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Abstract

Adsorption desalination is prescribed as a promising and eco-friendly solution for
mitigating water scarcity, owing to its utilization of low-grade thermal waste and zero liquid
brine discharge. The keystones that regulate the performance of the adsorption desalination
system (ADS) include nature of adsorbents, system design, and operating conditions. The
present study aims to provide a state of the art review on the keystones of ADS. Metal-organic
frameworks (MOFs) hold remarkable adsorption capacity and tunable structure. However,
hydrothermal instability, high cost, and complex synthesizing procedures are the potential
challenges that need to be addressed. The technological advancements in ADS have been
classified into: (i) Conventional Approach, (ii) Heat and Mass Recovery Approaches, (iii)
Hybridization Approaches, (iv) and Adsorbent Substituting Approach. The study provides
critical insight and compares the performance of each approach based on specific daily water
production (SDWP), specific cooling power (SCP), and coefficient of performance (COP). The
conventional ADS produce SDWP of 4.7 m*/ton/d, however with minimal SCP using payable
energy of 1.50 kWh/m?>. In heat/mass recovery approaches, pressure equalization-valve delay
schemes and master-slave configuration provide ~5% additional water adsorption/desorption
on/from silica-gel and reduce ~50% thermal heating load, respectively. Evaporator-condenser
amalgamation emphasizes the evaporator temperature of 30-42°C leading towards ~69%
higher SDWP with zero SCP. Dual stage, multi evaporators/condensers scheme is found
supportive in cogenerating feature of ADS thereby improvising COP to ~0.87. In hybridization
approach, ejector integrated ADS produces SDWP of 80 m*/ton and COP of 2.22 using payable
energy of 0.92 kWh/m?, however, needs experimental validation. In the adsorbent substituting
approach, CPO-27(Ni), Emim-Ac/Syloid 72FP, and composite adsorbent manifest the SDWP
to higher levels. The operating conditions are sensitive and need to optimize depending on the
configuration of ADS. Possible future research directions may include efficient designing/
sizing of evaporators/ condensers, minimizing the heat and mass transfer resistances in
adsorber/desorber reactor, optimize the thickness of the adsorbent layer in heat exchangers,
and investigating wide range of adsorbent classes that can be driven with very low regeneration

temperature.

Keywords: Adsorption desalination systems; adsorbent materials; technological

advancements and approaches; operating regimes.



Highlights
e State of the art insights are provided for ADS technological advancement
e Thermophysical properties of adsorbents are comprehensively reviewed
e Modification and classification in ADS are explored for optimum performance

e Key factors affecting the system performance parameters are discussed
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1. Introduction

Globally, water and energy are interdependent challenges that progressively threaten the
survival of both human beings and animals, owing to the rapid growth of population,
industrialization, farm mechanization, intensive use of unsustainable technologies, and
overexploitation of natural reserves [1-3]. Water scarcity is a natural realistic phenomenon
thus far impacting every continent seasonally; however, human involvement exacerbated its
amplification and persistently formulated it into a chronic situation [4]. Fig. 1 shows the
worldwide seasonal water scarcity index, reproduce here from the World Resource Institute.
According to the 2018 edition of the World Water Development Report (WWDR); currently,
3.6 billion people (47% of the world population) have no access to potable water [5]. This
reckons exponentially manifested to 5.7 billion by 2050 [5]. Correspondingly, the anticipated
freshwater demand sprouted up to 54 billion cubic meters per year (BCM/y) by 2030 and
further heightened to 60 BCM/y by 2050 [4,6-9]. Prominently, developing countries are
rigorously confronting the freshwater challenges due to the dwelling of a tangible proportion
(3/4™) of the world population [10]. Additionally, the available freshwater resources are
shrinking because of unsteady overhead withdrawal patterns. Also, the quality of available

clean water reservoirs is incessantly declining due to the unruly dumping of wastewater into

freshwater bodies. In consequence, aggravates the clean water demand, especially in Africa

followed by Asia [5].

Fig. 1. Water stress index around the globe given by the World Resource Institute, Washington,
DC, reproduce from [4,11].

To confront the peaking water demands, desalinization of seawater is prescribed as a
remarkable solution and worth adopting, contemplated by researchers. In this regard, various

desalination strategies have been patented, documented, and penetrated water markets, aiming



for removing the excessive salts from the amplest quant of seawater [12,13]. Fig. 2 (a),
elucidated the spatial distribution of scientific publications, documented on desalination [3]. If
consistent with, 2021 International Desalination Association (IDA) statistics, one can know
that about 20,000+ desalination plants have been currently installed in 183 different countries,
owning gross production capacity of more than 35 billion cubic meters per year (BCM/y)
[9,14]. Fig. 2 (b) presents the worldwide geographical distribution of installed desalination
localities [15]. This visual presentation reveals that desalination is booming throughout the
globe and the nations are solemnly synchronizing the growing water paucity. Additional
information which can be extracted from Fig. 2 (b) is that more than half of desalination plants
are installed in high-income countries, while low-income countries contribute only 0.1% of the

total desalination share due to high capital investments and unsustainable technologies [15].

DESALINATION
PUBLICATIONS
0
B 1-100
____ 101-500
[ 501 - 1000
B 1001 - 2000
B 2001 - 8000

Feedwater

B Seawater

M Brackish

m River

H Waste

O Other

Technology Capacity (m3/d)

O RO o 10,000 - 50,000

A MED [J 50,000 - 100,000

O MSF [J 100,000 - 250,000
ED

X ot [ ] >250,000

Fig. 2. Worldwide spatial distribution of (a) number of publications on desalination topics from

2000-2020 and (b) installed desalination plants [3,15].



Generally, desalination technologies have been discretized into thermal and non-thermal
engineering systems [ 16]. In thermal systems core concepts like evaporations and condensation
are employed, whereas in non-thermal, filtration and crystallization conceptions have been
widely investigated [13]. Fig. 3 depicts the classification of thermal and non-thermal
desalination systems. As evident from the literature survey it has been identified that, reverse
osmosis (RO) [17], multi-stage flash (MSF) [18], and multi-effect desalination (MED) [19]

systems retain high market penetration, respectively.

Fig. 3. Classification of desalination technologies: commercialized (abbreviated here as multi-
effect (MED), multi-stage flash (MSF), and reverse osmosis (RO)), and emerging (abbreviated
here as: mechanical vapor compression (MVC), humidification dehumidification (HDH),

adsorption desalination (AD), ion-exchange (IE), and electrodialysis (ED)).



Indeed, desalination quenches the global thirst, and ensures food security and human
prosperity. However, hired systems for desalination purposes have some engineering
shortcomings which significantly impact the systems’ durability and environmental
sustainability [20-24]. Fig. 4 illustrates the market status of commercialized desalination
technologies associated with engineering shortfalls that need to be surmounted. For instance,
commercialized desalination technologies put a huge strain on natural fossil fuel reserves.
According to some accounts, nearby, 10 tons of oil is burnt to acquire 1 m® of desalinated water
[25] In addition, due to the high operating temperature of thermally driven systems, corrosion
of major components frequently happens which adversely impacts the performance of the
system. Similarly, in the case of RO facilities expensive membranes embedded with low cycle

stability/ durability and low recovery ratio are some impediments.

On the other hand, contemplating environmental aspects, collectively desalination contributes
a massive share of CO; and greenhouse gas (GHG) emissions [26]. Insights from UN-WWDR,
by the end of 2040, desalination singularly responsible for 0.218 billion tons per year (Bt/y)
CO; emissions, hence degrading the environmental stability [8,27]. Beyond this, the perilous
concentrated brine water received as a by-product from desalination manufactories
contiguously mounting the aquatic discrepancies. It has been reported that desalination plants
are capable to treat 45-50% of feed water. According to recent statistics, almost 141.5 million
cubic meters per year (MCM/y) of brine have been heedlessly dispatched into the aquatic
environment [15,28]. Also, the intensive energy consumption for seawater desalination and
high cost for unit production, causing economic un-stability or vulnerability especially for
developing nations. Although, driving desalination facilities with renewable energy means
deemed as worthy footprint towards sustainability. However, high capital investments limit it
adaption for low-income countries. In addition, engineering shortcomings in system designing

keenly need technological advancements for sustainability point of view defined by UN.
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desalination technologies. The current status entails the information in sequence as follows:
installation year, market share, number of plants installed around the globe, capital investment,

operating temperature, thermal energy consumption, and electrical energy consumption.

Emerging desalination technologies are remarkably designed to overcome the engineering
shortfalls and for abating the environmental impacts in order to achieve the UN 2030
Sustainable Development Goals (SDGs). In this regard, adsorption desalination (AD), is
worthy to mention. The reason is that AD technology possess capability to drive with the low-
grade waste heat emitting from industries, steam turbines/engines, and even from automobiles
exhaust [29]. Thereby, upscaling its contribution in reduction of fossil fuels dependency, global
warming, and additional CO> emissions for desalination [30]. In addition, it can be drive or

integrate with renewable energy resources such as solar thermal systems, wind energy, natural
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gas, biomass etc., thus retrieving the greener globe. On system scale, the technology
comprising of no moving parts and perform vacuum evaporation. Consequently, resolving
fouling and corrosion issues as exist in the other commercialized desalination technologies. In
addition, the technology incorporates low capital investment, entail with low operating and
maintenance cost which endorsing its employment. Above all, the cogenerating feature of AD
technology, such as producing freshwater along with high-grade cooling, addressing not even
the water scarcity problem but also confronting the mounting air conditioning requirements
[22,31-33]. In addition, the treated water produce from the AD technology is comparable with
the drinking water standards [34]. Extensive research efforts are being endorsed to improve the
system productivity. In addition, few review articles were reported to provide a summary of
progress reported so far. Table 1 provides the summary of the previous review literatures
reported on adsorption desalination system (ADS) including salient features, concluding

remarks, and identify the potential review gaps.
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Table 1:

Summary of the previous literature reviews on the Adsorption desalination system (ADS).

Title and authors Year Salient features Concluding remarks Potential review gaps
A state of the art of Reviewing the pros and cons
i i f the ADS entail with its co- . iz
hybrlq adsorptlon of the A S entail with its co ADS has a promising future ahead: Spmmanzmg
desalination— generating feature . historical research
! 2016 . however, more efforts are required to 3
cooling systems Include experimental and . L studies from 2004 to
) . improve the system productivity
numerical studies 2015
Alsaman et al.[16] Thermodynamic perspectives
Metal-organic Reviewing the synthesizing e Historical
frameworks in aspects/procedures of the . . modification and
. . Adsorption properties of a large .
cooling and water metal-organic frameworks technological
o number of MOF are not explored so, :
desalination: (MOFs) . advancement in ADS
: O far. Therefore, a massive avenue of
Synthesis 2021 Provide insights on A are not explored
L . . research and development is still } )
and application adsorption characteristics of . Optimum operating
present prior developed a X s
MOFs commercialized cost-effective ADS regime to drive an
Mohammed et al. Experimental systems that ADS are not
[32] integrate MOFs identified
A review .Of recent . Solar driven ADS and multi-effect e Technological
advances in Conduct a comprehensive .
. . . (ME) integrated ADS could be advancements and
adsorption review on ADS focusing on . . . :
S . . promising configurations system classification
desalination 2021 integrational schemes ) D .
. . The ADS capable to manage high e Optimistic operating
technologies Economic aspects of ADS are - . .
S salinity with payable cost of regimes are not
highlighted US$0.2/m? lored
Riaz et al. [29] ~/m explore
Review on Provide an overview on Silica-gels and zeolites developed a e Performance of the
adsorption materials adsorbents including silica cost-effective ADS, however, entails ADS corresponding
and system 2022 gels, zeolites, and MOFs with low production capacity to influential

configurations of
the

Review energy-efficient
combination schemes of ADS

Few experimental test rigs are

developed for the validation of the

operating conditions
are not explored
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adsorption with other desalination ADS performance with numerical e Optimum operational
desalination technologies results parameters to drive an
applications ADS

Hua et al. [35]

e Activated carbons and zeolites are
cheaper and safer however, not
compatible from the viewpoint of its

Adsorption . ) low adsorption equilibrium
S e Provide a comprehensive )
desalination: . . e Graphenes and CNT possess high
. review of activated carbons, . s )
Advances in porous . adsorption equilibrium, however, e Technological
graphenes, zeolites, carbon :
adsorbents their hazardous concerns need to be advancements and
nanotubes (CNT), MOFs, and T .
2022 alent oreanic frameworks addressed before their utilization progressive
Qiu et al. [36] cova ent organic W e MOFs hold high versatility due to improvement in ADS
(COFs) from the perspectives .
their tunable structure, however, o

of exploring their potential in

ADS lagged with thermophysical

instability and expensive

e COFs have potential due to its
versatility, but their research are in
the cradle stages
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The present study aims to provide insights on technological advancements related to ADS and
assesses its readiness level for desalination markets. With these perspectives, a state of art
review is presented, covering the adsorbents investigated for ADS. In addition, the
modifications reported on the ADS are reviewed and classified accordingly into four main
approaches. The approaches include (i) Conventional Approaches, (ii) Heat and Mass
Recovery Approaches, (iii) Hybridization Approaches, and (iv) Adsorbents Substituting
Approaches. Furthermore, performance of the ADS are explored based on the key performance
indicators and analyze their response corresponding to varying operating/rating conditions. The
optimum operating regimes for driving the ADS are identified for each approach. Lastly the
study provides critical insights and identify the future perspectives in order to develop a
sustainable, low-cost and commercialize able ADS. Fig. 5 illustrates the footprint entail with

the potential aspects that are discussed in the of the present study.
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Fig. 5. Potential footprint of the present review paper.
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2. Principle and features of the AD technology

The working of the adsorption desalination (AD) technology is similar to the vapor
compression cycle except for the mechanical compressor; a thermal compressor has been
installed as an alternative to increase the temperature and pressure of the circulating refrigerant
[37]. The thermal compressor drive with low-grade waste heat comprising of a reactor/vessel
packed with an adsorbent material that has been capable to perform adsorption and desorption
processes simultaneously however, by changing the driving conditions (i.e., pressure and
temperature) [35]. In AD technology, the thermal compressor equipped with the combination
of four thermodynamic processes that has been paired in a manner to follow a cyclic pattern.
Fig. 6 describes the thermodynamic processes in sequence for completing a single AD cycle.
The adsorbent material possesses high tendency/affinity for the water vapors present in the
system. Consequently, the water vapors are attracted and adhere on the surface by developing
a van der wall force of attraction. The developed electrostatic forces are weak and are
vulnerable to disintegrate when the energy supplied from the external heat source [38—40]. The
amount of the water vapors adsorbs on the adsorbent surface depend upon the type of the

adsorbent materials and its adsorption capacity [40].

Adsorption Isosteric heating Desorption Isosteric cooling

r A 4 A A 4 & ) 4 5 Y
Sensible cooling Sensible heating Sensible heating Sensible heating

No mass
transfer

L1 irr il lll

Heat of adsorption Heat of desorption Heat of desorption  Heat of adsorption
release release release release

Fig. 6. Thermodynamic processes employed by the thermal compressor to accomplish a single
desalination cycle. The blue and red color combinations depict the degree of coldness and
hotness of the input/output sensible energy to/from the adsorbent/desorbent beds, respectively.

15



Fig. 7 (a) illustrate the schematic of 2-bed ADS furnished with additional system accessories
such as opening and closing valves, temperature and flow sensors, hot-water and cold-water
baths [16]. The 2-bed ADS mainly contains four main chambers/vessels imbedded with heat
exchangers (HXs): (i) evaporator for evaporating the saline water, (ii) two adsorbent/desorbent
chambers for adsorbing and desorbing the water vapors during their respective cyclic turn, and
(ii1) condenser for phase transformation (vapors to liquid) [29]. The heat exchangers are
employed to maintain the requisite thermal fronts. The ADS initiates the purification process
by feeding the untreated seawater into a pre-treatment chamber. Here the seawater filtrated and
decrease the concentration of dissolved oxygen. The obtained sweater has been charged into
the evaporator via brine feeders at very high pressure. The interconnected vacuum pump
creates a suction effect hence significant quant of water vapors are produced at very low
temperature (<35°C). Due to hydrophilicity of adsorbent material water vapors flash into the
adsorption chamber and adsorb on the porous surfaces until the saturation arrives. Initially the
adsorption process occurs which triggers the evaporation process occurring in the evaporator.
The valve between the evaporator and adsorption bed is open to undergo the adsorption
process. Once the bed saturated, the valve between the adsorber bed and evaporator close. Prior
to perform the desorption process a switching time is provided to the adsorber bed to
isosterically heat it and reaches equivalent to the condenser pressure. Once switching time run
out, the desorption process taking place in which the non-payable heat supplied to the bed.
During desorption phase the valve between the condenser and desorption bed is open. The
water vapors directed to the condenser, where the cool water is circulating in the HX to capture
the latent heat of condensation and producing fresh condensate. After desorption process,
switching time or isosteric cooling is provided to the desorbent bed to drop the pressure and
temperature in order to execute the successive desalination cycle. Fig. 7 (b) presents a typical
thermodynamic cycle followed by the AD system. For continuous water production, it is
usually suggested to affix at least two adsorbent beds. A typical operating condition of AD
system is presented in Table 2. However, these conditions are super sensitive to system
throughputs such as specific daily water production (SDWP), coefficient of performance

(COP), performance ratio (PR) and specific cooling power (SCP) [36].
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Table 2
Typical operating condition of AD system [41,42].

Parameters Temperature (°C) Flow rate (LPM)
Bed-1 hot water inlet 65-85 48

Bed-2 cold water inlet 30.0 48
Condenser cold water inlet 30.0 120
Switching time (s) 20-40

Spray nozzles pressure (kPa) 175

Evaporator pressure (kPa) 1.1-2.9

Chilled water 7-25

Half cycle time (s) 300-1200

3. Adsorbents for ADS/ADCS

Prior to deeper dive in technological advancements of AD system, authors, in this section,
categorically reviewed sorbents coupled with AD system. Extensive research reveals that
sorbents are the most influential constituent of AD system, possessing both hydrophilic and
hydrophobic features under controlled thermodynamic parameters (i.e., temperature and
pressure) [43]. The porous media or sorbent contains pore spaces in which the adsorbate
particles are settled for time being. As the thermodynamic parameters manipulates, porous
media dispatched the holding adsorbate particles. The inter/intra particle diffusion kinetics
models were used to simulate this process [24,39,44]. Typically, low, and high temperature
fronts, respectively generates more hydrophilic and hydrophobic conditions. However,
progressive rise in adsorption pressure improves the material sorption capacity, at pre-specified
temperature [23,45]. The adsorption isotherms are the graphical depiction of moisture uptake
in response of varying adsorption pressure, confined with the information related to material
equilibrium uptake and saturation pressure [40]. According to International Union of Pure and
Applied Chemistry (IUPAC), the adsorption isotherms followed six moistures up taking
responses/ shapes, depending on the thermophysical properties of employed adsorbents. From
literature survey the adsorbents are classified in conventional adsorbents and emerging
adsorbent i.e., metal organic framework. This section only includes such adsorbents that has

been investigated with ADS or ADCS.
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3.1 Conventional adsorbents

Silica gel (SG), is an amorphous microporous structured adsorbent, actively used in a
variety of adsorption-based applications due to its cost-effectiveness, and ease in local
accessibility features [31]. It has a surface area ranging from 586 m*/g (NS-10 type) to about
863.6 m*/g (A"" SG) whereas, the pore size lies between 0.28 (A type)-0.489 (A*" type) nm.
Fig. 8 uniquely showcased the thermophysical properties and adsorption isotherms of SG class
adsorbents. According to IUPAC classification, SGs typically followed the type-I and type--11
adsorption isotherms. Therefore, it was found suitable in such applications where the sorption

occurring at relatively low pressures [33,46].

Zeolites are naturally occurring adsorbents containing microporous crystalline structure
[46—48]. However, they can be synthesized on industrial scale for wider application. Typically,
zeolites are classified into aluminophosphate (AQSOA-Z series) and ferroaluminophosphate
(FAM-Z series) [49]. Considering, pore size distribution AQSOA-Z01/Z05 and FAM-Z01/Z05
belongs to AFI type whereas AQSOA-Z02 and FAM-Z02 are the CHA type zeolites [50-52].
Fig. 9 showcased the thermophysical properties and adsorption uptake with SEM images. The
AFT zeotype followed S-shaped whereas, CHA zeotype depicts type-I adsorption isotherm
according [IUPAC standards.
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Fig. 9. (a) Thermophysical properties of advance adsorbents and (b) adsorption isotherms of
AFI and CHA zeotypes, reproduced from [51,70,71].

3.2 Metal-organic frameworks

Metal-organic frameworks (MOF) are new class of micro and nano-porous group of
adsorbents with tunable adsorption properties. The MOF are hybrid adsorbents in which

organic linker connect with inorganic metal ion by coordination, metal ions provide more
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stability to crystals and enhance their hydrophilic character. Metal nodes in MOFs contribute
to increase flexibility, side spaces and provide many ways to synthesis many adsorbents with
same organic linker. According to Cambridge database [72], nearly 12,000 MOF structures
have been synthesized which are using 102 organic linkers with different metal nodes. Fig. 10
showcased the SEM images, crystal structure and thermophysical properties of MOFs
adsorbent used in ADS/ADCS. Similarly, Fig. 11 presents their adsorption isotherms.

Metal organic frameworks (MOFs) adsorbents

Parameters Units Parameters Units Parameters Units Parameters Units

Pore size 1.091 nm Pore size 121 nm Pore size 2.312 nm

Pore size 2.5-2.9 nm

Pore volume  0.93 cm®g Pore volume 0.5 cmg Pore volume  1.59 cm®g

Pore volume 1.0 cma.’g

Surface area  792.3 m’/g Surface area 1226 m°/g

Thermal 0.13 W/ Thermal Thermal Thermal

conductivity m.K conductivity ba£ conductivity i conductivity WA
Specific heat 0.970 kJ/ Specific heat Specific heat Specific heat
capacity kg K capacity NiA capacity NA capacity NiA

[Thermophysical propertiesj (Crystal structure) [SEM image)

R ST TR T P )

1
1
1
1
1
1
1
Surface area 3401 m*fg : Surface area 1917 mPig
L]
1
1
1
1
1
1

Fig. 10. Thermophysical properties of MOFs adsorbents used in ADS/ADCS. The source of
the data are as follows: (i) Al-Fumarate: SEM [10] and crystal structure [73], (i1)) CPO-27(Ni):
SEM [74] and crystal structure [73], (iii) MIL-101(Cr): SEM [75] and crystal structure [76],
and (iv) MIL-100(Fe): SEM image [77] and crystal structure [78].
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Fig. 11. Adsorption isotherms of MOFs adsorbents, reproduced from [79-81].

4. Classification of ADS based on progressive modifications

The low-grade waste-heat-driven adsorption desalination system (ADS) are receiving
much attention in the beginning of 21% century due to its eco-friendly attributes. Despite of
their appealing benefits, few downsides were also confronted which need to be surmount. For
instance, the productivity and performance efficiency (i.e., SDWP, SCP and COP) of ADS are
minimal as compared to commercialized desalination facilities. In order to improvise the co-
generating feature of ADS, substantial efforts were endorsed. By tracking the footprints, the
progressive advancements/modification of ADS segregates into four main approaches: (i)
convectional approach, (ii) heat and mass recovery approach, (iii) hybridization approach and
(iv) material substitution approach. Fig. 12 showcase the configurational domains in which
ADS has been classified. In upcoming sections detailed insights has been provided uniquely in

order to achieve the study objectives.
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Heat & mass recovery approach
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recovery/integrated vessel

» Dual stage, multi evaporators/
condensers

Hybridization approach

# Integration with commercialized
desalination systems
» Integration with mechanical
vapor compressor and ejectors
as additional components

Adsorption
desalination/

Fig. 12. A specialized illustration representing the configurational approaches in ADS/ADCS.
4.1 Conventional Approaches

The AD Conventional Approach refers to a standalone prototype of silica-gel-based
ADS comprising of single stage, 2-bed, or 4-bed configuration which solely eliminates the
excessive salts from the seawater without any cooling/refrigeration effect [82]. However, later
research, reported that the ADS might produce a cooling effect simultaneously by slight
alteration of the evaporator temperature [41,69,83]. In this regard, the relevant studies are also
included, which employ the silica-gel as an adsorbent, comprising a different number of
adsorber beds, entail with the co-generating feature termed ADCS. In addition, several studies
integerate the renewable thermal energy sources (i.e., solar collectors and solar panels etc.)
with the ADS in order to acquire the non-payable energy for driving the system. Therefore, the
authors include such studies that qualify the criteria of the Conventional Approach, however,

irrespective of their free energy source.

Fig. 13 presents the pictorial and flow diagrams of the experimental facilities for reference that
meet the defined benchmarks of the Conventional Approach. The working of the 4-bed ADS
is similar to the 2-bed configuration as described in Fig. 7 however, the difference is that a pair
of beds perform the adsorption and desorption processes in conjunction. Table 3 gives the
summary of the studies that investigated the ADS based on the Conventional Approach. The
salient features entail the findings and concluding remarks of such studies are presented
accordingly in Table 3. Wang and Ng [82] reported that the ADS produces SDWP of 4.7
m?>/ton/d along with no biological contamination. However, the co-generation feature of the
ADS was not explored. From the relevant literature review as described in Table 3, one can be

identified that the experimentally verified SDWP reported in the range between 4 to 4.7
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m?>/ton/d which identified the potential research gaps that need to be surmounted to increase

the system productivity.
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Fig. 13 Experimental facilities working on Convectional Approach: (a) and (b) are the pictorial
presentation, and flow schematic of pilot-scale 4-bed ADS installed in National University of
Singapore (NUS), Singapore [82], where (c¢) and (d) are the pictorial, block and flow diagram
of the 1-bed ADS installed in The University of Adelaide (UoA), Australia [59], (e) is the
pictorial presentation of the lab-scale prototype integrated with the solar collector developed
in Sohag University (SU), Egypt [69], and (f) is the flow schematic for the ADS integration
with ADS [83].
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Table 3
Summarization of the studies reported on ADS/ADCS working on the Conventional Approach.

Operating conditions
Methodology ’ Adsorbent Thw-in Te-in Teh-in SDWP cor PR SCP

beds

[°C] [°C] [°C] [m*/ton/d] | - | [R-ton/ton]
~BS | 4 | SG | 850 | 294 | 22 | 47 | 024 | NA |
Salient features of the work Findings and concluding remarks _
e Optimum tsw was reported 40s. g
e In this study, previously designed and installed pilot-scale | ® Small thcycle leads towards maximum SDWP and minimum COP | =0
e i i i i dvi for high ty- z
S| prototype of adsorption chiller in department of mechanical | and vice versa for high th-cycte . -
& | engineering, National University of Singapore (NUS) [84-86] | ® High Thw.in entail more SDWP and COP. 8
was upgraded into ADS. e 1.6°C drop and 1.8°C rise in Tcin and Tehin contribute 10% | 20
e Furthermore, the study explore the impact of rating conditions | additional SDWP, respectively. g
such as Thw-in, Tc-in, th-cycle, and tsw on the SDWP, and COP. e SDWP could be boosted up if Teh-in>15 °C and Tew-in<25 °C.
e ADS is functional at Thw-in even low at 65 °C.
EStM | 1 | RDSG | 6080 | MI-II' | NNA | NA | NA | NA | N/A
e An experimental test rig was developed for evaluating the three | ® The water production was reported 59.7 + 2.3 ml, 60.0 + 4.0 ml, =
different thermodynamic cycles as proposed by Wu et al. [87]. | and 61.3 £ 4.7 ml, from mode-I, mode-II, and mode-IIlI, | ¥,
2 | o The criteria for evaluating ther thermodynamic cycles are as | respectively. =
S| follows: e Mode-II, and mode-III favored the desalination due to high Tevap | ©
o Mode I: Tevap < Tew-in= Teond (13 °C <20 °C,) e The th-cycle Was reported 24 hr. §
o Mode II: Tevap = Tew-in = Teond = 20 °C or Pevap = Peond e Condensation of the water vapors in the piping network was also
o Mode HI: Tevap > Tew-in = Teond (30 °C > 20 °C) identified which drop down the true value of water production.
EStM+Sim | 2 |Blue-bead-SG| 85 | 25 25 | 4 | 045 | NA | 112%*
e Optimum th-cycle Was computed 650s. @
) ) ) o ® Thw-in = 85°C found suitable, further increment will drop COP | =
e Novelty in the study was experimentally investigating the . . : ) —
— 4 .. . . which reflects high heat loss and less cooling potential. <
— | ADCS in communication with the solar collector in accordance i : , 5
) - : . - e Lower Tc.in circulation to adsorber and condenser HX’s reveals
& | with Egyptian climatic scenario. : . =
" . . . high system throughput (SDWP, COP, and SCP) and maxima | &
e In addition, the effect of rating conditions and ideal cycle o g
: . measured at 15°C. 2
thermodynamic response of ADCS were realized. ) >
o In response to seawater evaporation,Tchou observed low as | <
17.5°C.




¢ During off-light hours, a heating source either thermal or electrical
heater is necessary to increase the Thw-in.

2017

M+Sim | 2 | SG | NA | NA

N/A | 10 | 05 | NA | 134%*

e Investigating the effect of ambient conditions on the
performance of the ADCS using local meteorological data of
Assiut city in Egypt.

e Developed a simulating model for predicting the performance
of the ADCS using TRNSYS software.

e Heat storage tanks could be necessary to maintain the prerequisite
thermal fronts in vessels and avoid temperature fluctuation.

e Average Thw-in, SDWP, SCP, and COP over the year were found
>70°C, 8 m’/ton/d, 100 W/kg, and 0.44, which strengthening
ADCS implementation in tropical and subtropical regions.

e Theoretically the ADCS shows promising results in Egyptian
weather.

E. Ali et al. [83]

Note:- ** W/kg,
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In this context, Wu et al. [88] developed a steady-state thermodynamic model for analyzing the
system productivity assuming silica-gel as an adsorption/desorption media. In addition, the
impact of Tew-in and Thw-in on SDWP and the energy required to produce per kg of desalinated
water were investigated. It was reported that ADS consumes 3200 kJ/kg energy to produce 0.2
kg/cycle of freshwater at Tew-in = 20 °C and Thw-in = 90 °C. Later, the authors realized the
influence of the evaporator temperature (Tevap) on the system performance. In this regard, three
thermodynamic cycles were theoretically analyzed corresponding to varying the Tevap and later
experimentally verified by developing a small test rig [59,89]. Fig. 14 shows a comparison
between the thermodynamic cycles working on the Conventional Approach. From Fig. 14 (a)
a sudden pressure drift was observed which was mainly due to high Tevap during the switching
period. Fig. 14 (b) depicts that, the thermodynamic cycle of the ADS that could be
accomplished in two stages: (i) isobaric desorption (1-2), and (ii) isobaric adsorption (2-3).
Similarly, Fig. 14 (c) presented another thermodynamic cycle for ADS proposed by Wu et al.
[59,89]. The cycle comprising of two desorption processes such as processes 1-2 (isothermal)
and 2-3 (isobaric). On the other hand, the adsorption process is taking place in isothermal
conditions where the Tew-in < Teva. This temperature difference creates a pressure drift which
allows the water vapors to adsorb at a constant temperature. In addition, it was reported that
the isothermal adsorption process is faster compared to the isobaric adsorption process due to
the availability of more pressure gradient between the evaporator and adsorber bed [59]. The
thermodynamic cycles presented in Fig. 14 (b) and (c) limit the co-generating feature of the
ADS by maximizing the water production and could acquire more the.cycle. Therefore, the
studies on such thermodynamic cyclic configurations are suppressed. Wu et al. [90] developed
a dynamic model based on governing heat and mass balance equations entailing the
thermodynamic concept in which the Tevap < Tew-in and validated it with developed experimental
results obtained from the prototype. The study identified the SDWP of 0.68 m*/ton/d could
produce the capacity to complete four cycles/day [90].
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Fig. 14. P-T-X diagram of the ADS working on the Conventional Approach: (a) Tevap < Tew-in
[69], (b) Tevap = Tew-in = Teond, and (c) Tevap > Tew-in.

The conventional ADS equipped with low production capacity entail the producing high
thermal wastes that has been dumped into the relevant water baths. Consequently, significant
quantity of supplied waste heat not being utilized for desalination. In addition, the conventional
ADS are over designed that need to be compacted. However, the mentioned
downsides/research gaps are addresses by the researchers later. For instance, developing a
small scale desalinator capable to produce relatively high SDWP as compared to conventional
ADS [91]. In addition, several heat mass recovery schemes are implemented in the
conventional ADS to improvise the system productivity which has been described in detail in

the subsequent sections.

4.2 Heat and Mass Recovery Approaches

The AD Heat and Mass Recovery Approach refers to various heat/mass recovery
strategies aiming to make the ADS energy-efficient entail with maximum SDWP. So far, the

following heat/mass recovery approaches are identified from the literature survey:
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4.2.1 Pressure equalization and valve delay schemes

The pressure equalization (PE) and valve delay (VD) schemes refers to the mass and heat
recovery schemes, respectively that used the conventional ADS along with PE valve and a
controlling mechanism that supports in opening/closing of the relevant heating/cooling bath
valves with a second of delay [60,92-94]. In PE scheme, a PE valve needs to be installed
between adsorber (bed-1) and desorber (bed-2) as shown in Fig. 15 (a). As the bed-2 completes
its desorption phase, the PE valve is turned ON for a shorter period of time. Due to pressure
gradient/drift between adsorber bed (low pressure) and desorber bed (high pressure) additional
water vapors were desorbed from bed-2 and adsorbed on bed-1. The phenomenon termed as
pressure swing desorption/ adsorption [95]. Fig. 15 (b) shows the ideal cycle improvement in
ADS due to installation of PE valve. From Fig. 15 (b) it has been realized that PE scheme

significantly improves the saturation and unsaturation limits of adsorbent material.

P m 3 Amount of adsorbate [kg/kg,4sorbatel
a) ‘e b) Xmax’ Xmax Xmin Xmin’
”:- 1 Pressure
i Condenser equalization Additional
" o valve adsorption of
water vapors due
PE scheme
5 _E.ﬁ: pure water
T — Peond|_ ____________

[+
<
e —
g Pinter ________________ / _____ /_ __ :
1
P = i o ! Additional
> 1 1 desorption of
Pevap | ______[/____ Iwater vapors due
00 © ' PE scheme
=.:.::=.:':o.' PO i
oz 0 % !
M ! H W ; '
< = Tads-end Tdes—slart Tads—starl Tdes—end
s > Temperature [-1/K]
| Evaporator | 1-2-3-4-1~Conventional ADS cycle 1-7-8-3-5-8-1~Advance ADS cycle

Fig. 15. (a) schematic illustration, and (b) theoretical improvement improvisation in ideal cycle
of the ADS coupled with PE valve reproduce here from [92].

However, in order to accomplish adsorption and desorption processes effectively, the
development of thermal fronts is necessary mainly developed via heat exchangers; that
implanted in the sorbent beds. In this regard, significant amount of coolant with specific mass
flow rates are needed to be circulated in tubes of HX. The discrepancies arise in ADS as the
unfavorable coolant (resident in piping circuit) enters into erroneous path due to
instant/simultaneous opening or closing of inlet or outlet valve during isosteric heating or
isosteric cooling, respectively. The problem is addressed simply by introducing VD opening

scheme that provides additional time to remove the inhabitant coolant from HX tubes, prior to
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execute the subsequent phase. For PE and VD, 30s and 70s were found effective [92]. Later,
experimental investigation believes that 10s is adequate for PE [60,93]. Table 4 contains the
summary of publications reported on PE and VD schemes. From the relevant literature review
it has been realized that the optimum PE duration must be short (10s) from the perspectives of
obtaining high SDWP and PR from the pilot scale ADS due to completing additional number
of desalination cycles/day. On the other hand, the cited study reported that, for small scale
ADS, the PE valve is ineffectual and do not create significant pressure drift, due to operating

evaporator and condenser approximately at same pressure values. [91].
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Table 4
Summarization of the studies reported on ADS working on the Heat and Mass Recovery Approach: pressure equalization and valve delay
schemes.

No. of

Adsorbent Te-in

[°C]

Methodology Thw-in

beds
[°C]

Rating conditions

SDWP
[m>/ton/d] |

cop
[-]

PR
[-]

SCP
[R-ton/ton]

Tch-in
[°C]

29.4 12.2 | N/A 0.32 N/A —
Salient features of the work Findings and concluding remarks 8_\'
~ | ® The study advances theoretical knowledge conduct experiments | | Ooti . =

S . . X ptimum tyq, tpe, th-cycle and tsw time was reported 70s, 30s, 480s
S | and make comparison with and without PE and VD schemes. . k5]
I ) i i X - and 40s, respectively. o0
* Optimum PE time (tpc) e'md' vD time (t.d) were identified based | Revisiting of PE and VD schemes contributes 15.7% and 42.5% | §
on the key performance indicators i.e., SDWP and PR. rise in SDWP and PR, respectively. =
ES | 4 ] SG | 85 | 295 30 | 82 | NA | 055 | NA —
2
. . . e The th-cycle and tsw were opted 360s and 40s, respectively. =
e The study focused to investigate the tp. by operating evaporator . b
S| at relatively high temperature; consi:quently producing high * SDW.P and PR of the ADS drops as te fnereases 10-35s, due to | 9
. : ’ . .7 drop-in mass transfer rates, low production cycles. ?

& | cooling flux which was managed by increasing Teh-in~25 °C. ’

. o e Optimal tpe was reported 10s for 4-bed ADS having 22% By
e The impact on key performance indicators are analyzed by improvement in SDWP with 1.5 kWh/m® electrical ener E
varying the Tch-in, Thw-in and tpe. co rI: sumption ' gy 7
ption. =
M+Sim | 2 | SG | 95 | 30 30 | 958 | 058 | NA | N/A =
(@)}
e The study focused to investigate the PE scheme for mass | ® th-cycle, tpe and thr was set 600s, 30s, and 20s, respectively. =
o | recovery and communicate HXs of adsorption/desorption beds | ® In comparison with conventional 2-bed ADS, cumulative §
S| (depicting Master-Slave configuration described in section | improvement in SDWP was recorded 66% due to high | &
o 4.2.2), and HXs of evaporator, and condenser (depicting | evaporator temperature. 5
Evaporator-Condenser amalgamation via heat recovery loop | ¢ No cooling effect was reported due to high Tevap, responding Teh- ﬁg
described in the section 4.2.3) as a heat recovery schemes. out 27.5 °C to 33.5 °C. g
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From Table 4 it has been concluded that, the PE and VD schemes mounting the SDWP ~2 folds
as compared to the conventional ADS. The authors reported that, the PE time and (t,.) and
valve delay time (tvq) are the influential aspects of PE and VD schemes integrated ADS [93].
Fig. 16 presents the impact of t, on SDWP and PR. According to the Wang et al. [92] increase
in tpe responds to increase in SDWP and PR due to availability of more time to transfer moisture
from high pressure bed to low pressure bed. In addition, high pressure emphasizes the
hydrophilicity of adsorbent material thereby more water vapors will adsorb on the adsorbent
material. Contrastingly, El-Sharkawy et al. [93] analyzed that, an optimum time frame or point
for the opening of the PE where the performance of the ADS found maximum beyond this
point the SDWP and SCP dramatically decreases due to drop-in mass transfer rate. In addition,

it could be reason that, high t,. retards the number of desalination cycles completed per day.
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o o
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a N —
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&
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Fig. 16. Effect of pressure equalization (PE) time on SDWP and PR reproduce here form
[92,93].
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4.2.2 Master-Slave configuration

Master-Slave configuration refers to the heat recovery approach that has been
incorporated to capture the heating/cooling loads coming out from the desorber/adsorber beds
which has been previously dumped into the heating/cooling water baths, respectively. The
residential coolant circulating in HXs marginally losses its temperature when its passes through
the adsorber and desorber heat. The coolant can be potentially re-utilized during the antecedent

processes such as isosteric heating and isosteric cooling, respectively as show in Fig. 17 [94].

Warm water Hot water Cool water Cold water
outlet inlet outlet inlet
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)

‘e

e (o8 e
.L.):.(. :'.).’

()

X DY ROt Xt
DO O [QISICSISEHOMOSIO
Isosteric Heating Desorption Isosteric cooling Adsorption

Fig. 17. Adsorption and desorption bed heat utilization scheme.
However, in Master-Slave configuration two beds are operating in similar modes which

[ereY

has been differentiated into Master-adsorption bed and Slave-adsorption bed. The Master-
adsorption bed is the bed where the actual adsorption process takes place and after that isosteric
heating process executes whereas the Slave-adsorption bed is the bed where the non-actual
adsorption process takes place and after that actual adsorption process occurs. The retrofitting
between HXs of adsorber and desorber beds are imperative to implicate the Master-Slave
configuration. Fig. 18 shows the operational strategy of ADS employing the Master-Slave
scheme. For instance, during first cycle bed-1 and bed-4 performs desorption, thereby both
linked with each other and serve as Master and Slave beds, respectively. Whereas bed-2 and
bed-3 performs adsorption and correspondingly serve as Slave and Master bed. The outlet hot
water from the Master-desorption bed supplied to the Slave-desorption whereas the outlet water
from the Master-adsorption bed directed to Slave-adsorption. Prior to initiate the second cycle,
tsw has been provided in which the bed-1 and bed-3 was needed to pre-cool and pre-heat,

respectively. On the other hand, bed-2 and bed-4 previously serve as Slave mode switch to
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Master mode for adsorbing and desorbing more water vapors, respectively. Similar pattern will

follow-up for rest of cycles by changing the beds modes to get the high SDWP with minimum

energy consumption.

M S M S
o in o in o in o

I
SWi1
SW2
I
SW3
B

Hot water inlet for desorption [/ Warm water outlet/inlet for desorption

Cold water inlet for adsorption Cool water outlet/inlet for adsormtion
Slightly cool water Slightly warm water
Non-active bed configuration M = Master configuration

S = Slave configuration in = Inlet of heat exchanger

o = OQutlet of heat exchanger

Fig. 18. Operational strategy of ADS incorporating Master-Slave scheme.

Fig. 19 shows the pilot-scale experimental facilities and lab-scale prototypes working on
Master-Slave configuration. The cited studies experimentally investigate the Master-Slave

fashion as the heat recovery approach coupled with ADS [41,60] and ADCS [41]. A test rig
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has been developed having series connection for coolant circulation between HX’s of adsorber

and desorber beds [91,96]. Prominent findings regarding the cited studies are furnished in Table

- .‘-‘P

| Vapor pipe _ b

B | Pre-treatment tank

water tank  ju R

Valve 3

Condenser

Adsorber 1

! . A
. i
W Adsober2
/) <
i

Valve 1

Evaporator

vaporator

Recirculation

Fig. 19. Experimental facilities reported in literature working on Master-Slave configuration:
a) and b) NUS, Singapore [41,60], ¢) and d) The University of Edinburgh, Scotland, UK
[91,97].
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Table S
Summarization of the studies reported on ADS/ADCS working on the Heat and Mass Recovery Approach: Master-Slave configuration.

Rating conditions

Methodology 1\::;' d(;f Adsorbent Thw-in Te-in Tehein SDWP cop PR SCP
[°C] [°C] | [°C] [mton/d] | [-] [R-ton/ton]
__
Salient features of the work Findings and concluding remarks _
e It was determined that, for both 2-bed and 4-bed modes of ADS, §
=) ) ) ) ) the Thw-in should be higher > 70 °C, otherwise Slave-desorber | —
S| The cited study investigates Master-Slave configuration for bed will not operate able due to low Th-out. =
both 2-bed mode and 4-bed mode of ADS. i ) =
e High Thw-in shortens the tcycle, due to increase the water vapor =
e Impact of Thw-in On the tcycle Was analyzed. . : =
desorption rate and vice versa.
e The tye/tsw opted 10s/40s, respectively.
EStM+Sim | 4 | RD-SG | 6585 | 295 30 | 8 | NA [ NA | 516
® thcycle/tsw Was opted 960/40sec, respectively. —
e The cited study initially explores the ADCS with Master-Slave | ® Tch.in Was found sensitive to Tch-ou, SDWP and SCP. =
S| heat recovery scheme from the viewpoints of acquiring and | e Lower Ten-in (30-10°C) leads to produce lower Teh-out (25-7°C), =
& | improvising the cogeneration advantages. having lower SCP (51.60-23.05 R-ton/ton) and SDWP (8.0-3.56 | &
e In addition, numerical model was developed and validated it with | m?/ton/d) at Thw-in=85°C. :20
experimental outcomes. ® 41.25% increment in SDWP is recorded as compared to
conventional ADS [82].
ES | 2 | SG | 80 | 30 30 | 77 | NA | 06 | N/A
® theycle Opted 600s. _
e PR limit to 0.48 without Master-Slave scheme. =™
o | ® The motivation of the cited study was developing a compacted | ® 25% increment in PR was recorded with Master-Slave scheme. ;
§1 ADS in order to assess the different adsorbent material. e The scheme is suitable with high tn_cycle, thus leads to slight drop | g
e The study performs blank experimentation by not incorporating | in SDWP. -2
SG adsorbent in the system. e Approximately half of the total input energy was used by system | &
components (i.e., heating or cooling of metallic elements).
* 400g SG requires, 3770kJ energy for producing lkg of water.




e Peak heating demand was cut in half due to the Master-slave
scheme.

2019

ES 2 Siogel-SG 80 23.5

e The cited study experimentally computes the thermodynamic
cycle of the ADCS coupled with Master-Slave configuration.

e Impact of operational parameters on thermodynamic cycle was
explored and compared with ideal cycle.

e Cogenerating feature of ADCS were critically analyzed.

31.9 10.9 0.83 0.35 45.6

e Distorted/flatter shape of Thadgscycle Was observed in realistic
conditions, as shown in Fig. 20 (b).

® 41% increment in SDWP was recorded if Peyap=Pcond Which
could be obtained when Teyvap=~Tcond.

e For high grade cooling Tevap should be lower.

® 60% reduction in performance during cogeneration, thereby

concluded that SG not a suitable candidate for multipurpose.

Olkis et al. [97]
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The studies report 43.8% and 9.83% improvement in PR for both 2-bed and 4-bed ADS,
respectively [92,93]. Fig. 20 (a) presents the outlet temperature profiles of ADS employing
Master-Slave configuration. Fig. 20 (b) gives the P-T-X presentation of ADS employing the
imitation of Master-Slave scheme at assorted cycle times. The shorter cycle time bounds to
achieve the ideal saturation limit of adsorbent material. The distorted shape is merely due to
condensation of water vapors on adsorber vessel walls during isosteric heating (1-2) and again
adsorb on porous media during isosteric cooling (3-4) [97]. To conclude the section, Master-
Slave arrangement further added 18% increment in SDWP, and 9.8% in PR, and halves the
input heating load, as compared to PE and VD approach [91,93] and thereby, proven its
implementation as energy efficient heat recovery solution for both ADS and ADCS.
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Fig. 20. (a) Outlet temperature profiles of circulating/residential coolant based on Master-Slave
configuration reproduce here from [41], (b) P-T-X presentation of ADS employing Master-
Slave scheme [97].

4.2.3 Evaporator-Condenser amalgamation via heat recovery loop/ integrated vessel

From the perspectives of developing energy-efficient ADS, copious investigation was
conducted, considering the retrofitting in conventional ADS in a manner of integrating
evaporator and condenser (E-C). The motif was to capture the Ilatent heat of
evaporation/condensation or waste heat from respective chambers and directly utilize it to
uplifts the quantum of SDWP by decreasing/increasing, condenser/evaporator temperature,
respectively. In this regard, to ensure adequate heat transferring between E-C, two trails were
proposed, namely, (i) heat recovery loop (HRL) and (ii) encapsulated E-C vessel/device. The
employed retrofitting enables to: (i) retrieve regeneration heat for sea water evaporation, (ii)
increase evaporator temperature, which contributes more evaporation, (iii) create
pressurization effect which enhances adsorption process, (iv) drop condenser operating
temperature, which produces more condensate. Fig. 21 presents the pictorials of the
experimental facilities that were modified by integrating HRL between E-C and encapsulated
E-C device along with flow diagrams. The experimental [42] and numerical investigation
[53,98] were made by developing a piping circuit between E-C. The developed numerical

model accounts for the reverse adsorption/desorption problem, which mainly happens due to
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un-appropriate tsw and pressure swing. Consequently, water vapors condensed in evaporator.
Also, encapsulated E-C device was numerically investigated [99,100]. The salient features and

prominent findings are showcased in Table 6.
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Fig. 21. Experimental facilities and corresponding flow diagrams working on Evaporator-
Condenser amalgamation via heat recovery loop/ integrated vessels: (a) pictorial view of
ADS+HRL installed in NUS, Singapore [98], (b) flow diagram of the ADS+HRL system [53],
(c) pictorial view of integrated evaporator-vessel device installed in Tianjin University, China
[63], (d) flow diagram and conception of integrated evaporator-condenser device [100], and
(e) flow diagram of the ADS working on fused heat recovery schemes [98].
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Table 6
Summarization of the studies reported on ADS/ADCS working on the Heat and Mass Recovery Approach: Evaporator-Condenser amalgamation

via heat recovery loop/ integrated vessel.

T)(:d(;f Adsorbent Thw-in Te-in ‘
[°C] [’C]

Methodology

Salient features of the work ‘

Rating conditions

SCP

[R-ton/ton]
N/A

SDWP

[m>/ton/d] |
5.2-13.5
Findings and concluding remarks

(6(0)

[-]
N/A

PR

]

Tch-in
[°C]
N/A

e Due to HRL in ADS, negligent temperature difference was E
— | ® The cited was focused to develop a run-around circuit or heat | recorded between condenser outlet/inlet and evaporator | =
& | recovery loop (HRL) between evaporator and condenser. inlet/outlet, respectively, reflecting high quality insolation. }5;
e In addition, the effect of rating conditions on key performance | ® tncycle/tsw opted 600/40s, respectively. 2
parameters were explored and compared with conventional ADS. | ¢« HRL make ADS functional even at 50°C. In addition, the scheme a
improves the SDWP by two folds.
ES | 4 | A"SG | 8 | 30 NA | 15 | NA [0746 | NA
e Due to HRL, 2°C rise in Tevap (32°C) and 4°C drop in Teond (26°C)
was recorded which facilitate additional evaporation and
condensation, respectively. ~
e The cited study was focused to conduct the performance analysis | ® Operating pressure in ADS+HRL was found 3-7kPa. X
< | on ADS+HRL and compute the improvement in ideal | e~28% additional heat has been scavenged, from the condenser | =
& | thermodynamic cycle. which previously wasted consequently, ~1/5" times more vapors | ©
e Lowest possible Thw-in Was identified to operate the ADS+HRL | uptake by adsorbent. 2
and compared with conventional ADS. e ADS+HRL produce equivalent SDWP (4.7 m*/ton/d) on 50°C =
Thw-in, as reported by Wang et al. [130] on 85°C Thy-in.
¢ 50% reduction in ts (40s to 20s) were observed due to HRL
[82].
EStM+Sim | 2 | SG | 85 | 30 30 | 8 | NA [ NA | NA o
— . . .. | ®thcycle Opted 650s. =
=|* The cited st‘udy was 1ncorp0r‘ated the solar collector with eDue to HRL, Teg was increases from 15°C to 32°C, which g
Q| ADSHHRL in order to acquire the non-payable heat for ! . : <
. reflects more evaporation and pressurized adsorption, | =
adsorbent bed regeneration. <

consequently more SDWP.

I
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e The study also compared the ADS+HRL performance with
conventional ADS.

e The SDWP of ADS+HRL increases by two folds as compared to
conventional ADS

evaporator/condenser are configured.
e For mass recovery PE scheme was coupled in the ADS.

M+Sim | 2 [ A"SG | 8 | 30 NA | 26 | NA [o0710] NA
e Owing to vessels integration (E-C), 42°C Tevap Was recorded, | =
e The cited studies were narrowly targeted to mutually investigate | which incurred more evaporation and SDWP. =
e« | the compatibility of HRL and integrated evaporator-condenser | ® Operating pressure of the adsorption bed was found 9-12 kPa, | &
§ device in ADS. which earned 4% additional vapors uptake. ;
e The validated numerical models were developed to implicate the | ® thcycle/tsw drop to 300s/20s, respectively 5
effect of HRL and encapsulated evaporator-condenser device on | o Energy utilization was reduced to 1.38 kWh/m® with an overall | 2
performance of ADS. heat transfer coefficient of 2,300 W/m?*.K at the highest/lowest | F

Tree-in(85°C)/te-in(25°C), respectively.

EStM+Sim | 4 | A"SG | 70 | 276 NA | 10 NA [ 079 | NA
e The cited study was focused to develop an improved numerical :El},l-cyci/l:[sw opted 36,[06(2)87’ ;Sé?;;tgzeéy' divel =
model capable for simulating the reverse adsorption/desorption evap/ * cond WS NOLEC = /. > L, TESPECHVETY: . o,
~| process. e Present configuration omits the additional heatmg/coohng water =
& | o In addition, the effect of HRL and Master-Slave configuration ba‘tl‘w f or evaporator/condenser due fo equivalent energy }5;
were mutually investigated. utilization p rqﬁle. ) . 2
e The effect of rating conditions on the system key performance * Frequent heating and cooling fronts are requlrid at shorter th-cycle. | =

indicators were also analyzed. o Tl}e cycle found'capable to operaj[e low as 50 'C.
¢ High-grade cooling was not acquired due to high Teyap.

ES | 2 | AsG | 831 | 27 NA | 469 | NA | 076 | NA
e The cited study focused to evaluate falling film evaporator, | ¢ Due to HRL condensation heat captured effectively for seawater @
o | capable to perform evaporation (shell side) and condensation | evaporation. —
§ (tube side), jointly. ® thcycle 18 Opted as 900s out of which 90s and 30s are for heat and Tj
e For heat recovery adsorption/desorption beds and | mass recuperating, respectively. §

e Study found that, heat recovery scheme not directly improve the
SDWP, however, it is able to use the input energy efficiently.
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Fig. 22 gives a comparison of temperature-time profiles among the conventional ADS,
integrated E-C device and ADS+HRL reproduce here in order to analyze the increment in
drop down of Tevap and Teond. The solid and dotted line indicate the Tevap and Teond,
respectively. From the Fig. 22 it has been realized that, the Tevap of conventional ADS drop
by 2-3 °C during each successive cycle due to the cool down of the circulating Teh-in. Overall,
the Tevap and Teond ranges between 15-30 °C and 30-34 °C, respectively in case of ADS having
no heat recovery scheme [101]. The HRL between E-C and integrated E-C schemes increases
the Tevap even up to 45°C, based on the numerical modeling, however the experimental
validation was recorded around 30 to 35 °C . [101][63]. The increase in Tevap produces
maximum water vapor mass with high evaporation rate, consequently, magnifies the SDWP.
On the other hand, the Tcond recorded even up to 48 °C which could not be beneficial in sense
of capturing less latent heat of condensation [99]. If compared between integrated E-C and
HRL scheme it has been realized that former scheme is more efficient because of onsite
utilization of condensation heat for evaporation. However, in case of HRL well insolation
will potentially utilized to capture the maximum heat of condensation due to significant

losses in the piping network.
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Fig. 22. Temperature-time profiles of evaporator and condenser in response of employing:
heat recovery circuit, and integrated evaporator condenser device. The data has been
reproduced here from cited reference [63,99—101] for comparison.
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Fig. 23 illustrates thermodynamic adsorption cycle comparison between conventional and
advance ADS employing E-C integration schemes, i.e., (top) HRL and (bottom) E-C device.
From Fig. 23. it can be observed that the retrofitting dramatically improves the SDWP. It was
merely due to increase in Tevap Which consequently uplifts the Pags. Overall, 33%/18.23%
increment in SDWP/PR was recorded [42] in advance ADS assisted with HRL than
conventional ADS employing Master-Slave scheme [60]. In comparison, a quantum jump in
SDWP was attained by the integral E-C vessel/device. Fig. 23 (bottom) shows the significant
improvement in saturation limit of adsorbent material employed in ADS equipped with E-C
device. Approximately 1.3°C temperature difference was recorded between condenser-
evaporator, which depicts more heat harvesting from condenser for seawater evaporation
[99,100]. As a result, 42% rise in SDWP was measured as compared to HRL assisted ADS.
However, it is highlighted here that, integration of evaporator and condenser is not suitable
for acquiring multi-benefits due to high evaporator temperature. For high-grade cooling the
Tevap should be higher than the Tcond Which is not possible in such scheme. Therefore, the
proposed scheme give quantum jump to SDWP with zero cooling effect. However, the
integration proves to be energy efficient and allows the ADS to operate even at 50°C Treg-in

which hitherto not possible for conventional ADS.
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Fig. 23. Thermodynamic adsorption cycle comparison of conventional ADS with advance ADS

employed (top) heat recovery loop, and (bottom) integrated evaporator condenser device

[42,100].
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4.2.4 Dual stage, multi evaporators/ condensers scheme

Apart from integrating evaporator-condenser trails, dual-stage, multi evaporators/
condensers were also widely investigated as an alternative approach with the viewpoints of
lowering the driving source temperature and acquiring substantial quantum of associated
benefits. A collection of studies of types instrumentation [102], experimentation [58,103,104],
and thermodynamic modeling [105,106] are made for air-driven dual-stage ADCS. The
configuration was enforcing dual adsorption by connecting the stage-1 and stage-2 adsorber
beds in a manner of compelling the desorb water vapors from stage-1 beds to again adsorb on
stage-2 beds. The plenum was interlocked between the active stages; also prior to condenser
for preventing any pressure fluctuations which could be emerge due to differential adsorption
and desorption kinetics among the different stages. The schematic illustration and pictorial
view of experimental facility is presented in Table 7. The core objectives of the studies were:
(1) determination of optimum inter-stage pressure (Pinis) [105] (reported as a crucial entity in
two-stage configuration which is the difference between the operating pressures of stage-2 and
stage-1 adsorbers), (ii) comparison study among single-stage and dual-stage configuration
supporting with the impediments of single-stage [103], (iii) performance investigation on 2/ 3-
bed mode [104], and estimate the lowest possible driving source temperature that could be
efficient for air-driven ADCS [58]. Regarding, single-stage impediments, it was identified that
air-driven desalination facility is inevitable due to thermal inventories and reverse flow
problem of adsorb/desorb vapors [104,107]. Longer switching period could be the solution
[103]; however it was found inevitable due to necessitate of additional driving heat and faster
switching kinetics in comparison with adsorption/desorption processes [108,109]. Thereby,
dual-stage configuration was proposed as pragmatic solution to address the underlined
problem, especially for air-cooled ADCS. Similarly, dual-stage ADCS [110] was investigated
which was embedded with both trails of evaporator-condenser amalgamation. Prominent
findings are showcased in Table 7. Fig. 24 presents the relevant dual stage, multi evaporators/

condensers schemes reported in the literature.
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Pictorial snap of dual stage air-driven ADCS, Mitra et al. 2015 Flow diagram of dual stage ADCS, Mitra et al. 2014
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Fig. 24. Pictorial snaps and flow diagrams of dual stage multi evaporators/ condensers
scheme reported in the literature.
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Governing wide research on adsorption science, it was identified that desorption process
owns faster kinetics as compared to adsorption [111,112]. In addition, low pressure adsorption
left unsaturation in adsorbent material, affecting the overall system productivity [113].
Therefore, it was the intended need to introduce an intelligent configuration. With this mind
set, cited study formulate additional adsorption period functional at HP evaporator [114].
Similarly publications relevant to pressurized adsorption conception were also available
[113,115]. In addition, longer adsorption period was assigned, comparative to desorption
period; to accomplish the sorbent equilibrium capacity [115]. The configuration confers
improvement in SCP and SDWP by 26% and 45%, respectively as compared to conventional
ADCS [30,41,116]. The numerical investigation on combined physical/ chemical sorption
mechanism were also investigated by employing SG and CuSOs, respectively [117]. The SG
beds communicated with both LP and HP evaporators while CuSOs solely interlock with HP
evaporator. Configuration improvised SCP and SDWP up to 55% and 56%, respectively [117].
The cited study [118], extend the findings of integrated E-C device [99,100] and multi-stage
configuration by employing water driven HX’s which was ignored in previous investigation
[103—105]. Contrary to prior works, two different brine feeding mechanisms for evaporator
(i.e., (i) perforated plate and (ii) tray embedded with spray nozzles) were investigated. Study
recommended the assembling of pressurized spray nozzles due to production of fine droplets
which degrade heat resistance and promote mist specific surface area; in turn rapid evaporation
in shorter residency period [68,119-121]. Fig. 25 shows the progressive modification in

Diihring’s diagram in response of various configuration, evident from the cited literature.
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Table 7
Summarization of the studies reported on ADS/ADCS working on the Heat and Mass Recovery Approach: Mdual-stage, multi evaporators/
condensers.

2014

No. of

beds Adsorbent

Tc-in
[°C]

Treg-in

[°C]

Methodology

Salient features of the work

e The cited study conducted numerical simulation in order to
evaluate the efficacy of the dual stage adsorber bed
configuration.

e In addition, the effect of inter stage pressure (Pint.s) was analyzed
and identify its optimum range.

e Furthermore, the effect of teye for air-cooled ADCS were
evaluated from the perspectives of obtaining maximum
throughput.

Rating conditions

SDWP
[m?/ton/d]

cop
[-]

PR
[-]

SCP
[R-ton/ton]

Tch-in
[°C]

Findings and concluding remarks

e Optimum Piye.s might be in between 4-5kPa.

e Beyond the optimum of Pints, 30% reduction in SDWP, and 20%
reduction in COP could be confronted.

® theyele and tew opted 300s for simplifying the complexities in
respective valve operation.

e Longer tsw closer the beds to requisite regeneration and
adsorption temperatures.

R~
|
__MiSim | 8 | RDSG | 85 | 30 | NA_ | 094 | 016 | NA | 73

Mitra et al. [105]

2015

EStM+Sim | 4 [ RD-SG | 8 | 41

NA | NA | 018 | | 400%*

e The study proposed dual stage air-driven ADCS owing to address
backflow of water vapors in single-stage air driven ADCS which
reflects abrupt rise/drop of bed pressure on communicating with
condenser/evaporator, respectively due to inappropriate tsw.

e In addition, different switching time were investigated to address
the backflow problem.

e Longer ts (600s) could address the backflow problem;
however, it confers shorter sorption time and quantum drop of
SDWP cycles per day.

e In dual-stage, the backflow phenomenon resolves due to Pines
and dual adsorption (LP-stage-1 and HP-stage-2) process.

e The tsw decreases with the increase in Peyap.

e Maximum COP was recorded 0.25 at th-cycle of 1800 s, while tew
of 100 s.

Mitra et al. [103]

2015

ES | 6 | RDSG | 8 | 4

| 068 | 0235 | NA | 670%*

e The study conducts an experimental investigation on air cooled
dual stage multi-evaporator configuration of ADCS.
e In addition, designing pros and cons and constructional elements

were described in-depth.

® thcycle/tsw was deliberated 1800/200s.
e For stage-1 and stage2, P.das/Paes were recorded 1/3kPa and
3/6.7kPa, respectively causes water vapors reflux due to small

tsw.

Mitra et al.




e Experimentally analyze the impact of influential parameters on
the overall system productivity.

e 3-bed mode configure ~50% more specific throughputs
comparative to 2-bed mode.
e High Peyvap (1.7kPa) confers additional seawater evaporation.

M+Sim | 4 | RDSG | 8 | 4

24 | 09 | 024 | NA | 8.8

e Adapted from linear extrapolation, it was reported that, for air-

consumption was estimated for SDWP
and SCP, respectively.

¢ 0.169 US$/m* and 0.021 US$/R-ton/d
cost is estimated for SDWP and SCP,

respectively.

e 1.06 kW/m? and 0.0055 kW/R-ton energy
consumption was estimated for SDWP
and SCP, respectively.

consumption was estimated for SDWP
and SCP, respectively.

¢ 0.136 US$/m* and 0.0 US$/R-ton/d cost
is estimated for SDWP and SCP,
respectively.

cooled ADCS, nadir Thw-in could be range between 46-52°C, g
~ | ® The cited work determined the realistic minimum Thw-in in order dep §nd1ng upon the Tetin (24-11.5°C). oo =
= drive dual stage air cooled ADCS. * Optimum thcycle found 1800 s when Thw-in = 85 °C, however | =
S to . £ : . ) ) mounted to 3000 s as the Thw-in drop 65 °C. o

e In addition, the effect of rating conditions and influence of inter- . . i . s
stage pressure on the key performance indicators were analyzed. | © High Ten-in compels high Pevay, governing more adsorption, and | 2
" | low-pressure drift (Pcond-Pevap), props system throughput. =

e Owing to degrading the Thw-in, Steer to an increase in optimum

th-cycle, T€Sponse lowering the system-specific outcomes.
M+Sim | 4 | AQSOA-Z02 | 8 | 30 NA | 154 | NA | NA | 46.6
e The cited work investigates dual stage configuration for communicating the ADS with integrated E-C device. The difference in the
operating modes and relevant findings are given below:
Mode A Mode B Mode C |

e Ceased chilled water circulation in | e Unceased chilled water circulation in | ® Ceased chilled water circulation in
integrated E-C device. integrated E-C device, implicated with | integrated E-C device, implicated with | S
® Tevap/Teond achieves 10/23°C, having net | HRL. HRL. =
o | fractional uptake 0.18kg/kgaqsoa-zo2. ® Tevap/Teond achieves 10/15°C, having net | ® Tevap/Tcona achieves 3/9°C, having net | =
§ e Maximal SDWP and SCP observed, 6.64 | fractional uptake 0.250kg/kgaqsoa-zo2. fractional uptake 0.259kg/kgaqsoa-zo2. E
m?/ton/d and 46.6 R-ton/ton, | ¢ Maximal SDWP and SCP observed, 12.4 | ¢ Maximal SDWP and SCP observed, 154 | &
respectively. m’/ton/d and 32.4 R-ton/ton, | m?/ton/d and 0.0 R-ton/ton, respectively. %
e 1.17 kW/m® and 0.0061 kW/R-t energy | respectively. ¢ 0.94 kW/m’> and 0.0 kW/R-ton energy | »~
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¢ 0.154 US$/m* and 0.018 USS$/R-ton/d
cost is estimated for SDWP and SCP,
respectively.
M+Sim | 3 | A"SG | 85 30 125/173 | 65 | 084 | 067 | 592%*
e 2/3 of tcyele allocate for adsorption (1/3™ for LP,gs and 1/3™ for _
) ) ) i HP.g4s) and rest for desorption. =,
e The cited study investigated 3-beds employment with two | | teyete/tew Opted 780/40s —
. cycle/ lsw . X
= | cvaporators operating at HP (2-3 kPa) and LP (0.6-1.2 kPa) | | .p " " (01 pp eoorded 7.5/17.3 °C having capability |
| following merry-go-round operational scheme. After LPeyap P P . =
adsorption the bed switch to HPevp in order to completely top roduge 7'1/1(? S kW 09011qg, esp ecﬂvely' =
saturate the adsorbent material. e HP.qs uplits ~44% saturation limit of A"™"SG.LO09 =
e Promotes high Tevap, Which steer more seawater evaporation and
thereby pressurized adsorption.
. AQSOA-
M+Sim 4 7004+SG 85 30 14.8 15.76 0.53 0.52 47.8
e Stage-1 mutually produce, however low SDWP and high SCP,
. . due to employment AQSOA-ZO2 while in stage-2 only | &
* The cited work proposed dual stage ADCS, comprising of two desalinated water produce due housing of SG entail with HRL. | =
2| AQSOA-Z02-based adsorber beds for stage-1 and two SG-based e theyete for stage-1/2 were opted 400/300s =
S . . -cycle - .
o ?S:;;Egi:g}ds for stage 2 interconnected with LPevqp and HPevp, ® Tevap and Pevap of stage-1 was recorded 9°C and 1kPa; respond ES
e In addition, HRL between HP.vap and condenser were installed to 21112{160221(211;‘3 fncslue to high hydrophilic drift of AQSOA-Z02 at | <
upscale the evaporation rate in stage-2 e Due to HRL, Tevap/Tcond reach 33.5/24°C, responded more
evaporation and condensation in respective vessels.
5 M+Sim | 4 | SG | 8 | 30 30 | 801 | 087 | 055 | 66.88 <
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e The study focused to evaluate the effect of longer adsorption time
and shorter desorption time for the multi-bed, dual evaporator
configuration in which evaporator operating at HP and LP,
respectively. The HPevap merely responsible for desalination
while LPeyap produce high grade cooling.

e Authors reported that, due to faster desorption kinetics and
slower adsorption kinetics assigning equal periods for both
processes are not justifiable.

e For both HPeysp and LPevap adsorption period of 1240 s are
adequate, half for each while for desorption period 440 s found
optimum.

® HP.yap and LPeyap capable to produce high-grade and low-grade
cooling having Tch-out of 18-20 °C and 8-11 °C, respectively.

e Configuration ensures 45% additional SDWP comparative to
conventional ADS.

RD-

SG+CuSOq4 e

M+Sim 3 25

0.67 450**

N/A

25 12

® HPevap/LPevap Operated at 2.25/1 kPa, respectively.

on the performance of the ADS were explored corresponding to
varying the rating conditions.

e 30g/80g water vapor mass were adsorbed by RD-SG at | &
o LPevap/HPevap, reSpeCthely. :
S |  The cited work contributed in a manner of integrating physical | ¢ From this configuration the SDWP, SCP and COP were | =
o sorption (RD-SG) and chemical sorption (CuSOs) processes for | manifested by 56%, 55% and 25%, respectively. §
emphasizing the overall ADS productivity. e Higher Thw-in contribute more SDWP and SCP with minute drop | <
in COP.
e Configuration allow to drive the ADCS even at 55°C with
SDWP of 8m*/ton/d and SCP of 420R-ton/ton
ES | 2 | N10sG | 75 | 20 20 | 676 | NA | NNA | 3705
. . e Authors reported that, automizer assisted AD evaporator
e The cited study focused to evaluate the effegtlveness of the capable to produce 14% to 25% more SDWP and 12% to 30% | =
perforated plates and spray nozzles as brine feeding mechanisms o . .. . N 2
additional SCP which uprising the recovery ratio >83%. 2,
o | for the AD evaporator. . . . . —
= o . . e In addition, optimal th-cycle decreases by 50 s due to incorporating | =
o | ® In addition, the study analyzed the thermophysical properties of ©
Q .7 . g spray nozzles. o
the N10-SG and determine its adsorption equilibrium profiles. o Hich Tor mountine the evaporator pressure which accentuate | S
e Furthermore, effect of the brine salinity and operating pressures g1 ehin g P P =

the adsorption kinetics and upsurge the evaporation rate.
e The quality of produce water is comparable with deionized
water.
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M+Sim | 8 | SG | 8 | 25

| 25 | 96 | 076 | NA | 49

e The cited work numerically analyzed the potential of the double-
stage multi-bed, dual-evaporator with integrated E-C device.

e The low-pressure evaporator (LPevap) and high-pressure
evaporator (HPevap) were installed to produce high grade cooling
and maximize SDWP, respectively while integrated E-C device
for capturing the latent heat of condensation.

e In addition, the study focused to evaluate the optimal cycle time
for HP adsorption (trpadgs) and LP adsorption (tup ads).

2020

e For first stage, the temperature for HPeyap/LPevap Was recorded
20/10°C, responsible for low/high grade cooling, respectively.

e Temperature regime of integrated E-C device was observed
between 25-31°C, which configure faster evaporation.

e tLpads and tupads were allotted 660s each, while tsw was 40s.

e Longer trpads conducive for high-grade cooling due to extension
of evaporation period, whilst reduce the hydrophilic gradient
against HPags; thereby respond low-grade cooling from HPeyap.

e High/Low Tchin/Tcona for HX of HPevap/condenser were
recommended to acquire maximum throughput, respectively.

Naeimi et al. [118]

Note:- **W/kg
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Fig. 25. Diihring diagrams acquired in response of progressive modification in ADCS. Here
(a) and (b) are the cyclic response of air-driven ADCS with longer and shorter switching
periods, respectively [103,105]. From (a) It was identified that longer switching period
lowering/increasing evaporator/condenser operating pressure, accordingly which respond
significant drop of SDWP and SCP. Whereas (b) highlights that shorter or optimum switching
period allow the dual-stage configuration to operate at pre-designed operating pressures. (c),
(d) and (e) depicts the impact of introducing HP evaporator which results instant pressurized
adsorption and instant depressurized desorption, hence approximately double the fractional
uptake of the same sorbent material [114,115,117].

Recently, few advance strategies were reported focusing on adsorbent porosity

distribution [122], along with heat transferring kinetics, and geometry of embedded fined tube

heat exchangers [123,124]. Proper fin spacing is crucial parameter and found sensitive to

porosity distribution [122]. Having the fin size of Smm and D3-F shaped porosity distribution,
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determine 16.2% improvement in combined system performance. In addition, fork-row
placement of fined tube heat exchangers in adsorber bed was recommended as compared to in-
line placement [123]. Moreover, 6mm fin diameter assure high thermal conductivity which
entail higher uptake. Similarly, retarding fin diameter (18.0mm-8.0mm), fin height (17.5mm-
5.0mm), and fin spacing (11.6mm-3.6mm) uplifts the overall system productivity [124]. To
conclude the section, it has been realized that, so far no optimistic heat exchanger has been
designed/investigated for the ADS that ensue the minimal heat and mass transfer resistance. In
addition, thickness of the adsorbent coating on the HXs are yet to be investigated in order to
saturate and utilized the maximum number of pores spaces available for capturing the water

Vvapors.

4.3 Hybridization Approaches

The Hybridization Approach refers to integrating the ADS/ADCS with commercialized
and non-commercialized desalination technologies from the perspective of confronting the
engineering shortcomings in both categories. So far, multi-effect desalination (MED), multi-
stage flash (MSF), and reverse osmosis (RO) desalination technologies are highly permeated
in the water markets. However, these technologies are equipped with environmental, and
system level discrepancies; prominently low recovery ratio, and massive thermal and electrical
energy consumption that need to be addressed at the best time. Otherwise, dramatic
consequences happen which not even suffer the environment but also become problematic for
the aquatic life. Owing to the waste-heat driven feature of ADS/ADCS, multiple
commercialized and non-commercialized desalination facilities could be hybridized
simultaneously with ADS/ADCS. In response, several studies are reported in the literature that
integrates the ADS/ADCS with the commercialized desalination technologies which include
MED+AD or MEDAD, RO+AD, and MEDAD+RO, etc. On the other hand, few studies
relevant to the integration of the ADS/ADCS are also reported. For instance, integration of
mechanical vapor compressor, and hybridization with humidification-dehumidification
desalination cycle with ADS/ADCS are reported in extent. Another approach that is also viable
to discuss in this section is termed as the integration of the ejectors (EJ) with ADS/ADCS. In
the subsequent subsections, former hybridization approaches are discussed and compared

based on their key performance indicators.
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4.3.1 Integration with commercialized desalination systems

As formerly indicate that, the hybridization schemes proposed as a remedy to confront
the drawbacks of commercialized desalination systems owing to develop an energy efficient
seawater desalinator that produces high yield. The integration of the MSF desalination with
ADS could possible. However few studies reported that the employment of the MSF system
for desalination purpose is thermally, environmentally, and economically un-sustainable [125—
129]. Therefore, no trace of such configuration was identified during literature survey. Fig. 26
gives the pictorial views of the experimental facilities and flow diagrams of MED and RO
desalination system that were integrated with the ADS [130-134]. In MEDAD hybridization
approach, the lower brine temperature (LBT) effect/stage communicated with the AD
evaporator [125]. Due to hydrophilicity of the adsorbent material a cooling effect produces in
the AD evaporator, which conveyed to the entire train of MED evaporators [127].
Consequently, noticeable drop in MED effects/stages operating temperature was identified
which allow to interlock more evaporation stages/effects in MEDAD as presented in Fig. 27
[135,136]. Table 8 presents the findings and conclusions of the relevant studies that investigate
the MEDAD configuration entail with HRL between AD condenser and TBT effect, both

experimentally and thermodynamically.
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Fig. 26. Pictorial views and flow diagrams relevant to integration of the commercialized
desalination technologies with ADS [130-134].

Similar to MEDAD, numerical studies were reported in the literature relevant to RO module
hybridization with both ADS and MEDAD system, respectively. The RO module consumes
massive electrically energy to create high pressure on one side of the membrane. Consequently,
pressurized brine produced which was directed to TBT effect/stage of MEDAD system where
latent heat of condensation captured from the AD condenser utilized to produce water vapors
[133]. In some cases, a pressure exchanging module/device has been used to transmit the
energy to the AD evaporator [134]. The flow diagrams of RO integration with the ADS and
MEDAD is presented in Fig. 26. Table 8 presents the summary of relevant studies that
theoretically analyzed the RO+MEDAD and RO+ADS.
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Table 8

No. of

Summarization of the studies reported on ADS/ADCS working on the Hybridization Approach: Commercialized desalination systems.
Operating conditions

Methodology effects/ be.d(;f Treg TBT | LBT Adsorbent GOR WPR PR
stages °C [-] [ke/s] [-] |
~ MiSim | 8§ | 4 | 6590 0.346
Salient features of the work Findings and concluding remarks _
. . : MEDAD st found functional below 30°C. &
e The cited work numerical investigate the MEDAD system ° S1ages wore “OURC funcliona® even below =
n . s e The cooling impact due to adsorption, propagated to all stages, | —
22| from the perspectives of operating the MED system beyond L . i —
S| . . e resulting in lowering the evaporation temperature. =
Q| its thermodynamic restriction. . . 5
i, . . e 12-18 additional stages/effects could be connectable with the MED
e In addition, the study incorporates 8 MED effects with the o . 2
! . . due to establishing low pressure by ADS in the last effect. =
ADS and explore desalinated water production potential : ) o
corresponding to different rating conditions e The integration approach could revitalize the MED system,
P £ ' significantly increase the WPR and minimize the desalination cost.
M+Sim | 8 | N/A | N/A | 65 5 | A'SG | NA | 008 | 7.3 =
e The MEDAD system reduce the LBT up to 5 °C as compared to 40 | &
e The cited work reported another simulation-based study on | °C in MED system. =
X | MEDAD system that provide insights on the primary energy | ¢ Interstage-temperature difference in MEDAD was recorded 2-3°C g
S| used. as compared to 1 °C in MED system. 9
eIn addition, the study identifies the operatable | ® The WPR of MEDAD system manifested by 3 folds at the same | X
thermodynamic boundary for the LBT. TBT if compared to standalone MED system. %
e The maximum payable energy was reported 28 kWh.
M+Sim | 12 | 4 | 85 | 90 982 | A"'sG | 88 | 08 | 9.19
e In conventional MED system, additional 4 stages surely integrate | I
e The cited work published a numerical analysis that explored | able that operating below 20°C. S
X | the viability and impact of using various MED effects or | ¢ Additionally, there is a room to recover the condensation heat, re- =
& | phases in conjunction with the ADS. utilize in intermediate stages and interlock additional stages, for | o
e The performance was analyzed based on the transient | decreasing the LBT (up to 5°C). =
response of MED effect temperatures, WPR and GOR. e 40% improvement in GOR and 122% in WPR could be achievable | &
with MEDAD configuration using 12 MED effects/stages.
b ES | 3 | 3 | 55-85 | 38 30 | A'SG | NA | 0033 | N/A n
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e The cited work experimentally analyzed the MEDAD
configuration at assorted primary heat source (15 to 70 °C).

e In addition, freshwater production potential was determined
and compared with the standalone MED system.

e Due to hydrophilicity of the adsorbent material the operating
temperature of the MED effects/stages decreases by 3 °C to 4 °C.

e WPR boosted by 2.5 to 3 folds in relation to MED system.

e The primary energy was recorded 14.5 kWh/m® that can be
comparable with RO plants.

e The MEDAD configuration can be stretchable even up to 18 effects
having WPR of 0.0945 kg/s with LBT of 8 °C, vis-a-vis to 10
effects/stages for MED system with LBT of 40 °C.

MtSim | 7 | 4 | 85 | <35

8 | A"SG | 51 | 041 | 6.3

e All the MED effects operated below 35 °C with an average

major portion from latent heat of condensation.

e The cited aimed to further improvised the performance of the | temperature difference range between 5 °C to 10 °C. In LBT effect | =

MEDAD by developing HRL between TBT effect/stage to | the temperature was recorded 8 °C. E

2| the AD condenser. The capture heat during the condensation | e The MED effects/stages were driven with condensation heat, ~=

& | process was utilized to operate the effects/stages from 1% to | resulting in an oscillating cyclic pattern of WPR. =

last. No additional heat was supplied to the effects. e Higher Twg and shorter sorption time increase the MEDAD | 2

e In addition, the study developed an ideal close cycle (P-T-w) | throughput capacity. =
diagram for MEDAD system. e For each set of Thw-in, Optimum th-cycte and number of MEDAD

stages varies and need to be selected intelligently from Ref [60].

EStM+Sim | 4 | 4 | 60 | 494 190 | A"SG | NA | 0.1157 | 60* _

e The cited work perform experimentation on solar-driven | ¢ WPR boomed; 3-5 folds due to engaging flash evaporation. &

o | MEDAD system using red seawater. e Only 0.68kW payable energy has been consumed by MEDAD, | =

§ e In addition, thermodynamic model was developed that | whereas non-payable energy has been scavenged from ambient via 73

incorporate the film-boiling evaporative model and flash | solar thermal system. o

evaporation mechanism which were not investigated in | e 44% and 56% evaporation produce from thermal heating and flash | 3

previous synergetic models. phenomenon, respectively.

M+Sim | 4 | 2 | 85 | 35 <10 | sG | NA [ 0025 | N/A B

. . . <

~ | ® The cited work integrates the commercialized RO * AE90 membrane ha.s been equipped in RO module havmg 30% S

— L i . : recovery ratio, emitting 50,000 ppm retentate which later directed | <

S desahna‘uqn system Wlth MEDAD l?y developlr}g a nqmerlcal to 1% offect. E

model'for investigating the feasibility and provide insights on e The effect has been driving with 35°C heat source, recovered its |

its various influential aspects. n

D
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e Inter-stage temperature difference noticed 5-6°C.

e the MED effects/stages operated below 28 °C. with LBT of 12 °C.

e The average WPR from MEDAD recorded 0.025 kg/s whereas RO
module produced 0.0142 kg/s.

e Overall, the tri-synergetic approach proves 81% water recovery,
consuming 1.76 kWhejec/m®,

M+Sim | 7 | 2 | 85 | 642

489 | A"SG | 16 | 11045 | N/A

e 82% of total supplied energy, destructed by MED, whereas RO and
AD contributes 3% and 15% share, respectively.

e In addition, the study explores the economic feasibility of the
proposed configuration.

% | o In cited work, authors, optimize WPR, water cost (Cyw) and | ¢ Thermal desalination necessitates precise system insulation and §
& | energy destruction (de) of tri-hybrid system (MEDAD+RO) | specialized HX material, for least energy destruction during heat | =
using genetic algorithms. transfer.
e WPR, Cy, and d. were optimized to 176.4 kg/s, 0.88 $/m* and 7494
kW by manipulating specific parameters mention in Ref. [136].
M+ | NR | 2 ] 85 | NR NR RD-SG | NA | 277.84 | N/A
e AD evaporator found insensitive to fed high saline concentrations.
e The cited work explores RO+ADS configuration from the * E(i)glrln‘féﬁ}l):ramre and saline concentration put adverse impact of
g perspectives of re-capturing the P ressurized energy and e Configuration capable to produce 24,000 m*/day low grade water §
& | improvised the overall recovery ratio. -

and 6 m>/ton/d high grade potable water adjacent with 75 R-ton/ton
cooling potential.

e Minimum energy required for receiving mentioned attributes were
stated 0.8 kWh/m’.

*Universal performance ratio defined in the cited work [138—140], NR~Not required, N/A~Not Available
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Fig. 27 (left) presents the generalized conception of the MED integration with ADS and
highlight the relevant benefits. The MEDAD configuration found operational even below
ambient temperature (5 °C), however experimentally validated up to 8 °C [137]. The study
recommends the interconnection of 12 additional effect/stages which gearing 90%
improvement in WPR [127]. Furthermore, heat recovery loop between ADS condenser and 1*
effect of MED were put noteworthy improvement in GOR, PR and WPR [137,141]. Fig. 27
(right) presents the P-T-w diagram of the MEDAD configuration which employing the seven
MED effects/stages. It can be realized that, with seven stage/effect MEDAD, the LBT reached
upto 10 °C having 100% saturation. On the other hand, RO+MEDAD configuration was

reported as promising solution which pushing the recovery ratio to higher levels ~81% [133].

10 45% 35% 25% 20%18% 14% 12% 10%
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vapor phase @7 P i
por p \_\00:\// §E 6%
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Fig. 27. Generalized conception of MEDAD configuration (left) and P-T-X diagram of 5-stage
and 7-stage MEDAD system (right). From the P-T-X diagram it has been observed that all the
stages/effects are operating closer to saturation limit of adsorbent material [135,142].

4.3.2 Integration with non-commercialized desalination technologies

From literature review various studies were identified and explored which mainly
integrates the non-commercialized desalination systems with ADS/ADCS. The motivation of
such studies was to increase the performance and improvised the system productivity in a sense
of manufacturing a sustainable, highly productive, and energy efficient, desalination
technology. In this context, few studies are cited and discussed in the section for the

completeness.

Askalany et al. [143] reported a novel configuration for adsorption cycle that integrates
the mechanical vapor compressor (MVC) with the conventional ADS (MVC+ADS). The ideal

communication locality for the compressor was proposed between the condenser and
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desorption bed as shown in Fig. 28 (a). If compared to conventional ADS, the MVC+ADS
completes one desalination cycle in six phases as shown in Fig. 28 (b). The six-phase
operational scheme allows the MVC+ADS to increase the adsorption capacity of the adsorbent
material and provided ease for phase transition of the desorbed water molecules in the
condenser via mounting the saturation pressure and temperature during compression [ 143]. Fig.
28 ¢) gives the P-T-w of the MVC+ADS in comparison with conventional ADS. One can
identified that, the configuration significantly drops the Pcond and increase the adsorption
capacity upto few folds.
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Fig. 28. a) Flow diagram of the MVC+ADS, b) operating scheme of the MVC+ADS, and c)
P-T-w diagram of the MVC+ADS in comparison to conventional ADS [143].

Similarly, several studies reported ejectors (EJ) integration with the conventional AD cycle
from the viewpoints of achieving maximum increasing the desalinated water production rate.
Generally, the ejectors contain two inlet nozzles: (i) primary nozzle, (ii) secondary nozzle and
one outlet nozzle [144]. The primary nozzle is connected with the pressurized compartment
which is the desorption bed in case of ADS, and secondary nozzle connected with evaporation.
In response of pressurized flow from the desorption bed, a vacuum or pressure drift is created
in the secondary nozzle, consequently, additional water vapors are scavenged from the
evaporator. The outlet of ejector is than connected to the condenser which produces condensate
to acquire the freshwater [145] Fig. 29 presents the different arrangements of both single and
double stage entail with single and multiple ejectors. One can find the additional details and
performance of EJ integration with adsorption cooling system and refrigeration cycles from the
cited references [146—149]. Table 9 contains the salient features of relevant work entail with

their findings and conclusions.
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Schematic of ADS+EJ

Schematic of EJ pressure profile

Suction  Midng Constant-Area
Chamber Section Section
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P=2.25Ta
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Fig. 29. Different arrangements of ejector integration with ADS reported in literature

[143,145,150]
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Table 9

Summarization of the studies reported on ADS/ADCS working on the Hybridization Approach: Non-commercialized desalination systems.
Operating conditions

Methodology 1\:)0' dOf Adsorbent Th -in Tc -in \ Tch -in SDWP cop PR SCP 3
ees | m*/ton/d | | Wike |
——mm—

Salient features of the work Findings and concluding remarks ‘ —
e The cited work proposed and investigates MVC+ADS as a | e In comparison to a standalone AD system, MVC synergy allowed E
trial for increasing the freshwater productivity. more desalination cycles per day entail with high operational =
Z | eIn addition, an ideal thermodyanmic response of the | adsorption capacity. 5
&| MVC+ADS was analyzed and compared with the P-T-w | e In MVC+ADS cycle the operating pressure of condenser was found | 2
diagram of the convetional ADS. 4 kPa significantly lower from the Pcond of conventional ADS. =
e In addition, the impact of rating condtions on the key | e Similar increasing pattern of SDWP, COP and SCP were noticed, | &
performance indicators were computed based on developing | with slightly higher pace, corresponding to varying Thw-in, as <

numerical model. observed in conventional ADS.
M+Sim | 2 | SG | 95 | NA 25 | 25%40° | 0.78Y1.1" | NA | N/A =
* The citeci study first time p rcip osed and analyzed the novel | | Average ER and CR were acquired 0.5 and 1.42, respectively. E
= ADSFEF and ADS+EJ+*HRL". . e Optimum entrainment pressure for ADS+EJ and ADS+EJ+HRL =
SN Effect Of Thw-in ON ER were analyzed. In addition, the opted 2.25 and 4.2 kPa, respectively. 5
& | optimum CR value for ejector was explored. « ER stated insensitive to’ Ty %»
([ ] —_—
g;gﬁ;:g;riileth;)i;}l; yan%evgggei fi%?e;iiﬁoggdﬁi/bf?é J ?§5imum throughput with and without HRL determined at th-cycte 0f %
desalination system. S <

M+Sim | 2 | SG | 95 | 25 25 | 5267 | NA | 147 | 250
) e Authors found average percentage error in acceptable range with | —
e The reference study proposed two configurational schemes value of 2.65%. 3.34%. and 3.90% in COP. SCP and SDWP. | @
S for integrating the EJ with ADS agd ACS which can be respectivel}'/. > ’ ' ’ o
S| acronymas, W ADS+EJ+HRL and (ii) ACS+E. ) ... | ® ADS-evaporator and EJ-evaporator driving temperature values %’
¢ A hybrid numerical model was developed and validated with ere simulated 20°C and 22°C. respectivel o
the standalone AD and EJ models for theoretically analyzing W 4 » 1OSPEe Y . <
. o At least 55°C Thw-in found efficient to drive the proposed
both configurations. ADS+EJ+HRL configuration.




M+Sim [ 2 | SG | 95 | 25

25 | 23.0779.4° | 1.64°22° | N/A | N/A

e In addition, the key performance indicators were analyzed
corresponding to varying the rating conditions.

. . e Longer th-cycle reduce SDWP, due to reduction in entering of desorb | 2
e The cited work proposed two distinct arrangements for water vapors in EJ primary nozzle —
S fggfggﬁé%bz-}y with ADS: (i) ADS+2E’, and (i) | | For both configurations, optimum th-cycle was found 400 s. g
S ) ) . e SDWP of ADS+2EJ measured 3.0 times higher comparative to | >
e The performance of both configurations were theoretically standalone ADS and could be drive at 65°C g
. . TES
ig?rlgszegn dairrlld tgovr:f aifdthl:otzrr?;n Oiorslclljit\?(l)lr)ls and COP e ADS-2EJ-HRL configuration could be drive as low Tree (55°C) with | &
P 8 ying P 8 ' significantly high SDWP comparative to conventional ADS. <
| | | 85 | 30 25 [ 24.6341° | 1.041.8 | NA | N/AY290°
* The mte;d wo'rk proposed dual stage (28.) with multiple EJ' | Authors reported, both configurations were operatable even at 45 §
integration with ADCS. Two configurations were analyzed °C, however with minimal SDWP (2.34 to 3.0 m*/ton/d), and COP | =
~ | varying with number of EJ and their positions in the AD ’ 4 t0 0.70 ' ' ’ —
& | cycle. The configuration acronym as (i) 2S+ADCS+2EJ?, and (0.54 10 0.70). 2
(i) 25 +ADCS-+3EJP ’ eIn terms of acquiring cogenerating features, 2S+ADCS+2EJ | ©
' outperformed as compared to 2S+ADCS+3EJ due to high | <

evaporator pressure.
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The entrainment ratio (ER) and compression ratio (CR) was reported as the most influential
features in EJ driven ADS. Higher ER configure more SDWP. The configuration proves 61%
improvement in SDWP [145]. The maximum SDWP that could be acquired from ejector driven
ADS is 80 m*/ton/d [151]. The idea of employing the ejector within the adsorption desalination
cycle has proved its worth in a sense of increasing the daily water productivity by 51% [145].
Fig. 30 presents a comparison between the different ejector integrated ADS based on the SDWP
and COP. Among all the reported ejectors driven ADS, one can realized that, ADS+EJ+HRL
configuration can produce maximum SDWP (80 m?/ton/d) with COP greater than 2.0.
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Fig. 30. Comparison between the reported ejector driven desalination based on the SDWP
and COP.

From relevant literature survey, it has been realized that commercialized desalination
technologies have massive footprint in desalination markets. However, these systems are
equipped with thermodynamic boundaries and system level discrepancies that lowering the
overall efficiency. The integration of the ADS/ADCS aided the commercialized desalination
system in manner of capturing their waste heat and re-utilized for producing additional water
from AD cycle. The contribution of freshwater production from the ADS/ADCS very minute

as compared the studied integrated desalination technology. In addition, the cooling potential
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of the ADCS was compromised because of its utilization for lowering the MED effects/stages
temperature. Therefore, no remarkable improvement in AD cycle observed, however give
benefits to the commercialized desalination technologies in a sense of extracting their thermal
wastes. On the other hand, if focused on the integration of the ADS/ADCS with non-
commercialized desalination technologies it has been explored, all the proposed schemes were
investigated based on developing a numerical model. No experimental facilities are developed
so far, that validate the feasibility of ejectors integration with ADS/ADCS. Therefore, a vast

research avenue is still present in order to emphasize the system productivity.

4.4 Adsorbents Substituting Approaches

The AD Adsorbents Substituting Approach refers to the substitution of conventional silica-
gels with the emerging adsorbents. In this context, compacted lab-scale prototypes were
developed as shown in Fig. 31 in order investigate and compare the various adsorbent materials
which belongs to different classes. Zeolites, MOFs, support ionic liquids are the potential
adsorbents that has been extensively investigated for ADS/ADCS. For instance, the cited
references explore the compatibility of zeotypes i.e., AQSOA-Z series [49,52,113,152—155]
and FAM-Z series [50,51,70,156,157]. It has been reported that, for standalone adsorption
cooling (AC), AQSOA-Z01 could be a promising adsorbent that improvised SCP even at low
regeneration temperature (Tre<60°C) [50,71]. The AQSOA-Z02 could be suitable candidate
for ADCS however at low Tevap (<20°C) values comparative to RD-SG which utilizes high
Tevap>20°C [71,158]. On the other hand, AQSOA-Z05, found promising outputs for ADS due
to sustaining high adsorption pressure and S-shape isotherm [50]. In case of FAM-Z series,
FAM-Z05 is found relatively better than FAM-Z01/02 at low T <55°C [51]. Recent study
reveals that synergy of CHA and AFI zeotypes doping with MOFs could mounting the
adsorption capacity and faster the adsorption kinetics by 2 and 1.2 folds respectively [159].
Table 10 provide a comprehensive discussion on such reference studies that employ the zeolites

in ADS/ADCS as an alternative adsorbent.
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Fig. 31. Pictorial view small scale adsorption based desalinators employed for investigating the
different adsorbent materials for ADCS installed in: (a) University of Birmingham, UK [79,80]
(b) Sohag University, Egypt [160], (c) City University of Hong Kong, Hong Kong, China [161]
(d) University of Birmingham, UK [162] (¢) Hanyang University, Republic of Korea [51]
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Table 10

Year

Summarization of the studies reported on ADS/ADCS working on Adsorbents Substituting Approaches.
Operating conditions

No. of

Methodology AdSOl‘bent Th“ -in Tc -in

SDWP cop
m?>/ton/d -

Tch -in

AQSOA 702 53.7
Salient features of the work Findings and concluding remakrs —
L | o The cited study focused to investigate AQSOA-Z02 adsorbent, | ® For low Thw-in (£75°C) RD-SG found competent and respond g
& | manufactured by Mitsubishi plastics for ADCS. more adsorption at high Tevap (>20°C). 45
e The effect of rating conditions were investigated corresponding | ® RD-SG was recommended for systems having high Tevap (=20°C). §
to key performance indicators and compared with RD-SG | ¢ However, AQSOA-Z02, more favored for low Teyap (<20°C) with ><3
adsorbent. objectives of acquiring cooling and fresh water.
MIL-101(Cr) 150 11 89.7
M+Sim 2 Al-Fumarate 90 25 20 6.3 N/A N/A 51.8
CPO-27(Ni) 150 4.6 38.1 =
o The cited study was focused to investigate the CPO-27(Ni) | ® thcycle/tsw opted 700s/70s for CPO-27(Ni) and Al-Fumarate, while | &
o | manufactured by Johnson Matthey and Al-fumarate | 300s/30s for MIL-101(Cr). =
= | manufactured by MOF technologies for ADCS. In addition, the | ¢ CPO-27(Ni) imitates type-I isotherm, thereby appears an | ©
1 authors synthesized another adsorbent MIL-101(Cr) which was | invariable rise in SDWP in response of high Teyap. _02
also analyzed to emphasize the system productivity. e Al-Fumarate and MIL-101(Cr) imitate type-1V, which reflects | &
e The objective of the study was based on characterization of | more adsorption at high Tevap. =
mentioned MOFs experimentally as well as material studio | ¢ MIL-101(Cr) could be suitable for twin advantages only if a high
software. heating source (90-150°C) were accessible.
EStM | 1 | CPO-2I(Ni) | 95 | 15 10 | 23 | NA | NA | 216
® tsw/th-cycle opted 60/720s. =
= | ® The cited study experimentally investigate the CPO-27(Ni) * Lov&;e}:mg/;ngegsmg Tcon(.i/Tgvg’ f;om ! S‘PC- 3/3-30 °C lleads to %
& | manufactured by Johnson Matthey Ltd for ADCS and developed tworthree 018 increment in SDW at' > respectively. o 7
numerical model to predict the system perofrmance. * For desorb%ng Vapors from CPO-27(N1) Thw-in should be 29.5 C 12
e CPO-27(Ni) found superior as compared to SG due to higher | >

fractional uptake at low relative pressure values.




M+tSim | 2 | CusO. | 80 | 25 25 | 82 | 057 | NA | 207%*
e The dehydration reaction of CuSOq allow the material to adsorb | —
: - : - and desorb the water vapors. ©
©° The Clt.e d st'udy' determining the adsorption equilibrium and | | The dehydration rate of CuSO4 founds 97% at 25 °C temperature. | _
o | adsorption kinetics of CuSO4 adsorbent for ADCS. .. . . N =
IS ) . | ® Minimum T, required for desorption ranges between 70-75°C. | «
. The' §t}1dy performs modehng‘ ‘and analyze the material e theyere opted 450s g
feasibility at assorted rating conditions. e The CuSOy4 as a suitable candidate in comparison with SG for N
ADCS.
Emim-
ES 2 Ac/Syloid 60 30 25 25 N/A N/A N/A T
72FP =,
o | ® The cited manufactured novel support ionic liquid composite e Authors, investigates Emim-Ac/Syloid 72FP (ionogel) for ADS. | =
o | material: (i) Syloid AL-1FP, (ii) Syloid 72FP are impregnated | ¢ Due to high thermal conductivity, th-cycie reduces up to 5 folds I
1 with Emim-Ac and Emim Oms. (300s) comparative to reference studies [60,71]. §
e The study computes the thermophysical properties, adsorption | e The sorbent can be even regenerated at ambient temperature E
equilibrium, perform modeling and analyze the optimistic (25°C) with SDWP 6.5 m*/ton/d [165,166]. <
adsorbent material for ADS. e Emim-Ac/Syloid 72FP shows maximum uptake of 1.0 kg/kg.
ES | 2 | Al-Fumarate | 90 | 30 - | 85 | NA | NA | 72.22
® thcycle/tsw opted 900/70s, respectively. _
e The reference study aimed to experimentally investigate the e Higher Tch-in reflects more SDWP and SCP due to increment of |
Al-Fumarate for ADCS. Tevap; thus more evaporation and cooling. —
S | ® The parametric study was conducted to evaluate the system e Low Te.in to adsorption-bed/condenser captures more g
& | performance corresponding to varying the rating conditions. adsorption-heat/latent-heat, thereby high fractional uptake/more | =
e In addition, the water quality and cost analysis are conducted condensate, respectively. 2
and compared with the other commercialized desalination e Al-Fumarate could be a potential substitute for SG, especially é)
technologies. for ADCS.
e Al-Fumarate integrated ADCS could be drivable even at 70 °C.
- MIL-100(Fe) 95 19 226**
S ES 2 CPO-27(Ni) 95 30 20 11 N/A N/A N/A A
o Al-Fumarate | 90 13 136** <
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e The cited study focused to investigate the characteristics of three
MOFs and explore their thermophysical properties.

e The performance of the adsorbent material are compared based
on SDWP and SCP.

e MIL-101(Cr) possesses low heat conductivity, reflecting more
tsw and th-cycle hence more energy consumption.

® thycle/tsw opted as 700s/70s, respectively.

e MIL-101(Cr), MIL-100(Fe) and Al-Fumarate found suitable
candidate for standalone ADS whereas, CPO-27(Ni) for AC.

Langmuir—Sips isotherm models.

EseMesim | 2 | SN | s 24 14 18 0.33 N/A 490%+
e During the static rating conditions the saltwater with high salinity 5
o | ® The cited study aimed to investigate the effect of seawater | degrade the system productivity both lowering SCP and SDWP. | &=
§ salinity of SDWP and SCP using a composite adsorbent. ® thcycle,/tsw/tpe Were opted 480s/40s/22s, respectively. T:s:
e A comprehensive numerical model was developed that include | ® 29%/49% reduction in SCP/SDWP was recorded as saline | ©
the effect of mass recovery, preheating/precooling, and salinity | concentration varies from 0-100g/kg due to low evaporation rate. | &
as an influential aspects. e In addition, high saltwater mass flow rate decreases the COP
(~46%), SCP (~43%) and increase the SDWP (~19%).
ES | 2 | CPO27(Ni) | 95 | 25 NA | 95 | 043 | NA | N/A
e The cited study experimentally investigates the suitability of the =
CPO-27(Ni) adsorbent for ADS. e CPO-27(Ni) possess high Treg (95-120°C), comparatives of SG. | 2
e In addition, two different condensing devices namely, (i) finned | ® thcycle and tsw opted 360s and 30s, respectively. ;
o~ | tube mesh shape and (ii) coil tube shape were evaluated. o Average Teyap/Tcond recorded 35/40°C. =
& | e The effect of rating conditions were analyzed on the system | e Longer tow (30-45s) found sensitive to SDWP (5% reduction) and | 2
productivity. insensitive to GOR (0.4% reduction). =
e Furthermore, the study investigated the HX coated with CPO- | e Coiled condenser found suitable for lab-scale models as | &
27(Ni) as an adsorption/desorption bed to improvise the heat | compared to fined tubes due to its blockage. <
transmission.
FAM-Z01 8.13 0.41 0.43 59.56
ES+M 2 FAM-Z02 80 25 20 10.27 0.40 0.40 75.87 E
_ FAM-Z05 7.89 0.47 0.49 58.33 ;
S|° The cited study v es‘ugafred FAM'Z Series for ADCS in a | Step adsorption isotherms of FAM-Z series adsorbents were | ©
manner of determining their adsorption equilibrium profiles and recorded S
conduct its modeling using Modified Do-Do and hybrid ) =

® thcycle Opted 636s.

J
\9}



e The study experimentally investigates the performance of FAM-
Z series adsorbents using pilot scale ADCS installed in Hanyang
University, Republic of Korea.

e FAM-Z01 is more appealing for Thw-in range between 54-74°C
comparative to FAM-Z02.

e FAM-Z02 found more optimistic in terms of SDWP compared to
FAM-Z01land FAM-Z05.

e FAM-Z05 is promising adsorbent for ADCS because it allows
the system to operate below at 55°C.

2021

Al-Fumarate
RD-SG

M+Sim 2 70-50 25

kok
20 2.35 0.70 185

N/A

1.8 0.74 160**

e The cited study aimed to investigate feasibility of the solar
thermal driven ADCS using Al-Fumarate as an adsorbent.

e Overall system performance was explored corresponding to
meteorological conditions.

e In addition, the effect of fin spacing was explored on the system
productivity.

e The optimum th-cycle for Al-Fumarate found 900 s, whereas 600 s
are sufficient for RD-SG.

e The step shape adsorption isotherm of Al-Fumarate decrease the
total number of desalination cycles per day.

e Optimum fin spacing observed 0.5 mm, further increment
significantly reduces the throughput capacity, due to lag in
maintaining requisite thermal inventories in adsorbent bed.

e In conclusion Al-Fumarate outperform comparative to
conventional RD-SG.

Elsheniti et al. [167]

*Gross output ratio
**W/kg



MOFs triggers the performance of the ADS at higher levels due to its prominent features such
as tunable structure design, high pore volume, entail with high adsorption capacity [168]. In
this context a wide range of MOFs are available to configure with ADS. However, so far, few
reputed MOFs such as CPO-27(Ni), MIL-100(Fe), MIL-101(Cr), and Al-Fumarate were
investigated for ADS/ADCS. The CPO-27(Ni) was reported as an alternative adsorbent for
ADCS [162,169] and produce SDWP of 23 m*/ton/d. Similarly, MIL-100(Fe) and MIL-
101(Cr) outperforms from the conventional SG due to their water holding potential at high
adsorption pressures [73,80]. The Al-Fumarate increases SDWP ~29% as compared to
conventional SG due to its porous nature [73,79,170]. The amalgamation of graphene oxide
with MOFs improves ~12% water holding capacity and significantly improves the thermal
stability [80]. Whereas MIL-101(Cr) binding with CaCl> mounting the fractional uptake up to
2.174 kg/kg [171]. In addition, the hydro-thermal instability of the MOFs needs to be addressed
by integrating with the emerging binders that strength its structure and ensure its durability

[171-173].

From relevant literature review of adsorbent substitution approach, it has been realized that,
for ADS/ADCS, very few MOFs adsorbents are investigated so far. Therefore, massive avenue
of research gap available in this category that allows the researchers to investigate wide range
of MOFs, determine their adsorption equilibrium profiles, and explore their thermodynamic
behavior in accordance with the specific operating conditions. MOFs typically required high
Treg to desorb the water vapors from the adsorbent material which reflects a massive waste
scavenging potential from the condenser that could improve the thermal efficiency. In addition,
other adsorbents such as covalent organic frameworks (COFs), covalent triazine frameworks
(CTF), porous organic polymers (POPs), carbon nanotubes (CNT) support ionic liquids (SIL)
and composite adsorbents need to be explored from the perspectives of determining its
feasibility for adsorption-based desalination. Furthermore, several heat and mass recovery
schemes and multiple evaporator configuration are still needed to couple and explore their
potential in the adsorbent substitution approach. For effective heat transfer between the HX
and adsorbent material in the adsorption/desorption bed, synergy analysis needs to be
conducted to identify the dead adsorbent spaces, and accordingly defines the fin spacing, and
thickness of the adsorbents. The HXs coated with MOFs could be remarkable option that could
further increase the COP. Due to employing MOF as an adsorbent media, MOFs integrated

ADS/ADCS are expensive as compared to silica-gel based having same physical dimensions.
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Thereby, cost-effective MOFs synthesis procedure to need to investigate that could be able to

suppress the overall system capital and operation costs.

5. Factors affecting performance parameters

The performance of the ADS/ADCS are evaluated based on the SDWP, SCP and COP.
The generalized relationships for measuring the performance of ADS are given by Egs. (1)-(3),

respectively:
teycle Q
SDWP = N f cond__ gt (1)
0 hfg(Tcond)Msg
tcycle
SCP = f Qevap dt )
0 sg
COP = Qevp (3)
Qdes

where, N is the number of operating cycles per day, Qcond, Qevap, and Ques are the condensation
energy, heat of evaporation, and amount of energy required to desorb the water vapors from
the adsorbent material, respectively. Where M, is the mass of silica gel, 4y is the latent heat
of vaporization, 7. 1s the cycle time. The in-depth detail has been extensively available in
literature. However, for this section, the influential parameters or rating conditions that
substantially impacting the system productivity are discussed to explore the optimum operating
regimes, that could be suitable for driving ADS/ADCS. The performance of the ADS/ADCS
are super sensitive to Thw-in, Tevap, Tcond, th-cycle and seawater salinity. In this section, a
generalized comparison is made by plotting the results of the relevant key performance

indicators.

Fig. 32 shows the impact of Thw-in on the SDWP and SCP in all pre-defined approaches. It can
be analyzed that, higher Thw-in is supportive for attaining maximum SDWP. It is because, high
Thw-in produce more hydrophobic conditions in adsorbent material which entails to desorb
maximum water vapors from adsorbent material. In thermodynamic viewpoints it is not
sustainable or energy efficient to operate ADS at higher temperatures, although it’s scavenging
low-grade waste heat. On the other hand, interconnecting of heat and mass recovery scheme
not only upscaling the system productivity but also gives a noteworthy drop in regeneration
temperature. A similar tendency has been found in hybrid configuration. However, it has been
realized that the conventional ADS is not functional below 65 °C developed by the Wang and

Ng. The optimum Thw-in range for conventional ADS found between 75-85 °C in order to
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acquire the maximum production with minimal compromising of COP. Similarly in case of
heat and mass recovery approach, 2-bed integrated E-C capable to produce maximum SDWP
even at 85 °C and capable to functionalize the system even at 50 °C. However, the experimental
validation of integrated E-C device is still required. It is noteworthy that, all the heat and mass
recovery approaches lacked to produce the cooling effect simultaneously except the dual stage
multi evaporator and condenser configuration. The reason is that heat recovery schemes mainly
increase the operating temperature of the evaporator, consequently high Tehou is produced
which could not be utilized for air conditioning applications. In hybridization approach ejectors
integrated configurations are compared. One can realized that, the COP of the all the
configurations are very low from Thw-in ranges between 45-55 °C, however can produce
comparable SDWP with respect to conventional ADS. In adsorbent substitution the approach
the effect of Thw-in depends upon the type of the adsorbent employed in the adsorbent bed and

correspondingly the COP values fluctuates.

Fig. 33 presents the impact of adsorption/desorption cycle (th-cycle) On system productivity. It
has been observed that longer cycle time allows more time for adsorption/desorption. However,
the gross impact on system productivity was diminished, due to decreasing the number of AD
cycles per day. In addition, longer th-cycle put adverse impact on COP, due to supplying energy
for longer desorption period. On the other hand, shorter th.cycle not favouring to achieve
saturation limit of hydrophilic adsorbent. Thereby, dimnishing the system productivity. A
monotonical concave pattern has been observed in all approaches, having assorted optimum ta.
cycle Values which varry from configuration to configuration thus emphasizing the sensitivity of
this influential parameters. Therefore, there is no deterministic th-cyce Value for ADS, one can
adjust the optimistic values based on the configuration employed, conducting several
experimentation and critical thinking/ analyzing output data. Also, machine learning algorithm
(MLA) even found supportive to acertain the requsite conditions. Approximately 70%
enhancement in existing ADS/ADCS could be achieved by setting appropriate rating
conditions [174].

Fig. 34 elucidate the impact of Tevap and Tcona on SDWP and SCP. It has been analyzed that
high evaporator temperature increases seawater evaporation rate. Consequently, pressurized
adsorption happen, entailing maximum SDWP and SCP. The Tevap below 20°C produce high-
grade cooling whereas, Tevap above 25°C produce low-grade cooling [80,110,118,170].
Similarly, high Tcona drop the condensation rate. Therefore, low Tecond is more supportive to

increase the SDWP. The concentration of saline in seawater is found insensitive to SDWP and
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SCP as given in Fig. 35, thereby can be ignored [34,68]. Thus, rating conditions are
supersensitive to key performance indicators. A hidden tradeoff among the cogeneration
attributes of ADS is present which make the ADS sophisticated to operate. However, the
optimistic values would be varied in a specified range as present in Fig. 32, Fig. 33, and Fig.

34 that can kind of benchmark for desalination facility optimization.
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The perofrmance of the ADS/ADCS equiped with operational complexities and could be vary
depending upon the type of the adsorbent and operating schemes. An inteligent optimization
requied in order to achieves the maximum throughput from the system. One can utilized the
past experiences and contigent experiments of its own system in order to configure and drive

the ADS/ADCS in the optimize state.

6. Market aspects, challenges and future perspectives

The desalination industry is intensifying with employing matured technologies. Globally
more than 16,000 desalination facilities are being installed mainly employing MSF, MED, and
RO modules [1,4]. It has been projected that, by the end of 2040, cumulative raise in primary
energy consumption by the water sector would be manifested by two folds, occupying >75%
contribution by the desalination industry [175]. The thermal energy consumed by MSF and
MED were reported 69.44-83.33 kWh/m® and 41.67-61.11 kWh/m?, while acquiring the
desalination cost of 1.07 $/m* and 0.83 $/m’, respectively [79,176]. Similarly, the RO
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desalination mainly consumes electrical energy of 4-8 kWh/m?® by accounting desalination cost
of 0.76 $/m® [177]. Few recent studies show a considerable reduction in the electrical energy
used by RO systems (2.8 kWh/m®) due to advancements in membranes, however with a
relatively poor recovery ratio.[178,179]. On the other hand, the non-payable thermal energy
consumed by ADS was reported 39.8 kWh/m® entail with payable electrical energy
consumption varies between 0.92 to 1.38 kWh/m?® which significantly reduces the desalination
cost even below 0.3 $/m® [30]. In addition, the water recovery ratio was identified >80% [30].
Despite of its promising aspects, the ADS are not well accepted in the desalination markets.
The possible reasons may include: (i) non compactness in the system, (ii) requirement of
additional water baths and run around circuits, (iii) non-continuous or batch process, (iv) slow
adsorption/desorption cycles, and (v) low productivity as compared to other matured facilities.

These issues/research gaps need to be address in order to develop a commercialized ADS.

Narrowing to technological advancements associated to ADS, some research gaps and future
perspectives are indicated in the present work. Table 11 presents a qualitative scaling which
focused to compare all the technological advancements based capital, and operational costs,
thermal waste production, SDWP and SCP. In addition, future perspectives relevant to each
classification are identified. To conclude it has been realized that the ADS, is a remarkable
solution for the upcoming water challenges. However, so far, the technology is not mature and
accomplished the standards of the technology readiness level [16]. Vast research avenue and
contiguous efforts are still required which include efficient sizing of the evaporator and
condenser, minimizing the heat and mass resistance between adsorber/desorber beds and heat
exchangers, investigate the wide range of MOFs, COFs, CNT, and other potential adsorbents,

and minimize the operational complexities by using smart controlling devices.
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Table 11.

Cost comparison based on qualitative scaling for the technological advancements reported on ADS entail with future research perspectives.

ADS/ADCS classifications

_Conventional ADS/ADCS | x [ x | v | x [ x| v [ x| x|V [v][x]|x][v]x |x

and Mass Recovery Approac

PE and VD scheme

. . Thermal
Ci‘g;:al Opezzg"“al waste SDWP SCP
production

Conventional Approach

Future perspectives

Master-Slave scheme

HRL and Integrated E-C device

Dual-stage multi-evap. & cond.

LEINANRN

LR INEN

X | X|%| %

X | X|%| %

L INANRN

LINANRN

X | X|%| %

MEDAD, RO+ADS,
RO+MEDAD

x
<

x

ADS+EJs configurations

MOFs integrated systems

FAM-Z series integrated systems

e Efficient designing/ sizing of evaporator
and condenser is still required for ADS.

e Efforts are required to further minimize
the heat & mass transfer resistances in
the adsorbent bed.

e Need to identify the dead spaces and
accordingly redesign adsorber reactor.

o Different types of heat exchangers need
to employ and investigate for ADS.

e Optimize the thickness of an adsorbent
layer on the heat exchangers.

Reconsider the morphology of the
adsorption/desorption layer specifically
from the perspective of ADS.

o Investigate the wide range of MOFs,
COFs, CTFs, POPs, CNT, SIL, and
composite adsorbents

Note:- High (H), Moderate (M), and Low (L), ~The capital cost, and operational cost, are qualitatively compared based on the costs computed
by the Thu et al. [180] for 10 R-ton/ton adsorption desalination plant.

83




7. Summary

Adsorption desalination is considered as a promising alternative to mitigate the water
scarcity. Applicability and performance of the adsorption desalination system (ADS) are linked
with nature of adsorbents, system design, operating conditions, and choice of low-grade
thermal energy. Thereby, the present study aims to provide a state-of-the-art review on the
recent developments of AD materials and system designs. The conventional (i.e., silica-gels
and zeolites) and emerging adsorbents (i.e., metal-organic frameworks, MOFs) are investigated
for their thermophysical properties and adsorption equilibrium/isotherms. Among the
conventional adsorbents, the A™" type silica-gel enables high porous properties (0.476-0.489
cm®/g), surface area (863.6 m?/g), and adsorption uptake (~0.45 kg/kg). Conversely, MOFs
possess variety in structural layout, huge surface area, and high adsorption uptake. Comparing
to conventional adsorbents, MOF of type MIL-101(Cr) possesses much higher adsorption
equilibrium i.e., 1.45 kg/kg followed by MIL-100(Fe) (0.64 kg/kg), Al-Fumarate (0.56 kg/kg),
and CPO-27(Ni) (0.47 kg/kg).

The study develops AD system classifications for the progressive modifications in the
system designs from the viewpoint of conventional, heat/mass recovery, hybridization, and
adsorbent substituting approaches. The conventional approach refers to silica-gel based AD
system that produces specific daily water production (SDWP) of 4-4.7 m*/ton and low-grade
cooling effect. The heat/mass recovery schemes refer to design modifications in conventional
approach aiming to develop sustainable and energy-efficient AD system with high SDWP. For
instance, pressure equalization and valve delay scheme has been applied for gaining ~5%
additional adsorption/desorption of water-vapors on silica-gel and remove the thermal
discrepancies which arises due to residency of coolant in piping circuit. Master-Slave
configuration deduct ~50% heating/cooling requirements due to smart bed-operating
mechanism. Evaporator-condenser amalgamation via heat recovery loop/ integrated vessel
improvised the evaporator temperature/pressure from 30-42°C/9-12 kPa which led towards
~69% additional SDWP as compared to conventional approach, however with zero specific
cooling power (SCP). Dual stage, multi evaporators/ condensers scheme employed multi
evaporators/ condensers, operating at low and high pressures for acquiring cogenerating
benefits from AD system. The scheme simultaneously produces SDWP of ~16 m?/ton/d and
SCP of 47.8 R-ton/ton entail with a coefficient of performance (COP) of 0.53. The

hybridization approach refers to the integration of commercialized multi-effect desalination
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(MED) technology and/or individual components (i.e., ejectors and mechanical compressor)
with AD system. The water production rate from MED+AD increases by 2.5-3 folds due to
coupling of additional effects (ranges from 9-12 effects). The ejector integrated AD system
produces SDWP of 80 m>/ton/d having COP of 2.22 by utilizing 0.92 kWh/m® energy. The
adsorbents substituting approach refers to the substitution adsorbent materials in contrast to the
conventional silica-gels. The AD system coupled with CPO-27(Ni) produces SDWP and SCP
of 23 m?/ton/d and 216 R-ton/ton, respectively. Similarly, MIL-100(Fe) produces additional
1.7 folds, and 3 folds SDWP and SCP compared to MIL-101(Cr) and AL-Fumarate,
respectively. Ionogels produces SDWP of 25 m*/ton/d at regeneration temperature of 60°C and

can be functional at ambient temperature.

Finally, the study analyzes the impact of influential factors i.e., hot water inlet temperature
(Thw-in), cycle time (th-cycle/teyele), €vaporator temperature (Tevap), condenser temperature (Tcond)
and seawater salinity affecting the performance of the AD system for all approaches and
thereby explore the optimistic operating regimes. The Thw-in found sensitive to the type of the
approach and varied accordingly. For conventional approach, Thw-in found between 75-85°C.
The AD system coupled with heat and mass recovery approach found functional even below
55°C. In the hybridization approach, for instance MED+AD system and ejector integrated AD
system found operative at Thw.in of 20-35°C and 70-95°C, respectively. In adsorbents
substituting approach, the Thw-in depends upon the adsorbent type and can be varied between
80-150°C. It was analyzed that the maximum SDWP and SCP will be acquired at high Thw-in
despite of varying optimistic regimes. The COP of the AD system has been dramatically drops
beyond the optimistic regimes. The th-cycle/teycle found crucial to AD system designing aspects
and manipulates the performance indicators accordingly. Shorter th-cycle/teycle respond minimum
SDWP due less water vapors uptake. Contrastingly, longer th-cycle/teycle significantly reduces the
number of desalination cycles per day. Thereby, optimum value needs to be selected
appropriately by extensive experimentation. The Tevap and Teond also influence the SDWP and
SCP. High Tevap and low Teond respond high evaporation rate and condensation rate,
respectively. The optimistic operating regimes for Tevap found between 25-45°C, whereas as
for Teona it ranges between 5-20°C. The performance of AD system found unaffected by

seawater salinity.

The performance of the AD system is limited in terms of producing SDWP and SCP.
Possible future direction may include efficient designing/ sizing of evaporators/ condensers,

minimizing the heat and mass transfer resistances in adsorber/desorber reactor, optimize the
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thickness of the adsorbent layer in heat exchangers, and investigating wide range of adsorbent

classes that can be driven with very low regeneration temperature.
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