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Abstract

Humidity control is pivotal to maintain occupant thermal comfort and suppress mold growth in
indoor environments. Furthermore, poor indoor air quality (IAQ) due to the presence of volatile
organic compounds (VOCs) and high concentrations (>1,000 ppm) of CO2 can cause health issues
and negatively affect cognitive performance. Therefore, providing high-quality indoor air has
gained significant attention over the past decade. Conventional cooling coil and filter-based HVAC
systems have limited capability to meet the augmented demand for occupant thermal comfort and
high indoor air quality. Moreover, modern buildings are increasingly airtight to save energy, and
increasing ventilation to mitigate VOC and CO: concentration is discouraged. Separate sensible
and latent cooling technology using a rotary desiccant wheel presents a promising solution in this
respect. Because of the development of desiccant materials with high water vapor, VOC, and CO;
uptake, desiccant wheels can be used as an integrated technology option for [AQ management. To
promote desiccant wheel use for energy-efficient management of IAQ in buildings, this article
reviews recent advancements in using desiccant wheels for dehumidification, VOC mitigation, and
CO; capture from outdoor air. Finally, the article presents the authors’ perspective by summarizing
the key research gaps in the field and discussing the future direction of research to address these
gaps from two different aspects, namely, suitable adsorbent material development and desiccant

wheel design.
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CO; capture.



1 Introduction
1.1 Context

Humidity control in indoor environments is crucial to ensure adequate thermal comfort and prevent
sick building syndrome. 2020 ASHRAE handbook-HVAC Systems and Equipment[1] states that
optimal indoor humidity is around 30%—-60%. The energy consumption and emissions associated
with humidity control are high but often overlooked. Humidity control with air conditioners is
responsible for emitting 599 million tons of CO; annually [2]. Because of high needs for thermal
comfort in built environments and highly efficient building envelope design, along with increasing
ventilation demands, the energy consumption for latent load management is expected to surpass
the energy consumption for sensible load management by 2050, and the humidity load fraction is
projected to increase by 54%—67% [2]. To accommodate this additional latent load management
demand, existing HVAC systems will need to be retrofitted and redesigned. Conventional air-
conditioning system dehumidifies air below the dew point in a cooling coil, where the water vapor
condenses from the humid air (Figure 1a). As a result, the air must be reheated, leading to
significant energy waste. On the contrary, a desiccant-based system dehumidifies air at relatively
higher temperatures by adsorbing water vapor into a porous medium (Figure 1b). Thus, it

eliminates the need for deep cooling of air for dehumidification.

However, in a desiccant system, air temperature rises from the release of enthalpy of
adsorption, and a simple evaporative cooler can be used to control the supply air temperature. By
handling the humidity and temperature separately, solid desiccant-based systems provide a more
energy-efficient means to ensure thermal comfort. Nevertheless, a major limitation of the
desiccant-based system is that the adsorbent can be quickly saturated with water vapor, so
frequent/continuous regeneration of the adsorbent is necessary, which reduces the overall system
coefficient of performance (COP). The most common desiccant dehumidification system with a
high technology readiness level (TRL 8-9) is a desiccant wheel (DW), which provides continuous
adsorption and regeneration. The typical footprint of a DW is smaller than that of fixed-bed

systems, as the DW does not require batch-mode operation [3].
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Figure 1. Illustration of air dehumidification process in conventional and desiccant-based
system. (a) Schematic of a conventional cooling coil-based air-conditioning system that
dehumidifies air below the dew point [4], and (b) Schematic of desiccant-based air-conditioning
system that separates the separate sensible (temperature) and latent (moisture) load control and
eliminates the necessity of cooling down the air below its dew point, and thus saves primary energy

[4].

Along with maintaining appropriate humidity levels for thermal comfort, ensuring high
indoor air quality (IAQ) is also important in office and educational settings, particularly by
removing volatile organic compounds (VOCs) [5] and high-concentration CO; [6]. Poor IAQ often
results in discomfort and sensory irritation, affect sleep quality, reduce productivity, and increase
absenteeism [7, 8]. Prolonged exposure to VOCs can cause sick building syndrome and a range of
health issues, including sensory irritations, respiratory diseases, and long-term toxic reactions [9].
Furthermore, moderate to elevated indoor CO> levels may adversely affect cognitive performance
[10]. Therefore, indoor air must be free of VOCs, and the concentration of CO> should be below

1,000 ppm [11]. One way to maintain adequate IAQ levels is to increase the ventilation rate in the
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indoor space. Studies have shown that ventilation rates below 10 Ls™' per person were associated
with one or more health issues, and increased ventilation up to 20 Ls™ per person helped to abate
sick building syndrome [11]. However, modern sustainable buildings are designed to be airtight to
reduce energy consumption. Therefore, energy-efficient HVAC components must be developed to
ensure proper IAQ at minimal energy consumption [12]. Moreover, in buildings alongside roads
and in highly polluted and dusty areas, increased ventilation is not a viable solution. Consequently,
use of portable air cleaners has been steadily growing in the past decade [13], which again leads
to higher energy consumption and equipment cost. Designing an integrated indoor air supply
system capable of maintaining thermal comfort by moisture removal, and improving indoor air
quality by removing VOC content, and reducing CO2 concentration, has the potential to save

energy consumption for JAQ management in the buildings.

1.2 The Concept of Integrating DWs for Dehumidification, VOCs and COz Capture

Existing literature report that along with moisture removal, DWs can be used in VOC mitigation
[14] and direct air capture of CO2 [15]. Figure 2 depicts the concept diagram to employ three DWs
in series in an integrated air supply unit to maintain thermal comfort and to improve IAQ (by
removing VOCs and capturing CO2) simultaneously. In this proposed arrangement, DW1, DW2
and DW3 will adsorb water vapor, VOC and COa, respectively from the supply air. Separate
desiccant materials could be utilized in three DWs. Desiccants that exhibit preferential adsorption
of water vapor over VOC and CO; should be used in DW1. Similarly, desiccant exhibited high
VOC and CO; uptake should be used in DW2 and DW3 respectively. The moisture from the
incoming supply air should be removed at first prior to VOC and CO2 removal (in other words;
DW for moisture removal should be placed at first) since previous studies[16, 17] reported the
evidence of reduced VOC and CO> uptake capacity by solid desiccants in the presence of water
vapor. Furthermore, stability of newly derived desiccants such as MOFs can also be affected by
the presence of water molecules. Following moisture removal, the rotary wheels dedicated for
VOCs removal and then for CO> capture can be placed. Previous study on gaseous contaminant
transfer in silica gel and molecular sieve wheels, conducted by Krishnan et al. [18] showed that
the contaminants having high polarity and water solubility (e.g., ammonia, acetaldehyde, Xylene

and Hexane) were adsorbed more readily than non-polar and non-reactive contaminants like
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COa».The results of this study is shown in Figure A1 in the appendix section. Hence, prior capturing
COa, it is recommended to remove high polarity VOC contaminants from the airstream to improve

the overall removal efficiency of the integrated system.
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Figure 2. Concept diagram illustrating utilization of three DWs in an integrated system to
maintain high IAQ. DW1, DW2 and DW3 are dedicated to moisture removal, VOC removal and
CO; capture, respectively. Separate adsorbents tailored for high water vapor, VOC and CO2
uptake should be considered for each of the three DWs.

1.3 Previous Studies and Contribution of the Current Article

Previous reviews pertaining to DWs primarily focus on desiccant materials and dehumidification
using various designs, including packed bed, fluidized bed, DW, desiccant-coated heat exchanger,
and multilayer fixed-bed systems. For example, Shamim et al. [4] reviewed the state-of-the-art
desiccant technologies suitable for hybrid air-conditioning in the context of net zero buildings.
Asim et al. [19] reviewed the potential of silica- and carbon-based desiccant materials to attain
higher system performance, particularly discussing their composition, microstructure, and
preparation methods. Vivek et al. [20] and Venegas et al. [21] reviewed the advances in developing
desiccant-coated heat exchangers, relevant materials, and manufacturing technology. Wu et al. [22]
reviewed the influence of various substrate materials, such as glass and ceramic fiber based papers,
and substrate shapes (e.g., sinusoidal air channels) on the dehumidification performance of both

DW and desiccant coated heat exchangers.



Zaki et al. [23] reviewed and compared the performance of various technologies for
sensible and latent cooling and concluded that vapor compression systems are effective for sensible
loads, and desiccant systems are preferable for latent cooling. Jani et al. [24] and Rambhad et al.
[25] also reviewed the progress in developing various solid desiccant materials and dehumidifiers
and their system-level integration, particularly aimed at separate sensible and latent load control.
Ge et al. [26] reviewed the progress made in desiccant wheel cooling system powered by various
solar collectors, Tian et al. [27] reviewed the desiccant wheels coupled with heat pump system,
Abd-Elhady et al. [28] reviewed various configurations used in solid desiccant dehumidification
including desiccant wheel, packed and fluidized beds, Su et al. [29] reviewed the dehumidification

technologies appropriate for industrial settings with low humidity environment.

From the survey of literature mentioned above, it is obvious that reviews solely focusing
on DW in detail and discussing its potential beyond humidity control (i.e., for VOC and CO»
removal) is not reported yet. This fact was further confirmed by conducting a literature search in
web of science database using four different combinations of keywords. The outcome of the
literature search is shown in Figure 3, where we can see that as of February 9, 2025, a total of 33
and 18 review articles are published for the keywords “Desiccant Wheel” and “Desiccant Wheel+
Dehumidification”, respectively. However, no review articles are reported for the keywords
“Desiccant Wheel+ VOC” and “Desiccant Wheel+ CO,”. Therefore, to address the identified
research gap, this article presents an in-depth discussion on the state-of-the-art research
achievements in using DWs in air dehumidification, VOC mitigation, and CO; capture with respect

to JAQ management in the built environment.

Search Keywords

W Desiccant Wheel (33 articles)

1l Desiccant Wheel+ Dehumidification (18 articles)
S Desiccant Wheel+ VOC (0 articles)

B Desiccant Wheel+ CO2 (articles)




Figure 3. The outcome of literature search with four different keyword combinations in web
of science database. 33 and 18 reviews have been published to date containing the keywords
“desiccant wheel” and “desiccant wheel+ dehumidification”, respectively in the article title. While
no reviews are found with the keywords “desiccant wheel+VOC” and “desiccant wheel+CO>”.

1.4 Article Organization and Literature Search Method

The organization of the article is as follows: first, the article presents an overview of DWs for
dehumidification in the built environment, progress in developing advanced materials, and
designing advanced systems. Then, the next two sections present the progress made in the use of
DWs in VOC and CO; removal. Finally, the research gaps from the perspectives of suitable
desiccant material development and advanced DW design are presented, and future directions of

research to address these gaps are discussed.

The literature search method of the current work employed a targeted keyword search
strategy to identify relevant articles across three key areas: dehumidification, VOC removal, and
CO; capture. The authors primarily utilized “Google Scholar” and “Web of Science” as the search
engine. Table A1 in the appendix section lists the most frequently used keyword for literature
search. To be noted that these keywords were used either as a single word or as combinations of
different words. The authors conducted the literature search from time to time over a long period
from October 2022 to February 2025. In addition, several important journals in the field were
identified and the literature search were also conducted in those journals’ web page. Initially, the
authors reviewed the titles and abstracts of the articles retrieved from these searches. Subsequently,
the selection was narrowed down only to those articles found most relevant to each specific topic.
A thorough examination of the shortlisted papers led to the final selection of 150 journal articles
deemed appropriate and pertinent for inclusion in this review. For journal articles, only those
written in English and published in reputed peer-reviewed journals were included. The primary
objective of this review is to present advancements in the specified fields based on published
literature from the past decade. However, some older foundational studies were also included, as

they are essential for understanding the scientific concepts underlying current research.



2 Adsorption in Porous Media
2.1 Mechanisms

i) Interactive forces and binding energy: Gas adsorption in porous media can be divided
into physisorption and chemisorption. Physisorption occurs when the gas molecules (adsorbate)
are attached to the pore surface (adsorbent) due to the weak van der Waals forces. Since it is a
weak and reversible intermolecular attraction, the binding energy between the adsorbate and
adsorbent molecules are small, favoring low regeneration heat input to desorb the adsorbate
molecules. Therefore, physisorption is the preferred mechanism when porous adsorbents are
intended to be used for heat and moisture transfer applications. However, if the adsorbate
molecules are highly polar in nature, electrostatic interaction between the adsorbate and adsorbent
molecules may appear too, which will augment the binding energy and lead to increased heat input
for regeneration. In chemisorption, the intermolecular forces involved lead to the formation of
chemical bonds. Thus, the binding energy in chemisorption is considerably high, and hence
chemisorption is not the preferred method for heat transformation related applications. Adsorption
can also be categorized as thermal swing adsorption (TSA) and pressure swing adsorption (PSA).
In TSA method, heat is used as input for regeneration, and enthalpy of gas adsorption is released
due to the bond formation between the adsorbate and adsorbent molecules. In PSA method,
adsorption takes place under high pressure environment and desorption of adsorbate molecules

occurs when the pressure is released.

ii) Adsorption isotherms: Adsorption in porous media is characterized by the so-called
adsorption isotherms, where the amount of gas adsorbed (in Y-axis) is plotted against the relative
pressure of gas adsorption (in X-axis). In the case of water vapor, the relative pressure refers to
the relative humidity. The measurement can be done either by using gravimetric or volumetric
apparatus. The amount adsorbed is typically quantified as mass adsorbed per unit mass of
adsorbent in the case of gravimetric measurement or volume adsorbed per unit mass of adsorbent
in the case of volumetric measurement. The International Union of Pure Applied Chemistry
(IUPAC) classifies the adsorption isotherms into five categories (i.e., Type-I to Type-V) based on
the shapes of adsorption isotherm. Details on each of these categories are discusses in the review

of Al-Ghouti and Da'ana [30]. Type-4 isotherm (S-shape) is the most preferred one for



dehumidification application. A good number of models are also proposed for different types of

isotherms which are discussed in detail in the review of Majd et al. [31].

iii) Mass transport mechanism: In a typical traditional adsorbent such as silica gel, transport
of water vapor from the pore entrance to the interior will take place in the following two steps: (i)
transport from the bulk to the surface of the porous spheres (interparticle resistance) and (ii)
transport inside the porous spheres (intraparticle resistance). A graphical illustration of these
processes in a typical silica gel (M.S. Gel) in the glass tube of a volumetric setup is shown in
Figure 4a [32]. The interparticle resistance is characterized by molecular diffusion, and the
intraparticle resistance is characterized by surface diffusion and Knudsen diffusion (to be
considered when the pore size is comparable or smaller than the mean free path of the gas
molecules). Thus, the effective diffusivity should be determined for characterization of mass
transport in porous media. Modeling of effective diffusivity in a silica gel packed bed and desiccant
coated fin tube heat exchanger are presented in the study of Pesaran and Mills [33] and Li et al.

[34], respectively.

Several other factors will also influence the transport phenomena within a porous substance,
e.g., pore size distribution, porosity, specific surface area, and pore volume), topologies (i.e.,
connectivity and tortuosity), and pore chemistry (i.e., hydrophilic or hydrophobic) [35, 36]. Well-
connected pores are desirable for better dehumidification performance. Furthermore, large interior
surface area of pores and pore volume with less geometric barrier are beneficial for large
adsorption capacity. Therefore, a combination of micropores (typical pore diameter <2 nm) and
mesopores (typical pore diameter ranges between 2-50 nm) could potentially lead to high-efficient

adsorption [37].

iv) Pore filling process: Regarding the pore filling process in traditional adsorbents with
multiscale porous structure, the two well-known theories in the literature are multilayer adsorption
proposed by Brunauer et al. (a.k.a. BET theory) and capillary condensation represented by the
Kelvin equation [38]. In a typical adsorbent material with S-shape isotherm (IUPAC type-IV),
adsorption begins with monolayer coverage where all adsorbed molecules directly interact with

the surface layer. With increasing vapor pressure, multilayer adsorption occurs, forming a liquid
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bridge with a concave meniscus in the middle region in the case of a cylindrical pore. This will
initiate the capillary condensation with accelerated adsorption and completion of the pore-filling
process. A graphical illustration of this pore-filling process in a cylindrical hydrophilic pore is
shown in Figure 4b [39]. The onset of different pore-filling steps on a typical S-shape isotherm is
illustrated in Figure 4¢ [40].
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Figure 4. Adsorption mechanism in porous materials. (a) Illustration of interparticle and
intraparticle mass transfer resistance in a typical silica gel (M.S. Gel) consisting of macro, meso,
and micropores [32], (b) Illustration of pore filling process (multilayer adsorption and capillary
condensation) in a cylindrical hydrophilic pore (n represents chemical potential) [39], and (c)
Graphical representation of the onset of different pore-filling steps on a typical S-shape (IUPAC
Type-1V) isotherm [40].
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3 DWs for Dehumidification
3.1 Working principle and configurations of DW

The schematic and operating principle of a DW intended for air dehumidification in the buildings
is shown in Figure 5, which is similar to a counter-flow energy exchanger with state profiles (i.e.,
relative humidity [RH], temperature, and gas uptake). Process air flows through one side
(approximately 1/2 to 3/4 of the area), while regeneration air flows through the remaining side (1/4
of the area). Water vapor is removed from the matrix area exposed to the process air side of the
wheel as the wheel rotates, and at the same time, water vapor is released from the matrix area
exposed to regeneration air. Further details on the operation of DW is reported in ref [41]. From
the design viewpoint, two configurations of DW are feasible, namely, single-stage with internal

cooling and interstage cooling, which are elaborated below.
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Figure 5. Schematic and working principles of the DW [41].

i) Single-stage with internal cooling

Conventional DWs comprise multiple channels coated with a desiccant through which both
process air and regeneration air streams pass intermittently. Because of the exothermic nature of
adsorption, the temperature of the desiccant and substrate increases when it adsorbs water vapor

from process air, and this adiabatic dehumidification process limits the humification capacity of
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the wheel [42, 43]. The limitation may be resolved by removing the enthalpy of adsorption to
achieve the adsorption process semi-isothermal or isothermal. Figure 6a depicts the different
dehumidification scenarios for a DW in a Mollier diagram [23]. Using a multilayer fixed-bed
binder-free desiccant dehumidifier (MFBDD) [44-46], Shamim et al. [4] demonstrated that ideal
isothermal dehumidification (7ped constant in Figure 6b) could enhance the mass of water vapor
adsorbed (ma4s) in a desiccant bed by more than 100% for a 300 s adsorption time (Figure 6¢)
compared with the case when bed temperature increased (7bed variable Figure 6b) due to the release

of the enthalpy of adsorption.
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Figure 6. Influence of internal cooling on the dehumidification performance. (a) Psychometric
representation of different dehumidification scenarios in a DW [23], (b) Illustration of desiccant
bed temperature in an MFBDD device for non-isothermal and isothermal cases [4], and (c) Mass
of water adsorbed in an MFBDD device when bed temperature is constant (isothermal) and
variable (non-isothermal) [4]. DB represents dry-bulb temperature in Figure 6a.

To achieve isothermal dehumidification in DWs, internal cooling using additional flow
channels, through which a cold working fluid is supplied to remove the enthalpy of adsorption, is
used. Numerical studies have demonstrated the improved performance of systems that are
internally cooled [47-49]. However, internal cooling methods are easier to use with desiccant-

coated heat exchangers because of their stationary configuration and reduced leakage risks [50-
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53]. Table 1 summarizes the studies evaluating the dehumidification performance of DWs with
single-stage internal cooling. However, a major drawback of using internal cooling in DWs is that
it lowers the moisture transfer area and reduces dehumidification capacity. Hence, additional flow
channels should be added, but they would make the system more complex and enhance the chance
of leakage. Another concern associated with internal cooling is the additional pumping power

required for circulating water, as well as energy input for the cold working fluid.

Table 1. Studies evaluating the dehumidification performance of DWs with single-stage
internal cooling.

Ref. Configuration and research highlights

[49] e Alternative rectangular channels carried regeneration heat from the desiccants
(Figure 7a)
e Dechumidification capacity improved by 45%—53%

e Crossflow arrangement was less effective than counterflow arrangement

[54] e The DW used counterflow cooling water channels (Figure 7b) and was made of
nylon and polymer materials
e Compared with conventional wheels, the DW demonstrated a ~11% increase in

enthalpy effectiveness

[48] e A stationary central shaft connected the wheel to circulating cooling water,
which flowed into the tubes and was collected in the liquid shell (Figure 7¢ and
7d)

e Process and regeneration airstreams flow through the upper and lower halves,
respectively

e The wheel was made from PVC, and silica gel was the desiccant used

e (Compared with a conventional wheel, the proposed configuration showed a 40%

improvement
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Figure 7. Internal cooling arrangements of DW proposed by different researchers. Internally
cooled DW configurations proposed by (a) Narayan et al. [49], (b) Zhou and Reece [54], (c)
Goldsworthy and White (3D view) [48], and (d) Goldsworthy and White (cross-section view) [48].

i)  Multistage with interstage cooling

Multi-stage DWs use two or more wheels to dehumidify air in series with interstage cooling or
heat sources placed between the wheels. The interstage cooling reduces the temperature increase
in the process air stream, which enables maintaining a high difference in vapor pressure between
the airstream and desiccants. Multi-stage DW systems has the potential to improve the
dehumidification efficiency, reduce the regeneration temperature, and make the system feasible
for low -grade waste heat or renewable heat integration. Infinite multi-stage cooling is similar to
internal cooling technology, aiming to bring the air dehumidification process closer to the
isothermal line. Shahvari et al. [55] compared four DW configurations with silica gel and MOFs

as shown in Figures 8a through 8d. The authors proposed using different MOFs in the four-stage
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configuration to cover different RH ranges. Their results showed that MOF-based multi-stage DW
achieved 20%—-40% higher dehumidification efficiency compared with the single-stage system.
However, the when the system expanded beyond four stages, the benefits of the multi-stage system

diminished.
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Figure 8. DWs with different interstage cooling arrangements. (a) Single-stage cooling, (b)
Compact multi-stage cooling, (c) Separate multi-stage cooling, and (d) Separate multi-stage
cooling with enthalpy of adsorption removal [55].

3.2 Performance Metrics for DWs

Comparisons of the performance of air dehumidifiers are challenging since existing publications
do not use the same testing conditions and performance parameters. Table 2 summarizes the
commonly used performance metrics to evaluate a rotary adsorption device for gas removal [ref].
In the later part of this review article, the performances mentioned are refer to the equations

provided in this section for better consistency and comparison.
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Table 2. Summary of performance metrics for air dehumidifiers

Performance metric | Equation Unit Description
Dehumidificat Reduction of specific humidity
ehumidification
. Aw = Wpgin — Wpa,out (Eq. 1) g/kgpa | between process air (pa) in and
capacity (DC)
out
Dehumidifica Ratio of reduction of specific
chumidification in—
g = “pain—“paout (Eq. 2) — humidity to air specific
. Wpa,in
effectiveness () pa. humidi
umidity
Moisture removal MRC = m,, ((upa'in — wpa,out) ) Amount of moisture removed
. g/s . .
capacity (MRC) (Eq. 3) per unit of time
Mot | Ratio of the moisture removal
oisture remova MRC
it (MRE) MRE = Oreg (Eq. 4) g/s/KW | capacity (g/s) to the power
efficienc e
Y input for regeneration (KW)
Ratio of cooling capacity of the
Cooling COP (COP;) | COP; = QQC (Eq. 5) — cooling system to the
reg
regeneration heat input
Dehumidification COPy,, = mpa(wpa,in_—wpa,ou Ohiat Ratio of latent heat in adsorbed
CoP (DCOP) Qreg — moisture to thermal energy
(Eq. 6) delivered to regeneration air
Ratio of moisture removal rate
Regeneration Nreg = m”“(w”“'i;;w”a'”“t)h’at multiplied by heat of
reg -
efficiency (1yeg) (Eq. 7) evaporation divided by the
regeneration power
Regeneration specific | RSHI = - Creg Ratio of regeneration power to
. mPA(wpa,in_wpa,out) kJ/kg . )
heat input (RSHI) (Eq. 8) moisture removal capacity

3.3 Advances in Desiccant Materials for DW

Developing new desiccant materials that possess the desired characteristics, is pivotal to enhancing

the dehumidification performance of DWs. The ideal adsorbents for dehumidification application

should have the following characteristics:
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e Steep or stepped isotherm (Type IV or V) with uptake steps occurring near and below the
recommended indoor range (e.g., 40%—60% RH)

e Large capacity for uptake of gases (e.g., water vapor)

e Stability under the long-term adsorption and desorption cyclic operations

e No or small hysteresis between the adsorption and desorption isotherms

¢ Good kinetics for fast adsorption and desorption

e Good sorbent scalability

e High selectivity for water vapor

e Low pressure drops and high surface area contactor

e Low-cost energy sources for adsorbent regeneration

e Acceptable capital cost and long-term performance of desiccants

Although a wide range of solid desiccants are investigated in the literature, the three recent
generations of porous materials include metal-organic frameworks (MOFs), superabsorbent
polymers (SAPs), and thermo-responsive hydrogels. Since previous reviews [28, 56, 57] have
extensively discussed the commonly used conventional solid desiccants (e.g., silica-gel, carbon,

and zeolite-based), this article focuses on the new generation desiccants only.

iy  MOFs

MOFs are the most promising porous materials for various heat and moisture transfer applications,
including dehumidification [58], adsorption heat pumping [59], and water harvesting [60].
Typically, MOFs comprise metal centers and organic linkers. Their structures can be controlled
by selecting appropriate organic ligands and metal ions, which gives flexibility to tailor their key
thermophysical properties (e.g., porosity, pore size distribution, and thermal conductivity) for
specific applications. The superiority of MOFs comes from their high surface area (~ 3,000 m*/g),
stability at high temperature (>400°C), and flexibility of functionalization [61-63], which makes
them excellent candidates for dehumidification applications. Karmkar et al. [58] reviewed an
extensive catalog of MOFs as energy-efficient desiccants in various applications. This section

reviews the recent progress on the application of MOFs with DWs for dehumidification application.
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Figure 9a and 9b compare the water uptake capacity of the MIL series of MOFs with that
of traditional adsorbents (silica gel-based and zeolite-based). Some MOFs exhibit high water
adsorption capacity, such as MIL-101(Cr)@GO, which has a capacity up to 1.6 kg/kg (Figure 9a).
In contrast, the maximum water uptake capacity of traditional adsorbents is limited to 0.35 kg/kg,
which is almost 4.6 times lower (Figure 9b). A more rigorous database for the moisture adsorption
capacity of various MOFs suitable for air-conditioning application is available in the review of Liu
et al. [64]. Another advantage of using MOFs is that they show a step-like isotherm, unlike
traditional adsorbents, which can significantly enhance the dehumidification ability of the DW if
the outdoor air RH lies within the same range as the step location of the isotherm. Bezrukov et al.
[36] assessed the potential of seven MOFs for ambient water harvesting applications as shown in
Figure 9c. Among the investigated MOFs, two were termed as regeneration-optimized sorbent
(ROS) (ROS-037 and ROS-039), as these MOFs exhibited high uptake, fast desorption and low

heat input for regeneration.
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Figure 9. Water vapor adsorption isotherms, uptake and release capacities different MOF's
and conventional adsorbents. Water vapor uptake capacity of (a) MIL series MOFs [65], (b)
Traditional adsorbents [66], and (c) Adsorption isotherms and water vapor uptake and release
capacities of seven different MOFs studied by Bezrukov et al. for water harvesting application
[36]. ROS represents regeneration optimized sorbent.

Several other recent studies in the literature have also investigated the dehumidification

performance various MOFs in DW. A summary of these studies is given below in Table 3.

Table 3. Studies investigated MOFs as a desiccant for air dehumidification in DWs.

Ref. MOFs investigated Research highlights
Azizv et al. | CPO27(NI), e A stationary DW was numerically modeled in 1D
(2022) [67] MIL100(Fe), MIL- and validated.

101(Cr), Aluminium | ¢ Numerically obtained COP and moisture removal
Fumarate, capacity (MRC) (g/kg) were in the order of
Aluminum fumarate> MIL-101(Cr)> MIL100(Fe)>
CPO27(NI)> Silica gel.

Base case desiccant:

Silica gel
e Velocity of incoming air significantly affected the

MRC, and the MRC reached the peak value within

the first two minutes of adsorption process.

Liu et al| Aluminum Fumarate | ¢ The dehumidification capacity (DC) and COP of
(2022) [68] MOF-based DW were significantly higher (DC 40-
Base case desiccant:
48% and COP 13-19%), than that of the DW
Silica gel ) i s
impregnated with silica-gel.
e Compared to silica gel based DW, the MOF-based
DW exhibited low temperature rise when ambient
humidity ratio was low, and low temperature rise

when ambient humidity ratio was high, at 50 °C

regeneration temperature.
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Park et al
(2023) [69]

MIL-100(Fe)

Base case desiccant:

Silica composite

The MOF-based DW exhibited sensible energy
ratio as low as 53% and specific moisture removal
capacity as high as 139% than that of silica
composite DW.

The influence of altering various operating
parameters (e.g., temperature, relative humidity,
process air flow velocity, and heat input for
regeneration) were investigated.

The optimum rotational speed for MOF-based DW
was 40 rev h'!, resulted in moisture removal rate of

1.97 kg h'l.

Shahvari et al.
(2022) [70]

10 different MOFs
having steep

isotherm

Base case desiccant:

Silica gel

A first-principles-based numerical model for a DW
was developed and validated with experiment.

The best performing MOFs were Co.Clx(BTDD),
Al-fumarate and CAU-23, as their regeneration
temperatures were as low as 40-60 °C, whereas for
silica gel it was 80-140 °C.

Because of the steep water uptake isotherm, MOF
DWs could remove more moisture than silica gel

DW and resulted in greater regeneration efficiency.

Shahvari and
Clark (2023)
[55]

CAU-10(Al), CAU-
23(Al), MIL-125-
NH2(Ti), MIL-125

A multistage MOF DW system was proposed based
on the idea that there exists an optimal MOF for
each stage as a function of inlet air properties.
Multistage system exhibited 5-20% higher
regeneration efficiency and 20-40% higher
dehumidification effectiveness than that of single
stage system.

Multistage system has the ability to reach the

theoretical limit for dehumidification, corroborating
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the high energy-saving potential of the multistage

system.

Shahvari et al. | Co2Clo(BTDD)(Co),

(2022) [71] Al-fumarate(Al), or
CAU-23(Al)

Silica gel

Base case desiccant:

Performance of a MOF-based DW combined with
indirect evaporative cooler was numerically
investigated using a first principles based model
and mimicking variety of outdoor conditions.

The results showed that MOF-based DWs could
obtain 2.7 ~ 6 times higher COP compared to silica
gel DW.

The optimal regeneration temperature for MOF
DWs lied in the range 40 to 75 °C, demonstrating
the potential of integrating low-temperature heat

sources for regeneration.

ii)  SAPs

SAPs are cross-lined polymer networks made from water soluble monomers. These polymers,

mostly comprising ionic monomers with relatively low crosslinking density, can absorb water up

to 1,000 times their own weight [72]. An illustration of different subdivisions of SAPs is shown in

Figure 10.

Classification of SAPL/

Figure 10. Subdivisions of SAP classifications [72].
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Lee and Lee [73] studied the water vapor adsorption isotherm and diffusivity in super desiccant
polymer (SDP). Their results revealed that 67% relative humidity the water uptake of SDP was
128%., and the diffusivity spanned between 6.4 x 107!* to 5.9 x 107! m?/s. The SDP coated wheel
also exhibited excellent hydro-thermal stability during 40000 cycles adsorption-desorption
operation. Higashi et al. [74] reported that the mass diffusion coefficient of SAPs is 1-2 orders of
magnitude greater than that of silica gel. Although SAPs have shown promise as desiccant
materials and have been experimentally evaluated in desiccant-coated heat exchangers [20], their
use in DWs remains limited. Table 4 summarizes the studies evaluating the dehumidification

performance of SAPs with DWs and packed bed dehumidifier.

Table 4. Studies evaluating the dehumidification performance of various SAPs in DWs and
packed bed.

Ref. Types of Device | Research highlights
SAPs Type

White et al. | Polyacrylic DW e Ata low regeneration temperature (50°C) and high
(2011) [75] |  acid salt relative humidity (>60%), DWs with SAPs
demonstrated a 10%—15% higher dehumidification

capacity than silica gel

e The SAP DW did not significantly benefit from

increasing the regeneration temperature (80°C)

e Despite the SAP’s equilibrium, moisture absorption
capacity was 4-5 times that of silica gel; the
differences in dehumidification performance

between them were surprisingly minor

e Higher uptake alone cannot ensure high system
performance; isotherm shape and point of
inflection are also crucial parameters to enhance

the overall system performance

23



Kang and Super DW Three DWs were tested with varying wheel
Lee (2017) | desiccant thicknesses and desiccant contents under different
[76] polymer air velocities and rotation speeds
The super desiccant polymer wheel exhibited better
dehumidification with a small sensible temperature
rise compared with conventional desiccants
Chenetal. | Polyacrylic | Packed Adsorption capacity of the composite desiccant
(2015)[77] | acid and Bed increased with a higher proportion of sodium
sodium polyacrylate, and for the ratio 10:5, uptake capacity
polyacrylate was 17% higher than that of silica gel
bined : . .
combine Higher sodium polyacrylate ratios made the
with . e .
composite softer to utilize after absorbing water
varying
ratios of Introducing a small proportion of polyacrylic acid
1 to the composite resulted in remarkably high
silica gel

adsorption capacity

Excessive swelling of SAP desiccants can contract
air passages, leading to high pressure drop, and can

make the desiccant prone to breaking

iii) Thermo-responsive hydrogels

Thermo-responsive hydrogels displays a switchable transition between hydrophilic behavior when

exposed to humid air, and hydrophobic behavior when exposed to heat. This conversion is

accomplished through temperature-responsive (TR) polymers with a low critical solution

temperature (LCST). Below the LCST, the polymers are relatively hydrophilic, whereas above it,

they become hydrophobic [41]. This property enables the formation of a temperature-dependent

adsorption isotherm. Consequently, the material can absorb water vapor from process airstream

and release it more efficiently when heated by regenerated airstream above the LCST. The thermo-

responsive hydrogel is an interpenetrating polymer network gel comprising a TR polymer and
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hydrophilic sodium alginate networks. Figure 11a shows the water vapor uptake and release
mechanism in a thermos-responsive polymer, and Figure 11b shows the amount of water collected

in 24 hours by super moisture-adsorbent gel developed by Zhao et al. [78].
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Figure 11. Water vapor uptake and release mechanism in thermos responsive polymers. (a)
Illustration of atmospheric water vapor adsorption and desorption in a super moisture-adsorbent
gel when exposed to humid air and heat, and (b) Atmospheric water collection at different humidity
levels in 24 h using a super moisture-adsorbent gel developed by Zhao et al. [78].

Albeit thermos-responsive hydrogels have great potential for dehumidification applications,
at present their applications are mainly limited to atmospheric water harvesting [78, 79]. Charles
[80] developed a hygroscopic salt-impregnated, N-isopropylacrylamide (NIPAM) hydrogel—
based thermo-responsive desiccant material and studied the suitability of this material for
dehumidification application. The proposed material achieved swelling ratio >2, and it could be
regenerated with low heat input as compared to conventional desiccants. Zeng et al. [81]
computationally demonstrated that TR polymers can reduce the energy cost of dehumidification
systems that employ DWs by 17%—-30%. Dehumidification efficiency can be further enhanced by
modifying the isotherm and LCST of TR polymers for different applications. For instance, lower
LCST is beneficial to HVAC supply air streams, and higher LCST is advantageous for ventilation
air. Meyer et al. [41] noted that the main challenge in developing effective TR polymer desiccants
lies in concurrently meeting the following conditions: maintaining the TR attributes of the polymer,

integrating hydrophilic elements for controlling a medium thermo-responsiveness, and achieving
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consistent cycling performance. Although the polymer structure improves the desirable properties
of TR polymer desiccants, substantial work is required to address issues such as salt leaching and

realizing liquid water release.

iv) Dehumidification and regeneration performance analysis of MOFs and SAPs based
DWs

This section provides a summary of the dehumidification and regeneration performance of MOFs
and SAPs based DWs. The regeneration efficiency and regeneration temperature of ten different
MOFs was compared by Shahvari et al. [70] as shown in Figure 12. The four best MOFs exhibited
highest efficiency and lowest regeneration temperature are: MOF-841, Aluminum-Fumarate,
Co2CI2(BTDD) and CAU-23. Table 5 summarizes the operating conditions and dehumidification
performance of MOFs and SAPs with DWs as reported in the studies listed in Table 3 and Table
4, respectively. To be noted that different studies have reported dehumidification performance
using different performance indicators. The operating conditions and physical dimensions of the
DWs of'these studies also vary significantly from one to another. Therefore, it is difficult to directly
compare the outcomes of these studies. However, in general from Table 5§ we can see that MOF-
based DWs exhibited higher dehumidification performance and lower regeneration temperature as
compared to silica gel-based DWs.
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Figure 12. Regeneration efficiency and regeneration temperature of ten different MOFs in a
DW as compared by Shahvari et al. [70].
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Table 5. Summary of operating conditions and dehumidification performance of MOFs and SAPs when employed in DW.

Source Method Device Adsorbent Supply Air Properties Regen. | Rotation Dehumidification Performance
Type and Type Sp. Temp. | Face Air Speed DCOP DC Effect. MRC
Size (cm) Humidity (°C) Vel. | Temp. | (rev/hr) (g/kg) £ (kg/hr)
(g/kg)/ (m/s) | (°C)
Rel.
Humidity
(%)
Shahvari and | Modeling DW Type V 10-30 27-33 2.8 80-95 NA NA NA 0.71 NA
Clark (2023) (dia.: 50) Isotherm (Confg.
[55] 1), 0.26-
0.53
(Confg.
2), 0.26-
0.50
(Confg.
3)
(Note 6)
Azizv et al. Modeling | Stationary | Silica Gel, 17 30 1.5- 70 Stationar 0.36 5.26 (SQ), NA NA
(2022) [67] and Wheel Al-Fumarate, 3.1 y (SG), 6.55-15.98
Experiment | (dia.: NA) | MILOO(Fe), 0.39-0.65 (MOF)
MIL-101(Cr), (MOF)
CPO27(NI)
Liu et al Experiment DW Silica Gel, | 7.06-21.57 | 22-30 | 2.3- | 50-90 7.73- 0.24-0.53 2.07-2.69 NA NA
(2022) [68] (dia.: NA) | Al- Fumarate 3.2 14.35 (SG), (SG), 2.51-
0.31-0.72 | 3.38 (MOF)
(MOF)
Park et al. Experiment DW MIL-101(Fe) 8-12 15-25 | NA | 55-65 10-60 | 0.11-0.32 NA NA 0.99-
(2023) [69] (dia.:48.2) (Note2) 2.08
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Shahvari et Modeling DW Silica gel, 15-35 29-36 NA | 40-60 NA NA NA NA NA
al. (2022) (dia.: 32) MIL-125- (MOF),
[70] NH2(Ti), 80-140
MIL-125(Ti), (SG)
MOF-841
(Zr), CPO-
27(Ni),
Co2CI2(BTD
D) (Co)
Shahvari et Modeling DW Silica gel, 15-35 25-40 2.8 40-75 NA 0.32-1.49 NA NA NA
al. (2022) (dia.: 50) | CAU-10(Al), (MOF), (CAU-
[71] CAU-23(Al), 55-150 23), 0.25-
Co2CI2(BTD (SG) 1.43
D) (Co2CI12(
BTDD)),
0.23-0.85
(CAU-
10), 0.19-
0.64
(8G)
(Note3)
White et al. Experiment DW Silica gel, 20-90% 20,30 | 1.7, | 50,80 20 NA 2.54-5.29 NA NA
(2011) [75] (dia.: 36 Zeolite 2.5 (Optimu (SG), 2.24-
& 30) (FAM-Z01), m) 6.05
SAP (Zeolite),
1.05-5.58
(SAP)
(Note 4)
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Kang and Experiment DW SAP 13.2 32 1.0- 60 NA NA 3.72 0.432 NA

Lee (2017) (dia.: 58) 2.4 (Note 5) (Note 5)

[76]

Chen et al. Experiment | Packed Comp. 60-80% 20,30 | 2.0- | 50,60 NA NA NA NA 0.17

(2015) [77] Bed Desiccant 3.0 (Note 7)
(Notel)

NA: Not Available; SG: Silica gel;
Note 1: Silica gel, polyacrylic acid and sodium polyacrylate, with optimized mass ratios 10:1:1);

Note2: at regeneration temperature 50 °C, 40 rev./hr, supply air sp. humidity 10 g/kg, and supply air temp. 15-25 °C.

Note3: at supply air sp. humidity 15 g/kg, and supply air temp. 29 °C.

Note 4: at regeneration temperature 80 °C, supply air face vel. 2.5 m/s, and supply air temp. 20 °C.
Note 5: for wheel #1, 200 sec cycle time and 2.4 m/s face velocity.

Note 6: supply air sp. humidity 30 g/kg

Note 7: 10 min average, at regeneration temperature 40 °C, supply air RH 70%, supply air temp. 30 °C., supply air face velocity 2 m/s.
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V) Influence of operating conditions on dehumidification with DW

The typical operating parameters considered in the dehumidification process include the inlet air
temperature, humidity, wheel rotational speed, the desiccant material used, wheel flow channel
geometry, regeneration temperatures, and airflow rates [82-88]. Nia et al. [43] investigated the
influence of various operating conditions on dehumidification effectiveness and process outlet air
temperatures. Through numerical modeling, they determined that there is an optimal rotational
speed, air channel height, and desiccant-coated substrate thickness at which effectiveness is
maximized. Additionally, they reported that as the inlet humidity ratio, temperature, and air flow
rate or velocity increase, effectiveness also increases. These findings also align with other

numerical studies that evaluate the effects of operating conditions on wheel performance [84, 88].

DCOP, MRC, and pressure drop are other key performance indicators for DWs. A recent
study by Park et al. [89] on MOF-based DWs examined the effects of rotational speed, inlet
humidity ratio, and regeneration temperature on MRC and DCOP. Key findings from this study
include the identification of a limiting rotational speed at which MRC and DCOP are maximized
as shown in Figure 13a. This limitation may be due to incomplete regeneration, as higher
rotational speeds can reduce dehumidification performance. The parametric study also reported
that the DCOP increases with increase in inlet humidity, possibly due to the fact that amount of
processed water vapor during dehumidification get increased at same regeneration heat. Figure
13b shows the variation in DCOP as a function of absolute humidity at two different process air
inlet temperatures. In addition to the performance parameters discussed above, the effect of
regeneration angle was reported by Muthu et al [86]. For a given set of input conditions, there
exists an optimal combination of regeneration angle and regeneration air inlet temperature, at
which the moisture carrying capacity reaches its maximum. Beyond this optimal regeneration
angle, increasing the angle further does not lead to any additional increase in the moisture removal

capacity of the process air.
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Figure 13. Influence of operating conditions on the performance of DW. (a) MRC and DCOP
as a function of rotational speed. Flow rate and temperature (process/regeneration side): 600 m3/hr
/600 m>/hr and 20°C/55°C, and (b) DCOP as a function of absolute humidity at 15°C and 25°C
process air inlet temperature. Process/regeneration side flow rate: 600 m3/hr and rotational speed:
40 rev/hr and regeneration temperature: 55°C.

3.4 Advances in System-level Performance Evaluation with DWs
i) DWs coupled with electrically driven heat pumps

The International Energy Agency has identified electrifying heat in the built environment using
heat pumps and phasing out combustion-based heating appliances as top priorities [90]. These
goals led to the installation of 177 million heat pumps in 2020 [91]. To achieve the International
Energy Agency’s clean energy goals for the built environment, 600 million heat pump units will
be required by 2030 globally. This effort highlights the opportunity to combine DWs with heat
pumps for simultaneous dehumidification and cooling in summer operations with enhanced energy

efficiency.

The basic configuration of a typical vapor compression heat pump is illustrated in Figure
14a; it comprises a compressor, a heat sink for the refrigerant (condenser), an expansion valve,
and a heat source for the refrigerant (evaporator) [23]. In a coupled heat pump DW (HPDW)
system, the refrigerant’s phase change heat available at the condenser can be used during the

summer for regeneration purposes, and the cooling effect available at the evaporator can be used
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for cooling of the process air. Coupling a DW with a vapor compression heat pump can be done
in two ways [27]: (1) when the evaporator provides pre-cooling of the process air prior to entering
into the DW (Figure 14b), and (2) when the evaporator provides post-cooling of the dehumidified
process air leaving the DW and entering the conditioned space (Figure 14c). Figure 14d illustrates
the psychrometric representation of these two configurations. The cooling desiccant configuration
can achieve a higher dehumidification capacity, but the outlet air temperature remains high and
cannot meet the indoor temperature requirement [27]. Table 6 summarizes the studies evaluating

the performance of DWs coupled with electrically driven heat pumps.
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Figure 14. Schematic of HPDW combined with vapor compression heat pump system. (a)
Typical vapor compression system [23], (b) HPDW with the evaporator for pre-cooling [27], (c)
HPDW with the evaporator for post-cooling [27], and (d) Psychrometric representation of the
cycles illustrated in (b) and (c) [27].
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Table 6. Studies evaluating the performance of DWs coupled with electrically driven heat
pumps.

Ref

Type of
study

Research highlights

[92]

Modeling

An HPDW system was analyzed for an office building in Istanbul
during working hours using R32, R1234yf, R290, R134a, R600a,
R245fa, and R717 for the vapor compression system

The effect of the different refrigerants on energy and exergy

performance was evaluated

Without a DW, R1234yf consumed the highest power and R717
consumed the lowest. With the effectiveness of a DW, energy
consumption with R1234yf was reduced. Considering total
electricity consumption, R717 showed the best energetic and

exergetic performance

[93]

Modeling

A HPDW system consisted of two heat pump systems, a high-
temperature heat pump system for regeneration (HTHPy,) and an

auxiliary heat pump system for process air (HPprcs)

By combining two sub-systems (HTHP:e; and HPprcs) deep
dehumidification could be achieved, with dehumidification

efficiency between 2.05 to 2.67 kg/kWh

HPp:es reduces the regeneration heat load of a DW by 20% and
enhances seasonal moisture removal efficiency by 13% to 17%.
However, equipment cost is 68% higher for this system, while the
cost of primary energy is reduced by 42% than that of a DW without
HPypres due to enhanced performance, resulting in a 27% lower

levelized cost with a payback period of 2.81 years

[94]

Modeling

Performance a solar desiccant cooling system (a.k.a. HP-PSDC) was

evaluated for the cases when it was operated with a heat pump and
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when without a heat pump. The HP-PSDC system utilized phase

change material to enhance the efficiency.

The performance evaluation of the HP-PSDC system was carried out
under typical weather conditions in the following four cities: Doha,

Vancouver, Toronto, and Bangkok

The HP-PSDC system exhibited high COP in all four weather
conditions. However, the operation with heat pump was found to be
more efficient as the wet-bulb temperatures exceeded 21.5°C. For
the wet-bulb temperatures below 18.5°C, operation without utilizing

heat pump was found to be more favorable.

[95]

Experiment

HPDWs with two-stage evaporation (pre-cooling and indoor
evaporator), two-stage condensation, and two-stage
dehumidification were evaluated, and benchmarked with that of a

single-stage DW.

The two-stage dehumidification system exhibited higher efficiency
in terms of energy savings for the following cases: RH below 49%
at high temperature mode, RH below 55% under the typical summer

conditions, and RH below 40% for the dehumidification mode.

[96]

Experiment

and modeling

An HPDW with two-stage evaporation (pre-cooling and indoor

evaporator) and two-stage condensation for nZEB was evaluated

Optimized the pre-cooled process air temperature at the outlet of the
evaporator, and the performance of the HPDW system was

compared with a typical air-conditioning unit

The pre-cooling of process air at optimal temperature ensured that
the indoor RH maintained lower than 70% for more than 96% of the

time.
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e The energy benefits (savings) achieved by the HPDW system was
9.4% higher during the summer operation, and 14.9% higher for

dehumidification compared to the typical air-conditioners.

[97] | Experiment | ¢ An internal heat exchanger provided pre-cooling for process air
and modeling (after dehumidification and before passing over the evaporator) and

pre-heating for regeneration air (prior to passing over the condenser)

e The performance of a heat pump condensing dehumidifier (air

dehumidified below the dew point) and an HPDW was compared.

e The condensing dehumidifier exhibited 3—4 times higher exergy
efficiency than HPDW.

ii) DWs coupled with ground-source heat pumps

Ground-source heat pumps (GSHPs) can be alternatives to air-source heat pumps when combined
with DWs. In a GSHP, the evaporator is usually connected to the ground, which acts as the heat
source or sink. GSHPs are advantageous over air-source heat pumps because of their greater
underground thermal stability compared with seasonal and daily air temperature variations, and
their lack of need for defrosting in winter [98]. However, GSHP requires higher installation costs
and a longer payback period than air-source heat pumps. Figure. 15 illustrates the schematic of a
DW coupled with a GSHP and solar collector, where the GSHP can be utilized to precool the
process air before it passes through the DW and post-cool the dehumidified air in order to maintain
adequate thermal comfort. Table 7 summarizes the studies evaluating the performance of DWs

coupled with GSHPs.
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Figure 15. Schematic of a DW coupled with a GSHP and a solar collector [99].

Table 7. Studies evaluating the performance of DWs coupled with GSHPs.

Ref. Research highlights

[100] | e A hybrid ground-assisted desiccant cooling system (HGDC) was examined

e The HGDC had a 7.7%—31.75% lower power consumption compared with a
conventional vapor compression system during the summer

e Pre-cooling of process air by the GSHP accounted for nearly 33%—73% of the
total cooling load

e A COP of 4.10 was achieved under the specified outdoor conditions (air

temperature of 33.3°C and humidity of 24.9 g/kg)
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[101] | e The performance of a desiccant cooling system combined with solar and ground-
source free cooling was examined

e The proposed system ensured thermal comfort during 95% of its operating hours
and achieved a COP of 0.43. In the best case scenario, the payback period for the

proposed system was estimated as 6.8 years

[99] e Multi-objective optimization study was carried out for a desiccant cooling system
combined with solar and a GSHP

e [t was not feasible to ensure desired thermal comfort under high humidity
conditions without the aid of GSHP. The payback period of the proposed system

was 5.7 years

[102] | e A desiccant-based hybrid cooling system integrated with a GSHP was studied

e Performance was evaluated in a humid climate in July for three cities in Italy and
Iran

e The combination of a GSHP with a DW ensured thermal comfort for more than
90% of the time for all three cities

e Longer payback period and high installation cost are major barriers to market
penetration at the consumer level

e To overcome these barriers, district heating was considered

iii) DWs coupled with thermal energy storage and photovoltaics

Another way to improve the overall energy efficiency of the DW system is to combine it with
photovoltaics and phase change material (PCM)-based thermal energy storage (TES). A schematic
of such an integrated system is shown in Figure 16, as proposed by Ren et al. [103]. In this system,
a photovoltaic thermal collector-solar air heater (PVT-SAH) provides the hot air for the
regeneration process, and the PCM-TES unit acts as the thermal energy reservoir to fill the
mismatch when the PVT-SAH unit cannot provide sufficient heat for regeneration. An auxiliary
electric heater can also be used as a backup, which can be powered by the electrical energy
generated by the PVT. Process air is first dehumidified using the DW, which increases the air
temperature by the release of enthalpy of adsorption, which can be recovered using a heat recovery

unit. Then, the process air can be further cooled by an evaporative cooler before being supplied to
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the considered space. The PCM-TES unit can be changed using the hot air from the PVT-SAH.
The regeneration air can be directly supplied from the PVT-SAH unit, or it can be mixed with
another hot air stream from the heat recovery unit with or without passing through the PCM-TES

unit.

PCM TES unit
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Figure 16. Schematic of a DW coupled with a photovoltaic thermal collector—solar air heater
with TES [103].

Kabeel and Abdelgaied [104] numerically investigated the energy-saving potential of
integrating solar and PCMs to a DW for three system configurations: Type A using an electrical
heater, Type B using an electrical heater with a solar collector, and Type C using TES with a solar
collector and electrical heater. The average energy-saving potential of Type B and Type C,
respectively, were about 20.85% and 75.82% higher than that of Type A. Song and Sobhani [105]
also investigated the performance of a solar- and PCM-assisted DW system, in which the PCM
could deliver thermal energy for regeneration during the nighttime operation. The use of a PCM
enhanced the thermal efficiency of the system, and a total COP of 0.404 was obtained. However,
several key parameters need to be designed properly to obtain the best performance from a DW
integrated with solar and TES, such as the amount and properties of the PCM; dimensions of the

PCM storage tank, collector area, and solar thermal contribution; size of the DW; and so on [106].
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4 DWs for VOC Mitigation

The two most common pathways for VOC removal from indoor air are photocatalytic oxidation
and adsorption onto a suitable solid desiccant. However, considering an integrated HVAC system
to simultaneously control humidity, VOCs, and CO», adsorption of VOCs using a DW stands out
as a highly promising method. Moreover, the feasibility of regeneration below 100°C, simple
design, and flexible wheel operation makes this method cost-effective and easy to be implemented
in building HVAC systems. Several studies have investigated VOC removal performance using
DWs for a wide range of adsorbents and VOC pollutants. Figure 17 shows a typical experiment
setup, which was used by Yamauchi et al. [107] to assess the performance of a DW as an air cleaner

and dehumidifier.
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Figure 17. Schematic of a DW used to combinedly remove moisture and VOCs from process
air [107].

4.1 Suitable Adsorbents for VOCs

Wang et al. [108] investigated three types of commonly used desiccants: activated carbon, silica
gel, and zeolite 13X. The best adsorption performance of several VOCs including benzene, toluene,
o-xylene, p-xylene, and m-xylene, characterized using the equilibrium isotherm, was found in the

order of activated carbon, silica gel, and zeolite. Activated carbon exhibited the highest aromatics
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uptake because of its nonpolar surface leading to a great affinity for the aromatics, large specific
surface area, and pore volume. Zhu et al. [109] reviewed the VOC adsorption performance of
different porous materials, including carbon-based materials, zeolites, MOFs, clays, silica, organic
polymers, and composites. Tu et al. [110] reviewed the MOFs suitable for adsorbing aromatic-
based VOCs, and Lai et al. [111] reviewed the MOFs suitable for capturing VOCs from Indoor
pollution sources. Based on the above reviews, here we provide a summary (Table 8) of the MOFs

those exhibited highest adsorption capacity of common VOCs.

Table 8: MOFs exhibiting highest adsorption capacity of common VOCs.

Adsorbate Adsorbent Specific Adsorption | Temperature | Source
Surface capacity (°C)
Area (m?/g) (g/g)
Ui0-67/GO 1052 0.876 25
MIL-53 (Fe), Fe(OH) 951 0.730 21 Tu et al.
Toluene (BDC) [110]
(H,0)2(BDC)s 2728 2.115 21
CAU-1, 1209 0.528 25
Al4(OH)2(OCH3)4
MIL-101, Cr;O(OH) 2925 1.17 25
(BDCO); 4293 0.829 25 Tu et al.
MOEF-5, ZnsO(BDC); 3625 0.67 - [110]
Benzene BTU-57, Co(PDP) 970 0.499 -
Chlorobenzene Styrene 1020.7 0.389 30 Zhu et al.
divinylbenzene [109]
Formaldehyde MIL-101(Cr) - 0.10 Room Lai et al.
[111]
Defect-rich UiO-67, 1767 0.382 25
Z1s04(OH)4(BPDC)s Tu et al.
Xylene ZJU-620(Al), 1347 0.33-0.34 25 [110]
AL;O3(HCOO)3(TMT
A)
ZU-61,Ni 1083 0.381-0.468 25
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(NbOFZ~ )BPY:

Ethylbenzene,
Styrene and ZJU-620(Al), 1347 0.36 25 Tu et al.
Phenol AL;O3(HCOO)3(TMT [110]
A)
CNT@MIL-68(Al) 1407 0.34 -

4.2 VOC Adsorption with DWs

Although many adsorbents are reported to adsorb VOCs and water vapor effectively, few studies

have investigated applications using rotary adsorption for VOC and moisture control in buildings.

Among these studies, the adsorbent used is typically silica gel because of its excellent moisture

removal capacity, low regeneration temperature (<100°C), and easy access in the market. Few

researchers used zeolite-based DW for VOC and moisture removal with a high regeneration

temperature of 180°C. In general, commercially available DWs can provide efficient VOC

removal capacity for air cleaning. Table 9 summarizes the studies evaluating removal of VOCs

from indoor air using DW.

Table 9. Studies evaluating removal of VOCs from indoor air using DWs

Ref. | Adsorbent | Sources/types of Research highlights
VOCs
[112] | Silica gel Formaldehyde, e A clean-air heat pump (CAHP) was employed

acetone, ethanol,
toluene, and 1,2-

dichloroethane

for VOC removal and the performance of
CAHP was studied at different regeneration air
temperatures (below 60°C)

e Atregeneration air temperatures above 40°C,
total VOC removal efficiency was greater than

50%
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A silica gel rotor showed a higher affinity to
polar compounds (formaldehyde, acetone, and

ethanol) than nonpolar compounds

[113] | Silica gel Formaldehyde, The influence of moisture content on the air
acetone, ethanol, cleaning performance of DWs in CAHPs was
toluene, and 1,2- studied
dichloroethane Increasing the moisture content of the process

air decreased the removal efficiency of VOCs
by 5%—15% for water-soluble pollutants and
by 20%—-30% for non-water-soluble pollutants.
Thus, high moisture content adversely affected
the VOC removal performance. To maintain
high performance for both VOC removal and
dehumidification simultaneously, optimizing
regeneration temperature with automation was
suggested

[114] | Silica gel Flooring The effect of regeneration temperature (25°C—
materials (old 70°C) on air cleaning in CAHPs was studied
carpet and under low outdoor air supply rate for
linoleum) and ventilation
pure chemicals An average single pass total VOC (TVOC)
(acetone, ethanol, removal efficiency of 82.7% was achieved at a
toluene, and 1,2- regeneration temperature of 60°C, and 96.7%
dichloroethane) at a regeneration temperature of 70°C

[115] | Silica gel TVOC (source Combined TVOC and humidity removal

not mentioned)

capacity was studied under moderate
temperature and humidity conditions and
Shanghai summer (37°C, 65% RH) conditions
The TVOC removal effectiveness reached

80% at 100°C regeneration temperature under
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Shanghai summer conditions. Regeneration

temperature above 100°C was recommended

[116] | Silica gel

Toluene and n-

hexane

Removal efficiency at low concentration (50—
150 ppb) for indoor air-conditioning
application was studied

At such low concentration, changing operating
parameters (e.g., inlet TVOC concentration,
inlet stream temperature, stream humidity
ratio, and wheel rotation speed) had negligible

influence on the TVOC removal performance.

[117] | Silica gel

Human subjects,
flooring
materials,
formaldehyde,
ethanol, toluene,

and 1,2-

High TVOC removal effectiveness (> 94%)
was achieved for regeneration temperatures
between 60°C—70°C

Using a regenerative DW in the ventilation
system was found to be an efficient means for

the removal of indoor VOCs

dichloroethane
[107] | Hydrophobi | Acetone, The influence of VOC concentration in feed,
c zeolite isopropyl alcohol process to regeneration airflow rate ratio,
with high (IPA), methyl moisture content in air, and regeneration
Si/Al ratio | ethyl ketone temperature were studied
(MEK), and Removal efficiency decreased with increasing
toluene. concentration, flow rate ratio, and humidity

Removal efficiency reached its maximum at a
regeneration temperature of 180°C
Optimum operating condition and rotation

speed were suggested for maximum efficiency

Recently, more studies have reported the VOC adsorption performance of silica gel and

zeolite, but limited studies examined the adsorption mechanisms. In general, silicate materials
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exhibit more affinity toward the polar VOCs than nonpolar VOCs [118]. Silica gel has a fast
adsorption speed and high adsorption capacity, in addition to its merit of excellent hydro-thermal,
chemical and mechanical stability; high surface area; and numerous choices for functional groups
[109]. Additionally, silica gel’s adsorption capability is mainly influenced by the geometric barrier
effect, and its adsorption capacity decreases as geometric barriers increase [108]. However,
because of the hydrophilic surface of silica gel, it tends to exhibit limited adsorption efficiency
when exposed to high humidity conditions.

For zeolite, adsorption of VOC:s is also induced by polarity [108]. The molecular weight of
VOC:s causes an increasing adsorption capacity with larger molecular weights. The Si content of
zeolites relates to their water resistance and can be customized during the synthesis process. Zeolite
also has an adjustable specific surface and pore structure, and it is a very promising adsorbent.

However, the process of synthesizing specific zeolites is complex and time-consuming [119].

4.3 Influence of Operating Conditions on VOC Removal

Wolfrum et al. [116] studied the influence of process air relative humidity (RH) on VOC removal
(toluene and n-hexane) using a silicate-based DW. They reported a higher transfer rate for toluene
compared to n-hexane, potentially due to the higher relative volatility of n-hexane. Additionally,
they found that at 40% RH, there was no significant change in VOC removal performance when
the inlet concentration varied between 60-150 ppb. However, as the inlet RH increased, a decrease
in VOC removal efficiency was observed. Ge et al. [120] also reported that the total VOC (TVOC)
removal capacity decreases with increasing RH (Figure 18a). This is likely due to a reduction in

the adsorption capacity of the wheel, as water vapor competes with VOCs for adsorption sites.

The TVOC removal efficiency is defined as the difference in VOC concentrations between
the process air inlet and outlet divided by the inlet concentration. As shown in Figure 18b, the
TVOC removal efficiency is also affected by the flowrate and concentration of TVOC in the inlet
air stream. As flow rate increased, the wheel's removal capacity decreased as well. However, at
very low concentrations, the removal capacity remained nearly constant regardless of flow rate,
likely because the silica gel was far from saturation and still had sufficient capacity to remove the
contaminants. Furthermore, the removal capacity decreased as the inlet TVOC concentration

increased, potentially due to saturation of the desiccant wheel with a high amount of TVOC.
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Figure 18. Influence of operating conditions on TVOC removal capacity DW. TVOC removal
capacity as a function of (a) process air inlet relative humidity, and (b) process air inlet flow rates
and concentration of TVOCs. (Source: Ge et al. [120]).

5 DWs for CO: Capture
5.1 Suitable Adsorbents for CO2 Capture

CO; concentration in the atmosphere has increased by 123 ppm in 2016 from 280 ppm in the pre-
industrial period [121]. To mitigate the rise of CO> concentration in the atmosphere and limit the
global temperature rise below 2.0 °C, 196 countries signed a treaty in Paris, on December 2015
[122]. Due to the increased concern about global temperature rise, direct air capture (DAC) of CO>
from the ambient using solid desiccant materials has gained tremendous attention. Several authors
[16, 123-125] have reviewed the CO» adsorption capacity of various solid desiccants including
MOFs, silica-gel, zeolite, carbon and graphene-based adsorbents. Table 10 lists the MOF, carbon
nanotube, graphene and zeolite-based adsorbents those exhibited high CO; uptake capacity (>0.60
mmol/g) at low operating pressure (0.10-0.20 atm). Table 11 lists the MOF-based adsorbents those
exhibited high CO» uptake capacity (=18 mmol/g) at high operating pressure (24-50 bar).
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Table 10. Adsorbents exhibited high CO: adsorption capacity (=0.60 mmol/g) at low-

pressure (0.10-0.20 atm) (Source: Raganati et al. [124])

Category Adsorbent Surface | Temperature | Pressure Adsorption
Name Area (K) (atm) Capacity (mmol/g)
(m?/g)
HKUST-1 680 298 0.15 1.14
Ni/DOBDC 936 298 0.10 4.07
MOF-based Co/DOBDC 957 298 0.10 2.81
ICNT & MWCNTs - 293 0.20 0.84
Graphene-
based Graphene 477 273 0.15 0.70
13X 710 393 0.15 0.70
NaX 534 323 0.20 0.60
Zeolite-based CaA 397 323 0.20 0.75
CsY 842 333 0.10 0.86
Nap 570 273 0.15 2.30

ICNT: Carbon nanotube

Table 11. MOFs exhibited high CO: adsorption capacity (=18 mmol/g) at high-pressure (24-

50 bar) (Source: Liu et al. [123])

MOF BET Surface Area Temperature Pressure (bar) Adsorption

Name (m?/g) (K) Capacity

(mol/kg)
MOF-200 4530 298 50 54.5
MOF-210 6240 298 50 54.5
NU-100 6143 298 40 46.4
MIL-101(Cr) 4230 304 50 40.0
MOF-205 4460 298 50 38.1
UMCM-1 4100 298 24 235
MOF-5 2833 298 35 21.7
IRMOF-6 2516 298 35 19.5
IRMOF-3 2160 298 35 18.7
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5.2 CO: Capture with DWs and Other Rotating Beds

Various types of bed configurations have been explored for adsorption-based CO; capture and
removal, including fixed [126], fluidized bed [127], and rotary bed [128]. The schematics of CO»
adsorption beds used by Gupta et al. [129], Herriaz et al. [130], and Gao et al. [131] are shown in
Figure 19a—c, respectively. The figure shows that the beds for CO, capture can be either a DW
(Figure 19a and b), or it can be a different configuration, such as packing under rotation (Figure
19¢). Nevertheless, rotary adsorption configurations have gained increasing interest in recent years
because of their continuous operation, compact design, and suitability to be integrated into the
ventilation systems of buildings. Rotary adsorption beds typically use structured adsorbents in the
form of adsorbent sheets (laminate) or monoliths in the rotary wheel [132]. Unlike in the case of
dehumidification, where the DW is divided into two segments (process and regeneration), in the
case of CO; adsorption, it can be divided in up to four segments for adsorption, desorption, cooling,
and heating (Figure 19a). Table 12 summarizes the studies on rotating beds for CO; capture. To
be noted that these studies mainly investigated the potential of rotating beds for direct air capture
of CO.. However, the outcomes and insights of these studies can also be used for CO> capture for

indoor air quality management.
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Figure 19. Schematic diagrams of rotating bed adsorbers for CO: capture. Rotating bed
studied by (a) Gupta et al. [129], (b) Herriaz et al. [130], and (c) Gao et al. [131].
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Table 12. Studies evaluating the performance of rotating bed adsorber for CO: capture.

Ref. Configuration and research highlights
Carbon e Structured MOF in the form of laminate was studied
Capture e The rotary contactor machines divided into three sections for adsorption,
Technology desorption, and cooling
[133] e The process was a rapid cycle-temperature swing adsorption with direct
steam regeneration

e The process removed CO; from the air and flue gas
Rotary e The system used a rotating drum, or a set of drums lined with adsorbent
Adsorption material
Machine e Slowly rotating machines were integrated with a boiler air preheater into a
[134] rotary adsorber

e The system withstood temperature and pressure fluctuations
Tang et al. e The sorbents were activated carbon, zeolite 13X, and Mg-MOF-74
(2022) e The cyclic adsorption-desorption process took place by rotation of the rotor
[15] in the adsorption and desorption sectors

e A heat pump was used to heat the air for the desorption and cool the air for

the adsorption

Herraiz et e A system was proposed for selective recycling of CO> present in the flue
al. (2020) gas from a combined cycle gas turbine power plant
[130] e The rotary wheel under this study was divided into two sections that were

periodically exposed to the flue gas and the ambient air streams in reverse
directions

e Activated carbon and zeolite 13X was employed as the desiccants and their
regeneration was tested at near-ambient temperature and pressure

e The authors proposed a model for rotary adsorber that can be used to
determine the minimum amount and desired thermophysical properties of
the desiccant; the dimensions of the wheel rotor; and predict the heat and

mass transfer performance of the rotary adsorber
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Gao et al. e The temperature vacuum swing adsorption process was employed in a
(2020) rotary reactor. The height of the reactor column was divided into three
[131] segments for adsorption, desorption, and purging.

e A treated gas was used to purge the reactor for the next adsorption

e The authors evaluated the process via mathematical modeling

Gupta & e Disc-shaped adsorbent sheets were mounted on a rotating structure parallel
Ghosh to each other with a gap between them

(2015) e The adsorbent bed was divided into four equal sections with two cooling
[129] zones and two heating zones

e A rotary adsorption bed could be added to the existing flue gas outlet duct

of the power plant

5.3 Influence of Humidity on CO2 Uptake

The existing literature [135, 136] reports that when the water molecules are present with CO»
molecules, the CO; uptake capacity of solid adsorbents become lower due to the preferential
adsorption of water vapor over CO;. Liu et al. [135] studied the competitive adsorption between
H>0 and CO; using two distinct MOFs (HKUST-1 and Ni/DOBDC) and compared the results with
two different variations of Zeolite (SA and NaX). Their results showed that at high water loadings,
both HKUST-1 and Ni/DOBDC MOFs preferentially adsorbed H>O over CO,. However, the CO>
uptake capacity of zeolite adsorbents reduced more drastically than HKUST-1 and Ni/DOBDC at
high water loading. Thus, the MOFs exhibited relatively higher CO> uptake capacity in the
presence of H>O that those of conventional zeolites. In another study Liu et al. [136] reported that
Ni/DOBDC could maintain its CO; uptake capacity after steam conditioning, whereas CO» uptake
capacity of Mg/DOBDC became nearly half after steam conditioning, indicating the poor stability
of Mg/DOBDC in the presence of water vapor. Kolle et al. [16] reviewed the studies investigating
humidity effect on CO; adsorption and summarized the data of CO, uptake capacity at dry
condition and humid condition for a large number of MOFs, zeolites, polyamine impregnated
adsorbents. Table 13 provides a comparison of CO> uptake capacity of several MOFs in dry and

humid conditions. From the table it can be seen that CO; uptake capacity could be reduced by as
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much as 84% for Mgx(dobdc) in the presence of water vapor. Hence, removing water vapor from

the process air stream is crucial to maintain the high uptake capacity of COx.

Table 13. Humidity effect on CO2 Adsorption (Source: Kolle et al. [16])

Adsorbent Ref. Pressure | Temperatur | RH CO; uptake Uptake
(atm) e (°0) (%) (mmol/g) reduced
Dry | Humid (%)
Datta et al. (2015) 0.10 25 90 3.94 1.39 64.72
Mgy(dobdc) | Kumar at al. (2015) 0.15 30 100 | 5.34 1.54 71.16
Kizzie et al. (2011) 0.17 25 70 5.36 0.85 84.14
Kumar at al. (2015) 1.00 30 100 | 5.68 2.28 59.86
Cox(dobde) | Kizzie et al. (2011) 0.17 25 70 3.03 2.59 14.52
Zny(dobdc) | Kizzie et al. (2011) 0.17 25 70 1.65 0.36 78.18
Niz(dobdc) Datta et al. (2015) 0.10 25 90 2.38 1.86 21.85
HKUST-1 Kumar at al. (2015) 0.15 30 100 | 1.59 0.29 81.76
MIL-101(Cr) | Kizzie et al. (2011) 0.50 30 50 2.44 1.37 43.85
UiO-66 Liang et al. (2009) 0.15 30 75 0.72 0.19 73.61

5.4 Energy Consumption for CO2 Capture

Although CO: capture from ambient using porous solids is promising, but significant amount of
energy input is needed in the form of heat regenerate the solid adsorbent and fan power to facilitate
the flow of ambient air over the adsorbing bed. To reduce the energy input for fan power, recently,
Kashkouli et al. [137] and An et al. [138] have investigated the possibility of integrating CO>
capture device with existing building roof top heating ventilation and air-conditioning equipment.
Figure A2 in the appendix section shows the photograph of an integrated CO- capture device with
building roof top unit. Table 14 and Table 15 provide the data of energy consumption for CO>
capture from air using various solid adsorbents as reviewed by Raganati et al. [124] and An et al.,
[139] respectively. Table 16 provides the data on regeneration temperature of solid desiccants for

CO; capture as reported by several companies.
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Table 14. Data on energy consumption for COQO:2 capture using various solid adsorbents as
reviewed by Raganati et al. [124].

Adsorbent Regeneration Energy Consumption Regeneration Strategy
Method (MJ/kgco2)
NaUSY zeolite TSA 3.40-4.5 Direct: hot product gas purge
13X zeolite TSA 3.23 Indirect+N» purge
13X zeolite TSA 2.21 Indirect
Carbon honeycomb | TSA 3.59 Indirect+ steam purge
monoliths
Amine- TSA 2.80 Indirect+vacuum+CO; purge
functionalized
13X zeolite- VPSA 2.44 Two stages
activated carbon
13X zeolite VPSA 2.64 Two stages
Activated Carbon VPSA 3.61 Two stages
13X zeolite VTSA 3.22 Two stages

TSA: Temperature Swing Adsorption; VPSA: Vacuum Pressure Swing Adsorption; VISA: Vacuum
Temperature Swing Adsorption.

Table 15. Data on energy consumption for CQO: capture using various solid adsorbents as
reviewed by An et al. [139].

Adsorbent Regeneration Heat Source Energy Consumption
Method (MJ/kgco2)

MIL-101 - - 1.83

MmenMg» - - 1.18

Amine based Adsorbents - Heat Pump 2.03

(Deutz, 2021)

Amine based Adsorbents - Waste Heat 1.12

(Deutz, 2021)

Amine based Adsorbents TVSA, 60 °C - 0.54

(Elfving, 2021)

Amine based Adsorbents TVSA, 100 °C - 1.51
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(Elfving, 2021)
Amine based Adsorbents - - 18.75
(Sabatino, 2022)

Table 16. Regeneration temperature range for CO2 capture using solid desiccant as reported

by several companies (Source: Fasihi et al. [121])

Company Country Regeneration Temperature (°C) | Method
Climeworks Switzerland 100

Global Thermostat USA 85-95

Antecy Netherlands 800-100 TSA
Hydrocell Finland 70-80

Skytree "Netherlands Moisturizing 80-90 MSA

TSA: Temperature Swing Adsorption; MSA: Moisture Swing Adsorption

5.5 Cost of CO: Capture

Estimating the cost of CO» capture is important for commercialization of the DAC technology.
Recently, Kashkouli et al. [137] have conducted the techno-economic analysis (TEA) of a CO;
capture technology integrated with a roof-top makeup air unit (MAU), utilizing
triethylenetetramine (TETA)-modified polyacrylonitrile (PAN) fibers (PAN-TETA) as the
adsorbent. A schematic of their MAU-CO; unit with PAN-TETA adsorbent is shown in Figure
A3 in the appendix section. The authors estimated the levelized cost per ton CO; captured (LCOC).
LCOC is the sum of the levelized capital cost for MAU-CO; unit development, energy costs,
transportation costs, and material regeneration costs. Assuming the operational lifetime of the
MAU-CO; unit as 10 years, the sorbent production had the largest share of the total cost (85 %).
Based on the TEA results of Kashkouli et al., identifying the low-cost adsorbents is the key to
reduce the cost of CO; capture. Zentou et al. [125] have reported several low cost MOFs and
zeolites for CO; capture with price range 32 — 200 USD/tonc, as listed in Table 17. Liu et al.
[123] also provided data on the cost of raw materials (USD/kg) to produce some MOFs suitable
for CO> capture as listed in Table 18.
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Table 17. Low-cost MOF and other adsorbents for CO: capture from air and post-
combustion. (Exchange rate: 1 Euro=1.09 USD, on 19.11.2023) (Source: as summarized by

Zentou et al. [125])

Adsorbent Name Method Cost (USD/toncgy) CO; Source
MIL-101(Cr), PEI-800 TVSA (5 steps) 95-160
Mmen8Mg2(dobpdc) TVSA (5 steps) 75-200
TRI-PE-MCM-41 TSA(4 steps) 94.3-113.1 DAC
MIL-101(Cr) TSA(4 steps) 87
Mg2(dobpdc) TSA(4 steps) 88
13X Zeolite (Hasan et al.) PSA (4 steps) 82
13X Zeolite (Hasan et al.) VSA (4 steps) 64
13X Zeolite (Leperi et al.) PVSA (4 steps) 32.1 Post-combustion
Ni-MOF-74 PVSA (4 steps) 39.8
MOF (Peh et al.) PSA (4 steps) 91

TVSA: Temperature Vacuum Swing Adsorption, TSA: Temperature Swing Adsorption, PSA: Pressure
Swing Adsorption, VSA: Vacuum Swing Adsorption, PVSA: Pressure Vacuum Swing Adsorption, DAC:

Direct Air Capture

Table 18. 'Cost of raw materials to produce some MOFs (suitable for direct air capture of
CO2) and silica gel (Source: Liu et al. [123])

Adsorbent Cost (USD/kg)

HKUST-1 20.08
MOF-5 (IRMOF-1) 293
Zn-MOF-74 1.90
Ni-MOF-74 6.48
Co-MOF-74 13.33
Mg-MOF-74 1.19

MIL-100 15.64
MIL-101 4.57
Silica gel 1.00

'Costs were based on purchase of one metric ton or greater quantity and data were published in 2012.
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5.6 Regional Effect on Energy and Cost of CO2 Capture

As discussed in the previous two sections, energy consumption and cost are the two crucial
parameters for the commercialization and market penetration of CO» capture technology. However,
as the CO; uptake capacity of solid adsorbents is dependent on the temperature and ambient
relative humidity, the energy consumption and cost will also vary according to the climate
conditions. Sendi et al. [140] have investigated the influence of different climatic conditions on
the energy consumption and cost of CO: capture as summarized in Table 19. According to their
findings, cold (<18 °C) and humid (RH>65%) climate (e.g., UK, Europe, East Asia, Southern Australia
and New Zealand) requires highest energy consumption, and hot (>18 °C) and humid (RH>65%) requires

the highest cost (e.g., Central and South America, Africa, South India and Southeast Asia).

Table 19. Regional effect on energy consumption and cost (Sendi et al.)

Climate Conditions Example Regions Energy Required !Cost (US $/ toncoz)
(MWhg/toncoz)
Cold (<18 °C) and dry New Mexico, 1.50-1.97 (mean: 1.76) 324-469 (mean: 365)
(RH<65%) Wyoming, Central
Asia
Cold (<18 °C) and UK, Europe, East 1.81-2.56 (mean: 2.15) 320-525 (mean: 388)
humid (RH>65%) Asia, Southern

Australia and New

Zealand

Hot (>18 °C) and dry
(RH<65%)

West Texas, Sahara
Desert, Middle East,

Australia

1.45-1.94 (mean: 1.64)

327-499 (mean: 420)

Hot (>18 °C) and humid
(RH>65%)

Central and South
America, Africa,
South India and
Southeast Asia

1.79-2.47 (mean: 2.11)

337-540 (mean: 462)

'Assuming cost of electricity US $50/MWh, ¢: electricity
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6 Research Gaps and Future Research Directions

Based on the review of literature presented in this article, several key research gaps are identified
by the authors to further enhance the performance of DWs for moisture removal, VOC and CO>

adsorption, as discussed below.

6.1 Dehumidification: Research Gaps from the Perspective of Material Performance
Improvement

i)  High cost and mass production of MOF: Currently, superior MOFs for dehumidification
application such as MIL-101(Cr) are synthesized at high temperature (>200 °C) and for prolonged
periods (> 12 hr) [141], leading to a high cost of production. This also acts as barrier for mass
production and market penetration of MOF-based DWs. Sibnath et al. [142] proposed the method
of synthesizing Al-Fum at a 70°C solution temperature without using hazardous chemicals such
as dimethylformamide. Such approaches should be extended for other potential MOFs for

dehumidification application.

ii) Binder and pore blockage: At present, polymer binders are used to coat desiccant
materials on the solid substrates used in DW using dip coating technique. While binders block the
pore openings and reduces adsorbent loading, dip coating is not the most effective method to obtain
an uniform coating thickness. In-situ synthesis can overcome these limitations by directly growing
the MOF crystals on the substrate. Yang et al. [143] introduced a binder-free in situ synthesis of
aluminum-based MOFs on an aluminum substrate, that exhibited high water absorption capacity
of 192.5 g/m?, the highest among reported desiccant-coated metal structures. Such approach should

also be utilized in fabrication of DWs their performance.

iii) Composite and functionalized MOFs: MOFs possess high specific areas and pore
volumes, however their low atomic density prevents them from providing sufficient dispersive
forces to bind small molecules [144, 145]. Thus, new strategies were explored to improve atomic
density of MOFs by preparing their composites, such as MOFs functionalized with graphene [146],
graphite oxide [147, 148], carbon nanotubes [149], activated carbon [150], zeolite [151], and
lithium chloride [152]. At present no literature demonstrates the performance of DWs with

composite and functionalized MOFs due to the complexity of mass production and high cost. This
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gap should be addressed in the future as DWs with composite and functionalized MOFs are

expected to exhibit enhanced performance.

iv) Step-shape isotherm with controllable step location: A step-shape isotherm with
controllable step locations at different humidity ranges would be more suitable for enhancing the
dehumidification performance under various outdoor RH conditions. A recent study [153] showed
that the step location of a diamine-appended MOF could be shifted toward high pressure at high
temperatures by functionalizing it with various metal ions for CO: adsorption. However,
demonstration of such control over the step-location of the isotherm for a MOF—water pair has not
been reported. Thus, more research is needed in this direction for next-generation desiccant
material development.

V) Stability under cyclic operation: The stability of water adsorption—desorption capacity
under cyclic operation is another crucial parameter for practical dehumidification operation with
DW. Han and Chakraborty [154] studied the cyclic stability of water vapor adsorption—desorption
for parent MIL-53(Al) and its functionalized, protonated, and ligand-extended versions. The cyclic
operation was carried out for over 150 cycles from adsorption (30°C and relative pressure of 0.9)
to desorption (60°C and relative pressure of 0.1). The typical results of the cyclic stability tests for
parent MIL-53(Al) and NH»-functionalized MIL-53(Al) showed no decrease in adsorption
capacity under long cyclic operation. Such studies also need to be extended for other potential

MOFs and suitable adsorbents for dehumidification application.

vi) Topology of pore structure: The topology of pore structure (e.g., pore size, pore length,
tortuosity, connectivity, number of pores) strongly influences the effective diffusivity of water
vapor transport within the desiccant materials. For instance, for a mesoporous silica gel comprising
macropores and micropores, using a cubic pore network model, Yu et al. [35] showed that
increasing connectivity between pores resulted in improved diffusivity by reducing tortuosity and
increasing porosity. The development of desiccant materials with tailored topology and structure
may significantly improve the dehumidification capability of DWs. However, studies concerning
optimizing parameters of the pore network of desiccant materials are scarce. This is another largely

unexplored area that needs attention.
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6.2 Research Gaps from the Perspective of Device Performance Improvement

i) Pressure drop: One key challenge in using DWs for dehumidification is the high pressure
drop across the wheel because of the complex honeycomb structure. Shamim et al. [44] showed
that the pressure drop of a conventional DW could be 38.5 times higher than that of a multilayer
fixed-bed dehumidifier. Such a high pressure drop increases electricity consumption of the fan.
However, this negative aspect of DWs is largely overlooked in the current literature. More simple

and innovative structures should be proposed to reduce the pressure drop across the DW.

ii) Isothermal dehumidification: Isothermal dehumidification is key to enhancing the water
vapor uptake capacity and reducing the cooling load after dehumidification. Few strategies for
internal cooling of DWs have been proposed as shown earlier in Figure 7, but these strategies
proved to be inadequate to achieve ideal isothermal dehumidification. However, staged cooling
could do similar work as internal cooling, but the system size becomes bulky, and the cost increases
by using multiple wheels. Therefore, achieving isothermal dehumidification with innovative
designs of internal cooling and enhancing heat transfer is another key research gap that needs to

be addressed for DWs.

i) Waste recovery for regeneration: Heat input for regeneration, Qreg is a key parameter
that determines the overall performance of desiccant-based air-conditioning system. Shamim et al.
[155] studied the influence of RH percentage in regeneration air on the moisture desorption
capacity of a distinct mesoporous silica gel and showed that when the RH percentage in ambient
air was high, larger heat input was necessary. To compensate for the additional heat demand under
high ambient RH, recovery and re-utilization of waste heat can be a great option. Recently, waste
heat recovery from data center cooling system [156, 157] has been receiving increased attention.
Although the current literature report the utilization of waste heat for desiccant regeneration in

DWs [158], this area is still largely unexplored.

6.3 Research Gaps in the Context of VOC Removal and CO: Capture

J The typical concentrations of VOCs and COz are very low in indoor environments other

than in industrial atmospheres. Most studies investigate removal efficiency at high
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concentrations. Removal efficiency for indoor environments needs to be studied more

exhaustively.

The adsorption of VOCs and COz is adversely affected by the presence of high moisture
content in the process air. Therefore, three separate DWs need to be designed for adsorption
of each component (i.e., water vapor, VOC and CO») to avoid competitive adsorption. The
operating parameters (e.g., wheel rotation, regeneration temperature, process to
regeneration airflow rate) should also be optimized for each DWs. Advanced and
automated control systems need to be designed as well to optimize operating conditions
for multiple DWs. To the best of authors’ knowledge, no such study is reported yet
investigating optimization of operating parameters for multiple DWs tailored for moisture

removal, VOC and CO: capture.

Majority of the studies in the literature uses DWs with silica gel for VOC adsorption and
DWs with zeolite and activated carbon for CO; adsorption due to the low cost and ease of
availability of these materials. No single adsorbent is appropriate for all cases. Hence, other

adsorbents tailored for VOC and CO; adsorption should also be investigated with DWs.

Fouling and pore blockage of adsorbents with particulate matters could be a real challenge
to implement DW-based HVAC systems in highly polluted and dusty areas. Studies
evaluating the presence of particulate matters in process air on VOC and CO; adsorption
are scarce, which needs to be addressed. A recent study [159] has proved the feasibility of
simultaneous cleaning of VOCs and fine particulate matter PM 5 using an electret filtration

media . Such approaches can be extended for rotating DW systems, as well.

7 Conclusion

In summary, great potential exists to design an integrated, compact, low-cost, and energy-efficient

HVAC system for the built environment using DWs capable of simultaneously adsorbing moisture,

VOCs, and CO., thus provide thermal comfort and maintain high IAQ at the same time. To achieve
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this goal, improvements should be aimed toward DW design and suitable adsorbent development.

Finally, the following key conclusions can be drawn from the discussion presented in this article:

Although there are several articles discussing DW performance for moisture removal
available, studies addressing DW technology for VOC and CO; capture are still limited in
the open literaure. Also, most studies on VOC capture and CO; removal with DW uses
conventional silica-gel or zeolite as the adsorbent due to the low cost and availability of
these materials.

The key development goals from the DW device design perspective should be achieving
isothermal adsorption, reducing pressure drop, integrating with waste heat recovery, and
enhancing energy recovery of DWs.

For suitable porous adsorbent development, key challenges are lowering the regeneration
temperature, in-situ synthesis of adsorbents, reducing cost and facilitating mass production
of MOF.

Improving topology of pore structure, cyclic performance of adsorbents under long-term
operation, and developing a step-shape isotherm with controllable step locations should
also be prioritized.

Optimization of operating conditions of multiple DWs to be used for humidity, VOC and
COz removal is another key area that needs attention.

Lastly, although direct air capture of CO2 with DW is a promising option, high energy
consumption and high cost of adsorbent materials are the major barriers for

commercialization of this technology.

The authors expect that the insights provided this review will be of significant interest to

researchers in the HVAC industry, encourage them to pursue research initiatives that address

the challenges outlined in this article, and thereby positioning DW technology as a more

attractive solution for energy-efficient -IAQ management in buildings.

Nomenclature
Symbol Description Unit
Wpa,in Specific humidity in process air inlet g/kgpa
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Wpa,out Specific humidity in process air outlet g/kgpa
Mpq Mass flow rate of process air Kg/s
Qre g Regeneration heat input KW
Q. Cooling capacity KW
hiat Enthalpy of moisture adsorption KJ/mol
Wieg Regeneration power KW
DWW Desiccant wheel -
ryoc Voltatile organic compounds -
MOF Metal organic frameworks -
SG Silica gel -
MS Molecular sieve -
Subscripts
Symbol Description
pa Process air
c Cooling
reg Regeneration
lat Latent
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Appendix.

Table Al. List of frequently used keywords used for literature search either as a single
word or as combination of different words

Adsorption Volatile Organic Compounds Humidity
Dehumidification VOC Removal Energy Consumption
Moisture Removal CO; Capture Techno Economic Analysis

Rotary Desiccant Wheel Regeneration Indoor Air Quality
Direct Air Capture Temperature Metal Organic Frameworks
Super Adsorbent Polymers | Thermoresponsive Hydrogels Silica gel
Zeolite Activated Carbon Competitive Adsorption
Adsorption Mechanism Adsorption Isotherm Porous Media
"HVAC 2SSLC Conventional Air-
conditioning

'HVAC: Heating Ventilation and Air Conditioning; >SSLC: Separate Sensible and Latent
Cooling
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Figure Al. Exhaust contaminant transfer ratio (ECTR) of different gaseous contaminants
for molecular sieve and silica gel coated wheels at room conditions. ECTR is defined as the
difference in the concentration of gaseous contaminants between the supply air outlet and the
supply air inlet, divided by the concentration difference of gaseous contaminants between the
exhaust air inlet and the supply air inlet, and expressed as a percentage [18].
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Figure A2. Schematic of direct air capture module integrated with a roof top air handling
unit investigated by An et al. [138].
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Fig. 3. A schematic representation of the (a) PAN-TETA sorbent sheets, (b) CO; capture unit, and (c) the coupled MAU-CO; capture module.

Figure A3. Schematic of triethylenetetramine (TETA)-modified polyacrylonitrile (PAN)
fibers (PAN-TETA) CO: capture unit combined with a roof top makeup air unit (MAU)
investigated by Kashkouli et al. [137].
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