of MIL-100(Fe)-based humidity pump. 

• Thermoelectric power 

The supply power to the TE modules affected the temperature difference of the hot and 
cold sides in the thermoelectric cooler and thus determined the temperature at both the 
dehumidification and regeneration channels. Here the cycle time of 20 min and air 
velocity of 1.5 m/s have been used as the constant operation parameters to investigate the 
effect of the supply power on the operation performance. Fig. 5.8 shows the measured 
humidity ratio difference between the inlet and outlet air at the top channel under 
different supply power. The corresponding results indicate that the increase of the supply 
power can raise the humidity ratio difference between the inlet and outlet air. For 
example, at the supply power of 15 W, there is an apparent decrease in the 
dehumidification capacity at the end of each process (dehumidification or regeneration), 
while at 25 W, the dehumidification capacity is still at a relatively high level. Besides, it 
is also interesting to find a tip at the early stage of the switchover or the function 
exchanging between the dehumidification and regeneration but disappears when the 
supply power reaches a high level. This means that during the switchover, the sudden 
change of the current and voltage causes a large transient power, but when it comes to 
equilibrium, the supply power is not as high as the required regeneration temperature. 
In this regard, desirable supply power can meet the suitable regeneration conditions of 
the coatings. 

Fig. 5.9 shows the variation of performance indexes with different supply power. When 
the supply power is increased from 15 W to 25 W, the dehumidification rate changes from 
17.4 g/h to 27.1 g/h, indicating that a larger supply power can improve the 
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dehumidification rate. According to the thermodynamic analysis, the increased supply 
power will increase the temperature difference between the hot and cold sides of the TE 
modules, which means an improved regeneration temperature for the coatings. The 
moisture removal efficiency increases and then drops as the supply power rises, similar 
to DCOP. Here through the increase of supply power can improve the dehumidification 
capacity, the energy consumption increases simultaneously. The humidity pump will 
become less energy-efficient when the increased energy consumption cannot match the 
corresponding dehumidification capacity. Namely, excessive supply power will do nothing 
but increase energy consumption and have a negligible effect on promoting the 
regeneration efficiency of MIL-100(Fe) coatings. 
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Fig. 5.8 Humidity ratio difference of humidity pump with different supply power. 
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Fig. 5.9 Effect of supply power on the performance of humidity pump. 

• Air velocity 

Air velocity is a parameter that can affect the flow field inside the channel. It is known 
that in this case, the flow field has a direct relation with the heat and mass transfer in 
the whole device. Therefore, the constant operation conditions include the cycle time of 
20 min, and the supply power of 30 W. Fig. 5.10 shows the measured humidity ratio 
difference between the inlet and outlet air at the top channel with different inlet air 
velocities. It can be found that the increased air velocity can reduce the peak value of the 
humidity ratio difference between the inlet and outlet air for both the dehumidification 
and regeneration processes. There is a tradeoff between the amount of moisture adsorbed 
and the heat transfer. Theoretically, the air velocity increase will strengthen the mass 
transport due to the more incoming air with high moisture. However, it may also decline 
the regeneration temperature owing to the enhanced heat transfer. In order to better 
assess the effect of air velocity on the operation performance of the MIL-100(Fe) based 
humidity pump, Fig. 5.11 provided the calculation of the performance indexes with 
different air velocities. The dehumidification rate and moisture removal efficiency are 
improved as the air velocity increases but then decreases. This means that the excessively 
enhanced heat transfer may not benefit the dehumidification, and the recommended air 
velocity should be around 1.5-4.2 m/s. Besides, the increased air velocity will also increase 
the energy consumption of the fans. According to the measured results, DCOP varies 
almost linearly against the air velocity. In this MIL-100(Fe) based humidity pump, the 
equilibrium point of the air velocity during the operations lies around 3.5 m/s. 
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Fig. 5.11 Effect of air velocity on the performance of the humidity pump. 
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Humidity response rate 

To expand the applicability of the humidity pump, a test about the humidity management 
ability in a localized space (or a specific space) has been conducted. The schematic of the 
test platform is shown in Fig. 5.12. The test chamber of 32.5 cm × 54 cm × 40.3 cm, made 
of polystyrene foam- an insulation material, is connected with the humidity pump 
through plastic bellows. The initial conditions inside the test chamber are kept at 23 °C 
and 81% RH (humidity ratio is 14.35 g/kg). The operation conditions in detail are provided 
below: the cycle time of 10 min, the supply power of 30 W, and the air velocity of 2.4 m/s. 
One digital hygro sensor was placed inside the test chamber to record the temperature 
and humidity ratio change with time. 

  

Fig. 5.12 Schematic diagram of the experimental system. 

Fig. 5.13 shows the temperature and humidity ratio change inside the test chamber 
during all the experiments. The measured results about temperature have indicated that 
there is only a slight increase in the sensible load in the whole device, where the maximum 
temperature difference between the surrounding and the test chamber is around 1.5 ℃. 
The temperature inside the test chamber is stable between 23-25 °C, varying in a zigzag 
manner. This is because the temperature of the fins cannot be changed instantly when 
the functions of dehumidification and regeneration are exchanged. After several cycles (2-
3 cycles), the temperature difference between the dry bulb and dew point inside the test 
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chamber can be as high as 14 °C, indicating that no condensed water appeared. In 
addition, the humidity ratio of the test chamber drops sharply from 14.35 g/kg (81%) to 
6.77 g/kg (38%). Considering that no heat source and moisture source is deployed inside 
the chamber, it is noted that the relative humidity of the test chamber is maintained 
around a constant value after several cycles, which is close to the trigger point of MIL-
100(Fe) [161], ~40%. This indicates that MIL-100(Fe) coating cannot dehumidify the air 
below the 40% RH. According to the literature review in Chapter 1, many MOFs bear S-
shaped isotherms, which means a steep uptake after a specific trigger point (P/P0), which 
corresponds to the targeted applications. In this regard, this MIL-100(Fe) based humidity 
pump can well control the latent load of a localized space within a desirable humidity 
range in a fast response rate. 

 

Fig. 5.13 Variation of temperature and humidity ratio inside the test chamber. 

 Summary 

In this part, a novel humidity pump applying MIL-100(Fe) as coatings has been 
demonstrated in detail. The measurements of the humidity pump were performed to 
assess the dynamic characteristics and investigate the effect of operation parameters such 
as cycle time, supply power, and air velocity. The performance indexes such as the 
dehumidification rate (Dr), moisture removal efficiency (η), and DCOP were also 
evaluated under different given conditions. The conclusions are shown as follows: 

1) The humidity pump can improve the dehumidification efficiency by performing a 
dehumidification process above the dew point temperature. Due to the unique 
structure of the humidity pump, the latent and sensible load, including adsorption 
heat, can be handled by the coatings and the TE modules, respectively.  Top and 
bottom channels can achieve different functions (dehumidification or regeneration) 
simultaneously while only switching the four-way valves to accomplish the continuous 
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operations and the exchange functions of top and bottom channels, making the system 
structure more compact. 

2) Performance comparison between silica gel-based and MIL-100(Fe) based humidity 
pump has indicated that MIL-100(Fe) used device outperforms that of the silica gel-
based one. Dr, η, and DCOP of MIL-100(Fe) based device are 26.24 g/h, 0.87 g/Wh, and 
0.24, respectively, twice higher than the silica gel-based humidity pump. 

3) Operation parameters such as cycle time, supply power, and air velocity affect the 
operation of the humidity pump. A good selection of the operation parameters can 
significantly improve the system performance. In our tests, the max Dr, η, and DCOP 
of MIL-100(Fe) based humidity pump can be as high as 34.9 g/h, 1.14 g/Wh, and 0.46. 

4) Many MOFs have S-shaped isotherms, indicating a steep uptake after the trigger 
point, which can be seen as an advantage of MOFs over many traditional materials. 
As for our MIL-100(Fe) based humidity pump measurements, the field test in a 
localized space has indicated that it can achieve the humidity management of the 
localized space in a fast response. Moreover, it can maintain the equilibrium humidity 
level of the test chamber around the trigger point of MIL-100(Fe), 40%RH. 

5.3 A CFD approach on a MIL-160(Al) based humidity pump 

 System simplification 

This work aims to investigate the effect of geometrical factors and flow field on the heat 
and mass transfer to maximize the efficiency of the dehumidifier on thermal and moisture 
management. In this case, 3D models of SDCHS (Fig.5.14) integrating heat transfer, mass 
transport, and flow domains were developed to investigate the geometrical optimization 
of the small-scale dehumidifier or ventilator. The coating treatment on the fins was 
considered in the SDCHS, comparable to other reported configurations [129, 201]. Noted 
that the desiccant coating is only considered at the surface of fins in the experiments. The 
geometry of SDCHS is shown with details in Table 5.2.  

The fluid in the flow field is the humid air, and the solid part of the supporting framework 
(heat sink) is the aluminum alloy. MOF- MIL-160(Al) was coated on the fin surface on the 
heat sink after the dip-coating process. To obtain the average thickness of the coating, the 
initial and final mass of the heat sink was measured, and then the thickness was deduced 
based on the density of desiccant and available coating surface area. This device was 
designed to measure the performance of SDCHS on the dehumidification and 
regeneration modes. An air preheater and an ultrasonic humidifier were utilized to 
control the inlet air states such as temperature and humidity. In the dehumidification 
mode, the process air was directed by fans to achieve heat and mass transport with 
SDCHS, and the desiccant coating trapped the moisture and produced the dehumidified 
air. The heat flux from the bottom side of the heat sink can regulate the supply air 
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temperature within a desirable range. When the desiccant coatings approach the 
saturated state, switching the heat flux from the bottom side of the heat sink can turn 
the dehumidification mode into regeneration mode. The inlet air with the same conditions 
passed through the SDCHS to bring the released moisture away, and this hot and exhaust 
air was then rejected outdoors. 

Table 5.2 Geometry of SDCHS. 

Parameters Values 

Length of flow passage, cm 20 

Width of flow passage, cm 6 

Height of flow passage, cm 5 

Length of heat sink (Lx), cm 10 

Width of a single channel in heat sink without 
coating (Wy), cm 

~0.4 

Height of heat sink (Hz), cm 5 

Fin thickness (Wf), cm 0.05 

No. of fins (NUM) 11 
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Fig. 5.14 Schematic of SDCHS. 

 Mathematical model 

Considering that the flow state is in laminar flow, Fig. 5.15(a) shows the modeling 
framework of the SDCHS for the computational study, and it can be seen as the 
combination of many periodic unit channels. The single unit channel is used as the 
computational domain with the size of Lx × Wy × Hz. The geometry in detail is shown in 
Fig. 5.15(b). According to the symmetric geometry of the unit channel, it is reasonable to 
simplify the flow domain by the symmetry principle. The unit channel with a height of Hz 
and the width of Wy has a half aluminum fin with the thickness of Wf and the height of 
Hf, heat sink base with the thickness of Hs, and desiccant coating with the thickness of 
Wd. Multi-physic fields have been simulated based on the 3D computational model, and 
the operation principles of the SDCHS are shown in Fig. 5.15(c), including 
dehumidification and regeneration processes. There are some assumptions on the 
following mathematical model: 

• The mass distribution of desiccants on the fins is even (relative mass difference of each
fin is less than ± 10%);

• Local mass equilibrium is assumed on the interface between desiccant and air domain;

• The fluid in the air domain is assumed to be incompressible, laminar, and steady;
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• Thermophysical properties (i.e., density, heat capacity, and thermal conductivity) are 
seen as the constants in the operation conditions; 

• The radiation effect is not considered in this model, and the walls of this device are 
insulated to the ambient conditions.  

 

Fig. 5.15 The schematic of the computational domain. a) A unit channel is selected as 
the representative domain; b) Geometry; c) Operation principles. 

Governing equations 

Based on the assumptions, the governing equations of different computational domains 
with the corresponding initial and boundary conditions are evaluated simultaneously. 
Eqs. (5.4)-(5.6) describe the energy conservation along with the species conservation in 
the desiccant domain. Eqs. (5.7)-(5.11) indicate the continuity, momentum and energy 
conservation, and the species equilibrium from the air domain. As for the heat sink 
domain, energy conservation is employed, as shown in Eqs. (5.12)-(5.13). 

Desiccant domain: 

 ∂𝑐𝑐𝑑𝑑
∂𝑡𝑡

= −∇ ∙ �⃑�𝑱 (5.4) 

 (𝜌𝜌𝐶𝐶𝑝𝑝)𝑖𝑖
𝜕𝜕𝑇𝑇𝑑𝑑
𝜕𝜕𝑡𝑡

= −∇ ∙ 𝒒𝒒𝒅𝒅����⃑  (5.5) 
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 �⃑�𝑱 = −𝐷𝐷𝑖𝑖∇𝑐𝑐𝑖𝑖 , 𝒒𝒒𝒅𝒅����⃑ = −𝜆𝜆𝑖𝑖∇𝑇𝑇𝑖𝑖 (5.6) 

Air domain: 

 ∇ ∙ (𝜌𝜌𝒖𝒖𝒂𝒂����⃗ ) = 0 (5.7) 

 𝜌𝜌𝑎𝑎
𝜕𝜕𝒖𝒖𝒂𝒂�����⃑
𝜕𝜕𝑡𝑡

+ 𝜌𝜌𝑎𝑎(𝒖𝒖𝒂𝒂����⃑ ∙ ∇)𝒖𝒖𝒂𝒂����⃑ = ∇ ∙ (−𝑝𝑝�⃑�𝑰 + 𝑲𝑲���⃑ ) (5.8) 

 ∂𝑐𝑐𝑣𝑣
∂𝑡𝑡

+ 𝒖𝒖𝒂𝒂����⃗ ∙ ∇𝑐𝑐𝑣𝑣 = −∇ ∙ 𝒈𝒈��⃑  (5.9) 

 �𝜌𝜌𝑐𝑐𝑝𝑝�𝑎𝑎 �
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑡𝑡

+ 𝒖𝒖𝒂𝒂����⃗ ∙ ∇𝑇𝑇𝑎𝑎� = −∇ ∙ 𝒒𝒒𝒂𝒂����⃑  (5.10) 

 𝒈𝒈��⃑ = −𝐷𝐷𝑣𝑣𝑎𝑎∇𝑐𝑐𝑣𝑣, 𝒒𝒒𝒂𝒂����⃑ = − 𝜆𝜆𝑎𝑎∇𝑇𝑇𝑎𝑎 (5.11) 

Heat sink domain: 

 (𝜌𝜌𝐶𝐶𝑝𝑝)𝐴𝐴𝑖𝑖
𝜕𝜕𝑇𝑇𝐴𝐴𝑙𝑙
𝜕𝜕𝑡𝑡

= −∇ ∙ 𝒒𝒒𝑨𝑨𝑨𝑨������⃑  (5.12) 

 𝒒𝒒𝑨𝑨𝑨𝑨������⃑ = − 𝜆𝜆𝐴𝐴𝑖𝑖∇𝑇𝑇𝐴𝐴𝑖𝑖 (5.13) 

Where �⃑�𝑰 represents the unit vector, and 𝑲𝑲���⃑  is given by 𝑲𝑲���⃑ = 𝜇𝜇𝑎𝑎(∇𝒖𝒖𝒂𝒂����⃑ + (∇𝒖𝒖𝒂𝒂����⃑ )′). In Eq. (5.5), 
the adsorption heat as an internal heat source is not integrated into the equation. Since 
the adsorption heat was released at the interface between the air and desiccant coatings, 
the adsorption heat can be simplified as a boundary condition described in the following 
parts. This approach is also applicable to mass transport at the same position. 

Properties equations 

• Moisture flux and heat flux 

In each unit channel of SDCHS, the moisture and heat transport between the air and 
desiccant coating can be treated as the moisture (qm) and heat flux (qh) at the interface, 
which can be shown as follows: 
 𝑞𝑞𝑚𝑚 = 𝑘𝑘 ∙ 𝑞𝑞𝑚𝑚,𝑆𝑆 (5.14) 
 𝑞𝑞ℎ = 𝑞𝑞𝑚𝑚 ∙ 𝑞𝑞𝑎𝑎ℎ (5.15) 
Where qm,S represents the surface concentration of the water vapor [mol/m2]. This can be 
calculated as qm,S=Ds·(ρd · ωeq/Mw-cd),  where Mw is the molecular weight of water [kg/mol], 
and ωeq is the equilibrium uptake [kg/kg]. 

• Equilibrium sorption model 

The evaluation of the equilibrium uptake (ωeq) plays an essential role in solving the 
governing equations. The amount of the equilibrium uptake can vary as a function of 
relative humidity (or vapor pressure and temperature), which is expressed as ωeq =f(φ) 
=f(Pv, T) as shown in Eq. (4.1). Besides, according to the Clausius-Clapeyron relation and 
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the measured isotherms (p_v-T-W diagram), the adsorption heat (qah) of MOFs can be 
calculated by Eq. (4.2). 

• Surface diffusion and vapor diffusion 

The adsorbed water in the coatings conducts surface diffusion (or intracrystalline 
diffusivity, Ds), indicative of the vapor transport inside the desiccant domain.  In this 
regard, surface diffusion has been used for the operation cycles, which is a temperature-
dependent variable based on the Arrhenius equation. The calculation of Ds has been 
provided in Eq. (4.6). 

Water vapor diffusion in the air can be calculated by using the following correlation [202]: 

 𝐷𝐷𝑣𝑣𝑎𝑎 = 2.26
𝑝𝑝𝑠𝑠𝑠𝑠𝑚𝑚

( 𝑇𝑇𝑠𝑠
273.15

)1.81 (5.16) 

Initial and boundary conditions 

• Initial conditions 

The initial conditions are given as following equations, employed for air, desiccant, and 
heat sink domain, respectively. 

Desiccant domain (𝑡𝑡 = 0): 

 𝑇𝑇𝑖𝑖 = 𝑇𝑇𝑖𝑖𝑛𝑛𝑖𝑖 (5.17) 

 𝑐𝑐𝑖𝑖 = 𝑐𝑐𝑖𝑖,𝑖𝑖𝑛𝑛𝑖𝑖 = 𝜌𝜌𝑑𝑑𝑒𝑒(𝑅𝑅𝑅𝑅𝑖𝑖𝑛𝑛𝑖𝑖)
𝑀𝑀𝑙𝑙

 (5.18) 

Air domain (𝑡𝑡 = 0): 

 𝑇𝑇𝑎𝑎 = 𝑇𝑇𝑖𝑖𝑛𝑛𝑖𝑖, 𝒖𝒖𝒂𝒂����⃑ = 0 (5.19) 

 𝜑𝜑𝑎𝑎 = 𝜑𝜑𝑖𝑖𝑛𝑛𝑖𝑖 (5.20) 

The initial vapor concentration can be calculated based on the equation of state: 

 𝑐𝑐𝑣𝑣 = 𝑐𝑐𝑣𝑣,𝑖𝑖𝑛𝑛𝑖𝑖 = 𝑝𝑝𝑣𝑣
𝑅𝑅𝑇𝑇𝑖𝑖𝑛𝑛𝑖𝑖

= 𝜑𝜑𝑖𝑖𝑛𝑛𝑖𝑖∗𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑇𝑇𝑖𝑖𝑛𝑛𝑖𝑖

 (5.21) 

 𝑝𝑝𝑠𝑠𝑎𝑎𝑡𝑡 = 288.68 ∙ �1.098 + 𝑇𝑇
100

�
8.02

 (5.22) 

Heat sink domain (𝑡𝑡 = 0): 

 𝑇𝑇𝐴𝐴𝑖𝑖 = 𝑇𝑇𝑖𝑖𝑛𝑛𝑖𝑖 (5.23) 

• Boundary conditions 

The boundary conditions of this unit channel can be listed as below: 

Inlet 
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𝑇𝑇𝑎𝑎 = 𝑇𝑇𝑖𝑖𝑛𝑛,𝜑𝜑𝑎𝑎 = 𝜑𝜑𝑖𝑖𝑛𝑛,𝒖𝒖𝒂𝒂����⃑ = 𝒖𝒖𝒊𝒊𝒊𝒊������⃑  at 𝑥𝑥 = 0 (5.24) 

Outlet 

−𝒊𝒊��⃑ ∙ 𝒈𝒈��⃑ = 0,−𝒊𝒊��⃑ ∙ 𝒒𝒒𝒂𝒂����⃑ = 0 at 𝑥𝑥 = 𝐿𝐿 (5.25) 

Where 𝒊𝒊��⃑  represents the normal vector of the outlet. 𝒈𝒈��⃑  and 𝒒𝒒𝒂𝒂����⃑  indicate the moisture and 
heat flux at the outlet.  

Desiccant-air interface 

𝒖𝒖𝒂𝒂����⃑ = 0,𝑇𝑇𝑎𝑎 = 𝑇𝑇𝑖𝑖  (5.26) 

−𝒊𝒊��⃑ ∙ �⃑�𝑱 = 𝑞𝑞𝑚𝑚,−𝒊𝒊��⃑ ∙ 𝒒𝒒𝒅𝒅����⃑ = 𝑞𝑞ℎ (5.27) 

Bottom wall 

𝑄𝑄𝑏𝑏𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙𝑚𝑚 = −𝒊𝒊��⃑ ∙ 𝒒𝒒𝒅𝒅����⃑ = −𝜆𝜆𝐴𝐴𝑖𝑖∇𝑇𝑇𝐴𝐴𝑖𝑖|𝑛𝑛 (5.28) 

Symmetric surfaces and insulated walls 

−𝒊𝒊��⃑ ∙ 𝒒𝒒𝒔𝒔𝒔𝒔𝒔𝒔,𝒘𝒘𝒂𝒂𝑨𝑨𝑨𝑨�����������������⃑ = 0 (5.29) 

Fluid flow, heat, and mass transfer domains were solved simultaneously within the unit 
channel of SDCHS. The inlet air states were specified in Table 5.3. No-slip is assumed at 
the interface between fluid and solid domains. The external wall of this SDCHS is 
insulated from the ambient conditions. At the surface of y=0 and Wy, it is considered to be 
symmetric. The equivalent heat flux (qeq) is assumed to vary in a periodic square wave 
function, applied at the bottom of the unit channel. The heat will be transferred through 
the solid domains-heat sink and then desiccant- by conduction and to the air domain- 
humid air, while the adsorbed or released water vapor will flow between air and desiccant 
coating.  

Table 5.3 Operation conditions of SDCHS. 

Parameters Values 

Average inlet air temperature 21.3 °C 

Average inlet air relative humidity 65% RH 

Dew point temperature 14.2 °C 
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Indexes 

• Dehumidification rate per unit channel and DCOP 

Dehumidification rate per unit channel is obtained based on Eq. (5.1). In each channel, 
the average value of the dehumidification rate can thus be expressed as:  

 𝐷𝐷𝐴𝐴���� = 𝐷𝐷𝑝𝑝
𝑁𝑁𝑁𝑁𝑀𝑀

 (5.30) 

DCOP (or the dehumidification coefficient of performance) is calculated based on the Eq. 
(5.3), but the expression of the equation can be shown as: 

 𝐷𝐷𝐶𝐶𝐷𝐷𝑃𝑃 = 𝑒𝑒𝑠𝑠′(ℎ𝑖𝑖𝑛𝑛−ℎ𝑙𝑙𝑜𝑜𝑠𝑠)
𝑄𝑄𝑒𝑒𝑒𝑒

 (5.31) 

Where qa’ represents the air flow rate of a unit channel [kg/s]; Qeq is the heat flux at the 
bottom side of the heat sink [W], Qeq=qeq·A. 

• Average heat transfer and thermal resistance [203] 

Reynolds number  

 𝑅𝑅𝑒𝑒 = 𝜌𝜌𝑠𝑠𝑢𝑢𝑖𝑖𝑛𝑛𝑅𝑅′

𝜇𝜇𝑠𝑠
 (5.32) 

Average heat transfer coefficient 

 ℎ𝑚𝑚,𝑎𝑎𝑣𝑣𝑔𝑔 = � 𝑄𝑄𝑏𝑏𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑚𝑚
𝑇𝑇𝑏𝑏𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑚𝑚�����������−𝑇𝑇𝑝𝑝𝑝𝑝𝑙𝑙𝑐𝑐𝑒𝑒𝑠𝑠𝑠𝑠

� (5.33) 

Average Nusselt number 

 𝑁𝑁𝑢𝑢𝑚𝑚,𝑎𝑎𝑣𝑣𝑔𝑔 = ℎ𝑚𝑚,𝑥𝑥𝑅𝑅�

𝜆𝜆𝑠𝑠
 (5.34) 

Average thermal resistance 

 𝑅𝑅𝑡𝑡,𝑎𝑎𝑣𝑣𝑔𝑔 = �𝑇𝑇𝑏𝑏𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑚𝑚,𝑚𝑚𝑠𝑠𝑥𝑥−𝑇𝑇𝑝𝑝𝑝𝑝𝑙𝑙𝑐𝑐𝑒𝑒𝑠𝑠𝑠𝑠
𝑄𝑄𝑏𝑏𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑚𝑚𝐴𝐴

�  (5.35) 

Where 𝑅𝑅� is the characteristic size of the unit channel [m], which can be calculated by 𝑅𝑅′ =
2𝑊𝑊𝑔𝑔𝑎𝑎𝑝𝑝𝑅𝑅𝜕𝜕/(𝑅𝑅𝜕𝜕 + 𝑊𝑊𝑔𝑔𝑎𝑎𝑝𝑝). 𝑇𝑇𝑏𝑏𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙𝑚𝑚���������� and 𝑇𝑇𝑏𝑏𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙𝑚𝑚,𝑚𝑚𝑎𝑎𝑥𝑥 are the average temperature and maximum 
temperature of the bottom surface [K], respectively. 

• Heat transfer effectiveness and sensitivity coefficient 

In order to evaluate the effect of heat transfer on the dehumidification performance, a 
subscript character, base, has been used to evaluate the performance of SDCHS, which 
refers to the one without the desiccant coating. Average heat transfer effectiveness 
reflects the change in the average heat transfer coefficient of SDCHS and the reference 
one.  
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 𝜂𝜂1 = ℎ𝑚𝑚,𝑠𝑠𝑣𝑣𝑖𝑖

ℎ𝑚𝑚,𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒,𝑠𝑠𝑣𝑣𝑖𝑖
 (5.36) 

The sensitivity coefficient is defined to describe the relationship between the latent load 
level and the whole air enthalpy change with and without desiccant coating. It can be 
written as follows: 

 𝜂𝜂2 = D𝑝𝑝����/D𝑝𝑝,𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒����������

Ω𝑚𝑚/Ω𝑚𝑚,𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒
 (5.37) 

 Simulation methodology 

The governing equations (Eqs. (5.4)-(5.13)) were numerically solved by using finite 
element analysis in COMSOL Multiphysics v5.5 software. Fig. 5.15(b) shows that the 
multi-physic fields, including fluid flow, heat transfer, and moisture transport, were 
coupled and calculated simultaneously. The convergence condition for the iteration 
algorithm was set at 10-6. A grid independence study was carried out to reduce the impact 
of the number of grids on the numerical results while maintaining a reasonable time for 
the simulations. The humidity ratio and temperature variations were calculated with the 
mesh accuracy increased from 641,643 elements (coarser) to 1,590,240 elements (finer). 
In Fig. 5.16, the calculated results were shown independently to the mesh refinement. 
Consequently, the grid scheme of 641,643 elements is applied in this work. Besides, a 
simulation App. based on COMSOL has been developed (see Appendix D), which has been 
used to conduct the following calculation. 

 

Fig. 5.16 Grid independence study of the outlet air states based on the computational 
analysis. a) Humidity ratio; b) Temperature. 

 Validation 

In this section, the computational modeling is validated through the experiments 
obtained from SDCHS. The control variables used in the simulation are identical to the 
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test conditions specified in Table 5.4. According to these conditions, Fig. 5.17 compares 
the transient behavior of outlet air states between the simulation and experiment for 
SDCHS. It can be found that the simulated results qualitatively agree well with the 
experimental data. The comparison of the discrepancies between simulated and 
experimental results is shown in Fig. 5.18, and the overall discrepancy in predicting the 
humidity ratio and temperature is within a reasonable range of ± 15%. 
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Fig. 5.17 Comparison of outlet air states between experiments and simulation. (a-b) 
Case 1; (b-c) Case 2; (e-f) Case 3; and (g-h) Case 4. 

Table 5.4 Operation parameters of different experimental cases. 

Mass flow rate 

(kg/h) 

Equivalent heat flux 

(W/cm2) 

Cycle time 

(min) 

Case 1 8.17 -0.6(AD)/2.4(De) 5 

Case 2 16.35 -0.3(AD)/2.7(De) 5 

Case 3 8.17 -0.15(AD)/2.4(De) 10 

Case 4 8.17 -0.34(AD)/1.3(De) 5 
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Fig. 5.18 Overall discrepancy of the 
simulated results with regard to the 

experimental data. 

Fig. 5.19 Comparison of Dr and DCOP 
between experiments and simulation. 

To further compare the operation performance of SDCHS, Dr and DCOP of experimental 
and simulated results under different operation conditions (Case 1, Case 2, Case 3, and 
Case 4) are evaluated using Eqs. (5.1) and (5.3). From Fig. 5.19, it can be seen that the 
simulated Dr and DCOP are generally in agreement with the measured data. Thus, this 
computational modeling can predict the outlet air states of SDCHS in a specific range. 
The measured results indicated that Dr and DCOP of Case 1 generally outperform that 
of the other cases. 

 Parametric studies 

The proposed modeling of heat and mass transfer has been judiciously validated through 
experiments in SDCHS for the complete cycle. Here parametric studies are conducted to 
comprehensively investigate the effect of geometrical factors and flow field on the 
performance of SDCHS. The operation parameters at the following simulations are 
referred to Case 1, as shown in Table 5.4. 

𝐃𝐃𝐃𝐃���� and DCOP 

The performance of SDCHS is investigated by varying the geometrical size of the unit 
channel. The horizontal length (Lx) of the heat sink has been increased from 5 cm to 14 
cm, while the height (Hf) and width (Wy) of the unit channel have been changed from 2.5 
cm to 6 cm and1 mm to 3.5 mm, respectively. These given sizes (Lx, Hf, and Wy) defined 
the exterior framework of a unit channel inside the SDCHS. The thickness of fin (Wf) and 
desiccant coating (Wd) are increased from 0.15 mm to 0.55 mm and 0.15 mm to 0.6 mm. 
All the unit channels have been simulated and analyzed with the same inlet air 
conditions. As for one complete operation cycle, the inlet air is dried during the 
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dehumidification process and humidified during the regeneration process, which is 
controlled through the switchover of the bottom heat source. 

Fig. 5.20 shows the variation of 𝐷𝐷𝐴𝐴���� and DCOP in one unit channel when changing the size 
(Lx, Hf, Wy, Wf, and Wd) of the flow passage. Fig. 5.20(a) indicates that 𝐷𝐷𝐴𝐴���� keeps increasing 
as Lx increases due to the extension of the unit channel (adding more desiccant coating), 
while DCOP has an apparent increase only when γl ≥0.8. In general, it is preferable to 
choose a longer Lx for the SDCHS if there is a size limitation. In Fig. 5.20 (b), it can be 
found that as the height of the fin increases, there is the maximum 𝐷𝐷𝐴𝐴���� and DCOP with 
γf=0.7, and this indicates the trade-off between the heat transfer and mass transport. 
Similar to that case in Fig. 5.20(a), the variation of Hf can reflect the total amount of the 
desiccant coated in the channel and the total surface area of the coating layers. In this 
regard, though the higher Hf may facilitate the mass transport between the humid air 
and desiccant coatings, the increased heat resistance may reversely degrade the total 
adsorption capacity of the coatings. Subsequently, given the same inlet air velocity (~1.1 
m/s), Fig. 5.20(c) suggests that the wider size of the unit channel can result in more inlet 
air (mass flow rate) delivered into the SDCHS, and then the increased Dr��� and DCOP are 
found, which means that the increase in the γy can improve the dehumidification of per 
unit channel. In addition, the thickness of the fin and desiccant coating can directly affect 
the heat and mass transfer of the unit channel. Fig. 5.20(d) presents the effect of Wf on 
the performance of SDCHS. It is known that the increase in the thickness of the fin can 
decrease the thermal resistance of the whole heat sink but reversely increase the thermal 
capacitor (msink•csink). With 0.3-1.1 of γf,  Dr��� shows a slight decline from 1.47 g/h/per 
channel to 1.23 g/h/per channel, and DCOP is decreased from 0.25 to 0.16. As for the 
thickness of the desiccant coating, Wd, Fig. 5.20(e) shows that a thicker desiccant coating 
may improve the Dr��� to a certain degree, but as the thickness increases, Dr��� is decreased. 
DCOP shows a fast decrease and then maintained around 0.18. According to the results 
as mentioned above, the best unit channel size group (10 cm (lx), 5 cm (Hf), 4 mm (Wy), 
0.05 mm (Wf) and 0.05 mm (Wd)) is calculated and shown with 1.99 g/h/per channel and 
0.29 of Dr��� and DCOP in Fig. 5.20(f), which is 1.59 and 1.51 times higher than that of the 
original Case 1 (γl=γh=γy=γf=γd=1). 
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Fig. 5.20 Effect of the geometry of SDCHS on Dr��� and DCOP. 

It should be noted that change of the inlet air velocity can also contribute to the 
fluctuation of the flow domain, which will affect the fluid flow and heat transfer 
(convective heat transfer). In Fig. 5.21, the effect of air flow rate (qa’) on the 
dehumidification process has been investigated, which indicates that a low mass flow rate 
can have a relatively high DCOP but Dr��� is at a low level, and as the mass flow rate 
increases, both Dr��� and DCOP reach the equilibrium state. Thus, by analyzing Eqs. (5.1) 
and (5.31), the increase in qa’ will lead to the decrease of (din-dout) and (hin-hout), which 
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means that the outlet air state is close to the inlet air state. If considering the supply 
power from the fan, the increased air flow rate may bring in a slight improvement in the 
dehumidification performance but consume more input energy. 

 

Fig. 5.21 Effect of mass flow rate in the unit channel of SDCHS on 𝐷𝐷𝐴𝐴���� and DCOP. 

Re, Num,avg and Rt,avg 

It is noted that the variation in the geometry of the unit channel of SDCHS can vary the 
flow state of the incoming fluid and the inside heat transfer. Moreover, the heat transfer 
inside the unit channel can directly affect the dehumidification and regeneration of the 
desiccant coating. For example, an ultralow flow state may deteriorate the 
dehumidification performance because of the extra heat accumulation, while an ultrafast 
flow state can reduce the regeneration capacity due to the strengthened heat transfer.  In 
this regard, it is essential to explore the relationship between the geometry of the 
designed channel and the flow and heat transfer field, as shown in Fig. 5.22.  
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Fig. 5.22 Effect of geometry of SDCHS on Re and Rt. 

Fig. 5.22(a) shows that the extension (γl) of the channel cannot change the flow state (Re) 
but both Num,avg and Rt,avg experience a downward trend. According to Eqs. (5.33) and 
(5.34), the average bottom temperature increases as the γl increases, and Rt,avg  
maintained around 6 K/W with γl≥1. In addition, the change of other geometrical sizes 
(γh, γy, γf, and γd) all can affect the characteristic length, and thus the flow state (Re) and 
heat transfer (Num,avg). The higher fin of the unit channel can result in an increased 
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amount of incoming air. In Fig. 5.22(b), it can be found that Num,avg has been improved, 
and the average thermal resistance is reduced. The general trend of Num,avg and Rt,avg 
approaches to a specific range if γh≥1. When increasing the width of the unit channel 
(Wy), there is the optimum value for the heat transfer located at γy of 1.07 due to the 
maximum Num,avg and the minimum Rt,avg. Similar to the case by varying Hf, both Num,avg 
and Rt,avg are finally reaching a specific range when γy≥0.86. In Fig. 5.22(d), the increased 
thickness of the fin can facilitate the heat transfer though there is a slight decrease in the 
Reynolds number (Re). Since metallic fins have high thermal conductivity (low thermal 
resistance), the larger γf is, the less the whole thermal resistance can be found. Fig. 5.22(e) 
indicates the variation of Num,avg, and Rt,avg with different coating thicknesses. As 
expressed by Eq. (5.35), the downward trend of Rt,avg implies that the maximum 
temperature at the bottom side of the heat sink decreases as γd increases. The change of 
Num,avg indicates that the optimum value of γd for the heat transfer is between 0.4-0.8 of 
γd.  

Except for the effect of the geometrical size on the fluid flow and heat transfer, the varied 
mass flow rate has been investigated, as shown in Fig. 5.22(f). It can be seen that the 
𝑅𝑅𝑡𝑡,𝑎𝑎𝑣𝑣𝑔𝑔 drops sharply to ~6 K/W when the mass flow rate per channel is larger than 0.75 
kg/h. Besides, the flow state and the heat transfer gain a specific increase with the 
increased mass flow rate. Integrating with the dehumidification performance calculated 
in Fig. 5.21, the mass flow rate may slightly improve the whole operation performance if 
using the same heat flux from the bottom surface. To improve the dehumidification 
performance further, the operation conditions with a high mass flow rate are supposed to 
match a higher temperature heat source (improvement of regeneration conditions). 

η1 and η2 

To better understand the effect of using desiccant coating on the surface of the fin, an 
analysis has been conducted on the varied thickness of the desiccant coating for a unit 
channel inside SDCHS. The objective of this analysis aims to assess the heat transfer and 
air condition of outlet air with and without desiccant coatings. In this regard, heat 
transfer effectiveness (η1) and sensitivity coefficient (η2) have been defined to compare 
with the reference group. From Fig. 5.23, it is indicated that the increase of coating 
thickness can improve limited heat transfer effectiveness if wd >0.35 mm, which means 
that the average bottom temperature can be maintained at a specific level under the same 
inlet air conditions and bottom heat flux. In addition, the sensitivity coefficient (η2) shows 
the relationship of the removed latent load (represented by the dehumidification capacity) 
to the variation of the whole air load (sensible and latent loads). Thus, the calculated 
results in Fig. 5.23 demonstrated that the optimal coating thickness is between 0.3-0.5 
mm, which can make use of its ability to match with the dehumidification capacity. 
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Fig. 5.23 Effect of desiccant coatings on η1 and η2. 

 Summary 

In this work, the application of solid desiccant coatings on the unit channel of SDCHS 
towards the thermal and moisture transport enhancement has been analyzed to provide 
the optimized geometrical design of the unit channel considering the fluid flow, heat 
transfer, and moisture transport. The conclusions can be shown as follows: 

1) The desiccant-coated heat sink can improve the capability of the overall device to deal 
with both the latent and sensible load of the surrounding air compared with the 
conventional heat sink (cooling below the dew point).  

2) The length (Lx) and width (Wy) of the unit channel can remarkably improve its 
dehumidification capacity, while the other three sizes (Hf, Wf, and Wd) have a limited 
effect on the dehumidification capacity. According to the geometry optimization, the 
best size among the calculated results shows 1.99 g/h/per channel and 0.29 of 𝐷𝐷𝐴𝐴���� and 
DCOP, 1.59 and 1.51 times higher than that of Case 1. 

3) The increase in the mass flow rate can affect the dehumidification process only at the 
low mass flow rate range. After a specific value, both 𝐷𝐷𝐴𝐴���� and DCOP maintained at the 
constant level. 

4) Based on the comprehensive analysis on the flow field and heat transfer, the increase 
in the sizes (Lx, Hf, Wy, Wf, and Wd) and mass flow rate all can reduce the average 
thermal resistance, but only the variation in the Hf, Wf, and mass flow rate can lead 
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to the increase in the average Nusselt number. Besides, the thickness of desiccant 
coatings between 0.5-0.8 of γd may show the best thermodynamic performance. 

5) Compared with the bare heat sink, the utilization of desiccant coatings can increase
the average surface heat transfer coefficient (related to average bottom temperature)
to a certain degree and then maintain it at a constant level. The sensitivity coefficient
shows that the desiccant coating can improve the latent load handling, and the
recommended thickness of the desiccant is between 0.3-0.5 mm.

Since the geometry of the flow channel of a small-scale dehumidifier can affect the flow 
state and thus the heat and mass transfer, the above computational analysis can provide 
some guidelines to design the optimized geometry of each unit flow channel. Besides, the 
selection of the desiccant and the integration with different heat sources are also crucial 
for the full-scale design of the small-scale dehumidifier. 

5.4 A time-dependent lumped model on an Al fum based 
humidity pump 

 Analysis of the typical physical model 

In our humidity pump, the core components of this device consist of the heat sink, TE 
modules, and coatings. Unlike traditional thermoelectric dehumidification [204-206], the 
heat and mass transfer mechanism in this system is shown in Fig. 5.24. As for the mass 
transfer, the incoming air carries the moisture flowing through the dehumidification 
channel, and the coatings at the surface of the heat sink adsorb the moisture out of the 
air to achieve latent load control. At the same time, another stream of air flows through 
the regeneration channel to bring the released moisture. In a whole cycle, it seems like 
the water vapor in the air is transported from the dehumidification channel to the 
regeneration channel if there is a periodic switchover between two air ducts 
(discontinuous). However, based on the heat transfer analysis, the sensible load of the 
inflow air and the adsorption heat from the coatings at the dehumidification channel is 
transferred through fins to the cold side of the TE modules. Then the hot side of the TE 
modules will transfer a large amount of heat load through fins to the coatings and the 
airflow, thus leading to the regeneration of coatings. Besides, there is heat conduction 
between the cold and hot sides of TE modules. In this regard, Fig. 5.24 shows the routes 
of heat and mass transfer inside the humidity pump, which are totally coupled. 
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Fig. 5.24 The Schematic of heat and mass transfer in the device. 

During the CFD simulation (3-D model), it is found that the flow field domain coupled 
with heat transfer and mass transport domains is quite time-consuming to calculate the 
distribution of temperature and humidity ratio. A 1-D equivalent electric circuit has been 
used to predict the overall system performance [207-208]. By referring to the schematic 
of heat and mass transfer in Fig. 5.24, Fig. 5.25 shows the equivalent electric circuit (or 
RC circuit) of our humidity pump, where the model corresponds to the heat capacity and 
thermal resistance of the specific materials. All these parameters are related to the 
physical properties of materials and the geometry of the different components.  
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Tac Tah
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 C=Capacitance
 Q: Heat flux
 R: Resistance
 T: Temperature  

Fig. 5.25 The simplification of the typical physical model in an equivalent RC circuit. 
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 A computational model of the humidity pump (1-D) 

Considering the similarity between the current and heat transfer, the model of the 
humidity pump can be expressed as an electric analogy. All the components of the 
humidity pump are modeled as shown in Fig. 5.25, and the forced convection is considered 
as the boundary conditions. The primary components are the TE module, heat sink, and 
the air, all of which can form the closed-form formulas.  

TE module 

TE module can simultaneously provide high- and low-temperature heat sources for the 
dehumidification and regeneration channels. According to the theory of the Peltier effect, 
there are three heat fluxes formed from the thermoelectric phenomenon, which are 
modeled by [204]:  

𝑄𝑄𝑐𝑐 = −𝛼𝛼′𝐼𝐼𝑇𝑇𝐵𝐵𝑇𝑇𝑐𝑐 , 𝐶𝐶𝐴𝐴𝑙𝑙𝑑𝑑 𝐴𝐴𝐴𝐴𝑑𝑑𝑒𝑒 (5.38) 

𝑄𝑄ℎ = 𝛼𝛼′𝐼𝐼𝑇𝑇𝐵𝐵𝑇𝑇ℎ , 𝑅𝑅𝐴𝐴𝑡𝑡 𝐴𝐴𝐴𝐴𝑑𝑑𝑒𝑒 (5.39) 

𝑄𝑄𝐽𝐽 = 1
2
𝐼𝐼𝑇𝑇𝐵𝐵2𝐴𝐴𝑇𝑇𝐵𝐵 , 𝐽𝐽𝐴𝐴𝑢𝑢𝑙𝑙𝑒𝑒 ℎ𝑒𝑒𝑎𝑎𝑡𝑡 (5.40) 

Where α’ is the Seebeck coefficient [J/K]; ITE and VTE the current and voltage of the TE 
module. 

Air and coating domains 

When the air flows through the dehumidification or regeneration channel, the heat and 
mass transfer occurred at the outer surface of the coatings. The energy and mass 
conservation in the air domain can be expressed as [132, 209]:  

Air 

 𝑚𝑚𝑎𝑎𝑐𝑐𝑎𝑎
𝑖𝑖𝑇𝑇𝑠𝑠𝑖𝑖
𝑖𝑖𝑡𝑡

= �̇�𝑚𝑎𝑎𝑐𝑐𝑎𝑎�𝑇𝑇𝑎𝑎𝑖𝑖,𝑖𝑖𝑛𝑛 − 𝑇𝑇𝑎𝑎𝑖𝑖,𝑙𝑙𝑢𝑢𝑡𝑡� + 𝑇𝑇𝑑𝑑𝑖𝑖−𝑇𝑇𝑠𝑠𝑖𝑖
𝑅𝑅𝑥𝑥

+ ℎ𝑚𝑚𝐴𝐴𝑎𝑎𝑐𝑐𝑣𝑣(𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖)(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑎𝑎𝑖𝑖), 𝐴𝐴 = 𝑐𝑐, ℎ; 𝑥𝑥 = 𝑑𝑑𝑒𝑒, 𝐴𝐴𝑒𝑒 

(5.41) 

𝑚𝑚𝑎𝑎
𝑖𝑖𝑌𝑌𝑠𝑠𝑖𝑖
𝑖𝑖𝑡𝑡

= �̇�𝑚𝑎𝑎�𝑌𝑌𝑎𝑎𝑖𝑖,𝑖𝑖𝑛𝑛 − 𝑌𝑌𝑎𝑎𝑖𝑖,𝑙𝑙𝑢𝑢𝑡𝑡� + ℎ𝑚𝑚𝐴𝐴𝑎𝑎(𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖), 𝐴𝐴 = 𝑐𝑐, ℎ (5.42) 

Coating 

𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖
𝑖𝑖𝑇𝑇𝑑𝑑𝑖𝑖
𝑖𝑖𝑡𝑡

= 𝑄𝑄𝑠𝑠𝑖𝑖 + 𝑇𝑇𝑠𝑠𝑖𝑖−𝑇𝑇𝑑𝑑𝑖𝑖
𝑅𝑅𝑥𝑥

+ 𝑇𝑇𝑓𝑓𝑖𝑖−𝑇𝑇𝑑𝑑𝑖𝑖
𝑅𝑅𝑑𝑑

, 𝐴𝐴 = 𝑐𝑐, ℎ (5.43) 

𝑚𝑚𝑖𝑖
𝑖𝑖𝜔𝜔𝑖𝑖

𝑖𝑖𝑡𝑡
= ℎ𝑚𝑚𝐴𝐴𝑎𝑎(𝑌𝑌𝑎𝑎𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖), 𝐴𝐴 = 𝑐𝑐, ℎ (5.44) 

𝑌𝑌𝑖𝑖𝑖𝑖 = 0.6218𝜑𝜑𝑑𝑑𝑖𝑖
𝑃𝑃𝑠𝑠𝑠𝑠𝑚𝑚
𝑃𝑃𝑠𝑠

−𝜑𝜑𝑑𝑑𝑖𝑖
, 𝐴𝐴 = 𝑐𝑐, ℎ (5.45) 

𝑄𝑄𝑠𝑠𝑖𝑖 = ℎ𝑚𝑚𝐴𝐴𝑎𝑎𝑞𝑞𝑎𝑎ℎ(𝑌𝑌𝑎𝑎𝑖𝑖 − 𝑌𝑌𝑖𝑖𝑖𝑖) − ℎ𝑚𝑚𝐴𝐴𝑎𝑎𝑐𝑐𝑎𝑎(𝑌𝑌𝑖𝑖𝑖𝑖 − 𝑌𝑌𝑎𝑎𝑖𝑖)(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑎𝑎𝑖𝑖) (5.46) 
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Where ma and �̇�𝑚𝑎𝑎 are mass [kg] and mass flow rate [kg/s] of the air; ca the specific heat 
capacity of air [J/kg·K]; Aa the total surface area of fins [m2]; hm the mass transfer 
coefficient [kg/m2s]; md and cd the mass and specific heat capacity of coatings. ω is the 
equilibrium uptake [g/g], which can be Eq. (4.1) as a function of relative humidity, ω=f(φd). 
The thermal resistance, Rx and Rd, can be calculated by: 

𝑅𝑅𝑥𝑥 = 1
ℎ𝐴𝐴𝑠𝑠

(5.47) 

𝑅𝑅𝑖𝑖 = 𝛿𝛿𝑠𝑠
𝜆𝜆𝑑𝑑𝐴𝐴𝑠𝑠

(5.48) 

Where h is the heat transfer coefficient [W/m2K]. 

Heat sink domain 

Inside the heat sink, there is only heat conduction in this domain, including fins and base. 
In this regard, the energy conservation equation can be expressed as:  

�
(𝑚𝑚𝑐𝑐)𝑒𝑒𝑖𝑖

𝑖𝑖𝑇𝑇𝑓𝑓𝑖𝑖
𝑖𝑖𝑡𝑡

= 𝑇𝑇𝑑𝑑𝑖𝑖−𝑇𝑇𝑓𝑓𝑖𝑖
𝑅𝑅𝑑𝑑

+ 𝑇𝑇𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒𝑖𝑖−𝑇𝑇𝑓𝑓𝑖𝑖
𝑅𝑅𝑓𝑓

  

(𝑚𝑚𝑐𝑐)𝑏𝑏𝑎𝑎𝑠𝑠𝑖𝑖𝑖𝑖
𝑖𝑖𝑇𝑇𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒𝑖𝑖
𝑖𝑖𝑡𝑡

= 𝑇𝑇𝑓𝑓𝑖𝑖−𝑇𝑇𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒𝑖𝑖
𝑅𝑅𝑓𝑓

+ 𝑇𝑇𝑐𝑐𝑖𝑖−𝑇𝑇𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒𝑖𝑖
𝑅𝑅𝑏𝑏𝑠𝑠𝑠𝑠𝑒𝑒

𝐴𝐴 = 𝑐𝑐, ℎ (5.49) 

Where Rf is the equivalent thermal resistance between the average fin temperature and 
base temperature, which can be evaluated from heat transfer theory.  

In Fig. 5.24, there is no direct contact between the heat sink base and TE modules, and 
the thermal grease has been used to reduce the heat loss. In this regard, the thermal 
resistance in the thermal grease layer and the thermal contact resistance between the 
base and TE modules should be considered. It is assumed that the total thermal resistance 
between Tbase and Tc is expressed as Rbase, which includes thermal conductivity resistances 
in heat sink base and thermal grease and the thermal contact resistance.  

Estimation of heat and mass transfer coefficient 

In this device, the airflow is directed by fans to flow over the surface of the heat sink. 
Since the height of fins matches the height of the channel, it is assumed that all the air 
participates in the heat and mass transfer processes. According to the average inlet air 
velocity (1.3m/s), the volumetric flow is thus calculated as: 

𝑀𝑀𝑎𝑎′ = 1.634 × 10−3 𝑚𝑚3/𝐴𝐴 (5.50) 

The average air velocity over the surface of fins can be calculated as: 

𝑣𝑣𝑎𝑎 = 𝑉𝑉𝑠𝑠′

𝐴𝐴𝑠𝑠𝑒𝑒𝑐𝑐
= 1.634×10−3

(0.047−0.0013×12−0.0002×22)×0.05
= 1.262 𝑚𝑚/𝐴𝐴 (5.51) 

Based on the empirical equations on the heat transfer of heat sink, the heat transfer 
coefficient (h) and Nusselt number (NuHS) can be obtained as following [210]: 
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 ℎ = 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆
𝜆𝜆𝑠𝑠
𝛿𝛿𝑖𝑖𝑠𝑠𝑝𝑝

 (5.52) 

 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆′ = 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆 ∙ 𝜂𝜂𝑅𝑅𝑆𝑆 (5.53) 
 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆′ = 1

�
8

(𝑅𝑅𝑒𝑒𝐻𝐻𝐻𝐻∙𝑃𝑃𝑝𝑝𝐻𝐻𝐻𝐻 )3
+ 1

((0.664�𝑅𝑅𝑒𝑒𝐻𝐻𝐻𝐻 �𝑃𝑃𝑝𝑝𝐻𝐻𝐻𝐻
3 )∙�1+

3.65
�𝑅𝑅𝑒𝑒𝐻𝐻𝐻𝐻

 )3
3

 (5.54) 

Where Reynolds number (ReHS) and Prandtl Number (PrHS) are related to the physical 
properties of the air. Table 5.5 provides the required geometric parameters and material 
properties together with the inlet air conditions. Fig. 5.26 shows the geometry of the heat 
sink in the front view.  

 𝑅𝑅𝑒𝑒𝑅𝑅𝑆𝑆 = 𝜌𝜌𝑠𝑠𝑣𝑣𝑠𝑠𝑖𝑖
𝜇𝜇𝑠𝑠

=
1.17×1.262×

𝛿𝛿𝑖𝑖𝑠𝑠𝑝𝑝
2

𝐿𝐿
18.4×10−6

= 4.435 (5.55) 

 𝑃𝑃𝐴𝐴𝑅𝑅𝑆𝑆 = 𝑐𝑐𝑠𝑠𝜇𝜇𝑠𝑠
𝜆𝜆𝑠𝑠

= 0.764 (5.56) 

Nusselt number (NuHS’) without considering fin efficiency can thus be calculated as: 

 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆′ = 1

�
8

(7.689∙0.745 )3
+ 1

((0.664√7.689 √0.7453 )∙�1+ 3.65
√7.689

 )3
3

= 1.475 (5.57) 

The fin efficiency (ηf) of our heat sink is around 0.91. The calculation of Nusselt number 
(NuHS) is thus obtained as: 

 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆′ = 1.342 (5.58) 

 ℎ = 𝑁𝑁𝑢𝑢𝑅𝑅𝑆𝑆
𝜆𝜆𝑠𝑠
𝛿𝛿𝑖𝑖𝑠𝑠𝑝𝑝

= 1.4739 0.025
0.00245

= 14.24 𝑊𝑊 /𝑚𝑚2𝐾𝐾 (5.59) 

According to the Chilton–Colburn analog, the mass transfer coefficient can be estimated 
as below:  

 𝑆𝑆ℎ𝐻𝐻𝐻𝐻
𝑅𝑅𝑖𝑖𝐻𝐻𝐻𝐻 �𝑆𝑆𝑐𝑐𝐻𝐻𝐻𝐻3 = 𝑁𝑁𝑢𝑢𝐻𝐻𝐻𝐻

𝑅𝑅𝑖𝑖𝐻𝐻𝐻𝐻 �𝑆𝑆𝑐𝑐𝐻𝐻𝐻𝐻3  (5.60) 

Where Schmidt number, ScHS, can be calculated by µa/Dva. Here the diffusivity can be 
obtained from Eq. (5.16). The mass transfer coefficient (hm) can be calculated as below: 

 ℎ𝑚𝑚 = 𝑆𝑆ℎ𝐻𝐻𝐻𝐻𝜌𝜌𝑠𝑠𝐷𝐷𝑣𝑣𝑠𝑠
𝛿𝛿𝑖𝑖𝑠𝑠𝑝𝑝

= 0.0174 𝑘𝑘𝑘𝑘/𝑚𝑚2𝐴𝐴 (5.61) 
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Table 5.5 The geometry and material properties 

Name Symbols Values 

Height of the heat sink H 0.05 m 

Width of the heat sink W 0.047 m 

Length of the heat sink L 0.1 m 

Fin thickness Wf 1.3 mm 

Number of fins NUM 12 

Fin pitch with coating δgap ~0.00245 m 

Coating thickness δt ~0.2 mm 

Inlet air temperature Tin,avg 21.1 °C 

Inlet air humidity level RHin,avg 65% 

Air density ρa 1.17 kg/m3 

Thermal conductivity of air λa 0.025 W/m·K 

Thermal conductivity of fin λf 200 W/m·K 

Specific heat capacity of air ca 1012 J/kg·K 

Specific heat capacity of vapor cv 1850 

Specific heat capacity of fin cf 910 J/kg·K 

Dynamic viscosity of air µa 18.4 µPa·s 

Fig. 5.26 Geometry of the MOF coated heat sink. 
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 Validation of the lumped model 

Table 5.6 provides the required parameters for the calculation of this lumped model. 
Parameters about the thermoelectric module, such as the thermal resistance Rte, the heat 
capacity Cte, and Seebeck coefficient α, etc., can be obtained based on the method in ref. 
[211]. Considering the sharp variation of temperature and humidity ratio during the 
switchover, a variable time step was adopted in the simulation, and the automatic solver, 
ode 15s, was utilized in the following simulations. The mass conservation equations are 
fully coupled with the energy conservation equations, and the relative tolerance is set at 
10-5.  

Table 5.6 The parameters used in an equivalent RC circuit. 

Parameters Value 

Cd 24.43 J/K 

Cf 243.24 J/K 

Cbase 20.47 J/K 

Cte 3.1 J/K 

Rd 0.009 K/W 

Rf 0.1036 K/W 

Rbase 0.0173 K/W 

Rte 2.16 K/W 

α 0.0587 J/K 
 

Table 5.7 The operation conditions of the Al fum coated humidity pump. 

 Cycle time Power supply Air velocity 

Case A 620 s 30 W 1.3 m/s 

Case B 620 s 25 W 1.3 m/s 

Case C 620 s 30 W 2.1 m/s 
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Fig. 5.27 The measured and simulated results of humidity ratio and temperature at the 
outlet. 

Fig. 5.27 shows the measured and simulated results of the temperature and humidity 
ratio against time. The changing trend of temperature from experiments matches with 
the simulated ones, but there is a specific difference after each switchover process 
(marked in the grey area). This can be explained by the following reasons: 1) Since all the 
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material properties here were considered as constant, thermal diffusivity in the 
experiments is much faster than the simulated results. 2) After each switchover process, 
the sharp change of current can affect the balance of the overall heat flux, while in the 
simulation, the average current and voltage were used. In addition, it is found that there 
are specific differences in the measured and calculated humidity ratio when it is at the 
early stage after the switchover process. Based on Eq. (5.42), the mass conservation 
equation indicates that the variation of humidity ratio in the air can be affected by the 
mass transfer coefficient and the temperature change in the desiccant coatings. This 
means that the delay in the thermal diffusivity may lead to the delay in mass transport 
due to the fully coupled model. Table 5.8 compares the total dehumidification capacity 
under these operation conditions, and the results indicate that this model has a good 
prediction on the dehumidification capacity. 

Table 5.8 The measured and simulated dehumidification capacity and DCOP. 

Drexp Drsim DCOPexp DCOPsim 

Case A 24.26g/h 21.83g/h 0.376 0.219 

Case B 21.27g/h 18.6g/h 0.475 0.325 

Case C 31.12g/h 29.64g/h 0.579 0.445 

 Summary 

By using an equivalent RC circuit, a lumped heat and mass transfer model can be 
constructed to predict the overall performance of our humidity pump, which is 
transformed from a 3-D model to a 1-D model. A large computing time can thus be saved 
if compared with the CFD method. Although there are still some problems in determining 
material properties (i.e., temperature-dependent variables, uptake related material 
properties in coatings) and during the switchover process, the changing trend of the 
measured and simulated humidity ratio and temperature is similar, and the discrepancy 
of the calculated dehumidification capacity is within 15%. 



132 

Chapter 6  

Conclusions and perspectives 

MOFs are a family of nanocrystal materials with high porosity and various structures 
from different metal clusters and organic ligands. In the past decades, MOFs have 
attracted increasing attention for gas adsorption, energy conversion, and environmental 
regulation. As a class of adsorbents with excellent performance (i.e., high cyclic load, 
gentle regeneration, and powerful kinetics) for water vapor uptake, MOFs have been 
widely explored in closed-type adsorption cooling systems and open-type water harvesting 
systems, but their applications in the built environment are limited. Because the built 
environment involves many complex factors such as climate change, airflow, and 
interaction with human beings, open-type systems using MOFs for built environment 
control are an active area of research. In this Ph.D. project, several MOFs have been 
investigated in detail, from material preparation and characterization to sorption 
mechanisms and different types of applications. All the selected MOFs have high 
operational stability, powerful performance in water vapor uptake, regeneration, and 
kinetics, low toxicity (e.g., in the case of biomass-based MIL-160(Al)), and enable large-
scale production. Based on all the works in this project, some conclusions can be obtained 
as below: 

1) Chapter 1 systematically summarized the development of MOFs in the built
environment control for the first time. The advanced synthesis, remarkable intrinsic
properties, and unique water vapor adsorption mechanism have greatly promoted the
moisture control of using MOFs. The proposed selection criteria will help us make the
fast choice on the optimal MOFs to achieve the moisture regulation, and the reviewed
possible applications using MOFs lie in different working principles, that is, passive-
type (without using extra energy) and active-type (using extra energy). Therefore, the
review provides feasible solutions to select the most desirable MOFs to control the
built environment in an energy-efficient manner.

2) The characterization of MOFs helps to make clear the microstructure information and
potential sorption capacity of MOFs. SEM presented the morphology of the
microstructure, which shows that the selected MOFs (MIL-100(Fe), MIL-160(Al), and
Al fum) consist of a large amount of MOF crystals (several hundreds of nanometers
scale), and most MOF crystals are agglomerated. BET indicated that pore surface area
and pore volume of MIL-100(Fe) are 1321 m2/g and 0.63 cm3/g, much higher than that
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of MIL-160(Al) (1321 cm2/g and 0.63 cm3/g) and Al fum (890 m2/g and 0.396 cm3/g). 
Finally, the measured equilibrium uptake of MIL-100(Fe), MIL-160(Al), and Al fum 
can reach 0.6, 0.35, and 0.46 g/g, respectively. Based on these characteristic methods, 
MIL-100(Fe) possesses a better pore structure and equilibrium uptake capacity than 
other two MOFs. 

3) The moisture buffering performance of MOFs has been quantified by experiments and 
simulations. By using the definition of MBV (practical and ideal) from NORTEST 
project, MIL-100(Fe) has the max MBV compared with MIL-160(Al) and Al fum, even 
10 times larger than laminated wood. The simulation cases using MIL-100(Fe) was 
then conducted on the BESTEST building case, and the simulated results indicated 
that this MOF has excellent moisture buffering performance under dry, semi-dry, and 
temperate climates, but when it comes to a more humid climate, an extra energy input 
to regenerate MOF layer is highly recommended. According to the definition of MBV, 
mathematical deductions with different boundaries were performed, and the modified 
MBV based on MBV tests can bridge the connection of moisture buffer performance 
from the material level to the system level. By using the time-averaged MBV, a MBV 
model (MBM) was proposed, showing a reasonable prediction of the indoor humidity 
level. 

4) Dynamic performance of MOF coatings has been comprehensively investigated, 
aiming to find the best solutions to regulate the overall system dynamic performance. 
To build the dynamic sorption model, the equilibrium uptake of MOFs under different 
temperatures was first conducted to obtain an S-shaped isothermal model, and then 
kinetics of MOFs was measured to evaluate the diffusivity of the adsorbed water vapor. 
The developed dynamic sorption model was validated from a test platform, and the 
simulated results matched well with the measured ones under different MOF layer 
thicknesses. According to the parametric studies on this dynamic model, parameters, 
such as cycle time, time ratio of a cycle (tAD:tDE), crystal size, porosity, intracrystalline 
diffusivity, and the thickness of MOF coatings can significantly affect the net 
volumetric uptake and the efficient working period in a cycle. As for the effect of the 
surroundings on the dynamic performance, MIL-100(Fe) and Al fum only require a 
low regeneration condition (~50℃), but at least 70℃ for MIL-160(Al), all of which have 
better regeneration conditions than commercial zeolite 13X. Moreover, the volumetric 
uptake of MIL-160(Al) is not easily affected by the surrounding airs, exhibiting high 
adaptability to different climates over MIL-100(Fe) and Al fum. 

5) A humidity pump was proposed and fabricated using MOFs to achieve the fast 
humidity control of a localized space. I) The field tests of a MIL-100(Fe) based 
humidity pump were conducted and compared with a silica gel-based group. The 
results indicated that the MIL-100(Fe) based humidity pump has twice the 
dehumidification capacity and DCOP as much as the silica gel-based group. Different 
operation parameters (i.e., cycle time, supply power, and air velocity) can significantly 
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affect the dehumidification performance and the energy consumption. Moreover, this 
device exhibited a fast humidity response rate when exposed to a high humidity level. 
II) To investigate the effect of geometry and flow conditions on the dehumidification
performance, a computational fluid dynamics (CFD) model was constructed and then
validated by the field tests. The subsequent parametric studies indicated that changes 
in geometry and flow conditions could affect the dehumidification performance and
energy-saving efficiency, and a good selection of these parameters can improve the
dehumidification rate and DCOP of the unit channel by a factor of up to 1.5. III) To
compute the overall performance of the device with a fast speed, a lumped model was
built to transform the 3D model (CFD) to a 1D model. The measured results indicated
that this model has reasonable accuracy in predicting the outlet air conditions.

Although the research and exploration of MOFs in the built environment have gradually 
become an attractive topic, and many new MOFs and MOF derivatives have been 
proposed, some problems remain to be solved. To conclude, some perspectives on the 
further development of MOF-based applications in the built environment are presented 
next. 

First, many MOFs have superior moisture buffering performance when calculating the 
ideal MBV and measuring the practical MBV, but there are still certain gaps between the 
material innovations and practical utilization, as follows: I) Because the ideal MBV is 
defined under the given climatic conditions, the match of moisture buffering materials 
with different climate conditions should be considered. II) Economically speaking, pure 
MOFs (i.e., powder or block) are challenging to use in buildings, and the development of 
different methods such as painting, coating, or electrostatic spinning can make full use of 
the moisture buffering capacity without taking large space.  

Second, although solid desiccant-based air conditioning systems have been confirmed to 
achieve independent temperature and humidity control with improved energy efficiency, 
the selection of desiccant materials will affect the size of the whole system and the overall 
operation efficiency. In this regard, equilibrium sorption tests of novel materials (i.e., 
MOFs) should be performed to characterize the sorption capacity under different relative 
pressures and temperatures. Many studies have reported the dynamic performance of 
materials in powder shape, but the dynamic performance in other forms, such as coatings, 
is also an essential factor in determining the humidity response rate. For a specific system 
using novel materials, more measurements of the equilibrium uptake, dynamic sorption 
capacity, and regeneration conditions can help optimize the system structure and improve 
energy efficiency. 

Third, the overall heat and mass transfer in solid desiccant systems (including air, 
desiccant, and metallic framework) need to be strengthened. It is known that a porous 
desiccant with high porosity has a large pore volume and sorption capacity, but it results 
in an increase in thermal resistance, which is not beneficial for mass transport. Therefore, 
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there is a tradeoff during the material design between the heat transfer (air, desiccant, 
and metallic framework) and moisture transport (air and desiccant) when considering the 
system design.  

Finally, fundamental investigations on processing techniques are still lacking. During our 
experiments, it is interesting to find that the coating process of MOFs can affect the 
adsorption capacity, for example, ~10% loss in the adsorption capacity in our case. Some 
new coating technologies, such as spraying and in-situ growth, are showing improved 
performance.  
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A Characterization of MOFs 

A.1 XRD

Fig. A1 XRD of MIL-100(Fe). 

Fig. A2 XRD of MIL-160(Al). 
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Fig. A3 XRD of Al fum. 
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A.2 SEM 

 

Fig. A4 SEM photo of MIL-100(Fe). 

 

 

Fig. A5 SEM photo of MIL-160(Al). 
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Fig. A6 SEM photo of Al fum. 
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A3. BET 

MIL-100(Fe) - Isotherm (N2) 
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MIL-100(Fe) - t-Plot Method Micropore Analysis 
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MIL-160(Al) - Isotherm (N2) 
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MIL-160(Al) - t-Plot Method Micropore Analysis 
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Al fum - Isotherm (N2) 
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Al fum - t-Plot Method Micropore Analysis 
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A4. Isotherms (water vapor) 

 

Fig. A7 Isotherm of MIL-100(Fe). 

 

Fig. A8 Isotherm of MIL-160(Al). 
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Fig. A9 Isotherm of Al fum. 
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B Cup method 

Table B1 The test conditions in the cup method 
Parameters Value 

Relative humidity inside the cup 75.7 ± 0.13% (23℃) 

Relative humidity in the climate chamber 32± 1.7%  

Temperature in the climate chamber 23.4±1.5℃ 

 

 
Fig. B1 Mass variation of MIL-100(Fe) during cup method tests. 
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Fig. B2 Mass variation of MIL-160(Al) during cup method tests. 

 

 

Fig. B3 Mass variation of Al fum during cup method tests. 
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C  Sorption dynamic tests 

C.1 The measurements of Dµ based on Eq. (4.5) 

 

Fig. C1 The measured average fractional water vapor uptake of MIL-100(Fe) against 
time. 

 

Fig. C2 The measured average fractional water vapor uptake of MIL-160(Al) against 
time. 



 

167 

 

 

Fig. C3 The measured average fractional water vapor uptake of Al fum against time. 

C.2 Test platform. 

 
Fig. C4 Photo of the test platform. 
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D A CFD simulation platform based on 
COMSOL 

  
Fig. D1 Heat sink domain. Fig. D2 Desiccant domain. 

  

Fig. D3 Air domain. Fig. D4 Simulation interface: 
development of a simulation App. 

The computational domains from Fig. D1 to D3 consist of the heat sink, desiccant, and 
air. Namely, flow field (air domain), heat transfer (air, heat sink, and desiccant domains), 
and mass transfer (air and desiccant domains). Fig. D4 is the interface of the simulation 
App, which includes the geometrical information, air conditions, and operation 
parameters (a half unit channel due to the symmetry). An example of the simulated 
results was presented in Fig. D5-D7, which includes the distribution of the flow field (air), 
RH (air), and temperature (air, desiccant, and heat sink).  



 

169 

 

  

Fig. D5 Distribution of flow field in the 
air. 

Fig. D6 Distribution of RH in the air. 

  

Fig. D7 Distribution of temperature in all 
the domains. 
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E A lumped model based on MATLAB-
Simulink 

 

Fig. E1 The configuration of the MATLAB-Simulink platform. 

 

Fig. E2 The calculation of heat and mass transfer coefficient, air flow rate and the air 
mass around the fins. 
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Table E1 Description of the parameters. 

Parameter Description 

‘Input signal’ The signal of current in the TE module 

‘I’ Current (A) 

‘rte’ Electric resistance (Ω) 

‘Ya’ Humidity ratio of the inlet air (g/kgdry air) 

‘Ta’ Temperature of the inlet air (K) 

‘ua’ Air velocity of the inlet air (m/s) 

‘h_t’ Heat transfer coefficient (W/m2·K) 

‘h_m’ Mass transfer coefficient (kg/m2·s) 

‘V_rate’ Volumetric flow rate (m3/s) 

‘V_a’ Air mass in the channel of heat sink (m3) 
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Fig. E3 Components of the modeling (a symmetrical layout). 
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Fig. E4 The description of components at the top channel. 
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Fig. E5 The description of components at the bottom channel. 
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