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ARTICLE INFO ABSTRACT

Keywords: Adsorption desalination has emerged as a promising alternative to conventional methods due to its compatibility
Adsorption desalination with low-grade heat sources. This study evaluates the performance of a solar-assisted, 2-bed mode pilot-scale
Solar energy adsorption desalination system utilizing silica gel as adsorbent material. This system adopts a new droplet-

Cooling production
Pilot plant
Silica gel

based mechanism of feed and distillate water distribution between the tanks and the adsorption beds to ease
the water vapor transfer as a possible solution to prevent a reduction of specific productivity as the system scale
increases. The evaluated key performance metrics include specific daily water production, specific cooling
production, coefficient of performance, and overall conversion ratio. The adsorbent material was characterized,
and an appropriate isotherm model suggested to predict water adsorption. System performance was assessed
under varying desorption temperatures provided by a solar water heater and different cycle durations. At a
desorption temperature of 70 °C and a cycle duration of 30 min, the system achieved a water production capacity
of approximately 3.8 m®ton~!-day ! and a cooling capacity of 100 W-kg~'. Increasing the cycle duration led to
improved performance metrics, although the rate of improvement decreased progressively. Additionally, the
conversion ratio was maximized at desorption temperatures above 68 °C and cycle durations longer than 46 min,
indicating thermodynamic efficiency. Overall, the system demonstrated promising performance as a scalable and
sustainable solution for solar-assisted adsorption desalination.

global desalination capacity [3,4]. However, these methods face
important limitations, including unsustainable energy source, namely,
electricity or high-temperature streams, as well as fouling, scaling, and
constraints on feed salinity and recovery rates [5]. Emerging technolo-
gies, like freezing desalination, solvent extraction and hybrid
membrane-based systems, aim to overcome these challenges [6-9].
Among these, adsorption desalination (AD) is gaining momentum as a

1. Introduction

The global demand for freshwater is growing, fueled by population
growth and economic expansion, creating an urgent challenge for sus-
tainable water management. Despite water covering 70 % of Earth’s
surface, 97 % of it is seawater, unsuitable for direct use in agriculture, ) ) ) '
industry, or households due to its high salinity (35,000 TDS). Freshwater low-maintenance solution that can effectively utilize wast.e. heat or
constitutes a mere 3 %, with much of it locked in glaciers or under- renewable energy [10]. Patented in 2005, AD uses hydrophilic adsor-
ground. Climate change intensifies this crisis, particularly in semi-arid bents. t.o adsorb.V\./ater vapor from a lf’W‘PrESS‘.lre e.r1V1r0nment, thus
regions, underscoring the critical need for efficient desalination tech- providing the driving force for evaporation, offering high recovery rates
nologies [1,2]. and integrated cooling capabilities, the latter expanding its range of

Over the years, a range of desalination methods have been developed applications .beyond freshwater .production [1.(.)’1 11. Resea.rch has
to address this challenge. Conventional techniques include thermal explored various adsorbent materials, such as silica gel, zeolites, and
processes, such as multi-stage flash (MSF), multi-effect distillation metal-organic frameworks, and system configurations to enhance per-
(MED), and mechanical vapor compression (MVC), as well as non- formance. These include optimizing the number of beds, process timing,
thermal methods like reverse osmosis (RO), which dominates 63 % of stages, and heat recovery schemes [12]. A comparison of key
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Nomenclature

c Equilibrium water uptake, {kgkg’l]
Co Pre-exponential factor, [kg~kg*1]

Cp Specific heat capacity, [J kg? -K’l]
cop Coefficient of performance, [ — ]

E Characteristic energy of adsorbent, [J-mol ]
by, Latent heat of evaporation, [J ~kg*1]
M Mass, [kg]

m Mass flowrate, [kg-s™]

n Surface heterogeneity factor, [ — |
OCR Overall conversion ratio, [ — |

P Pressure, [Pa]

Py Saturation pressure, [Pa]

Q Power, [W]

p Density, [kg:m3]

R Universal gas constant, [J -mol’l-K’l]

SCP Specific cooling power, [W-kg*l]

SDWP  Specific daily water production, [m3-ton*1 -day~!
t time, [s]

T Temperature, [K]

v Volume, [m?]

Subscripts

ads Adsorbent/Adsorption

cond Condenser/Condensation

cycle Adsorption cycle (Adsorption + Desorption)
des Desorption

evap Evaporator/Evaporation
hw Hot water

w Water

Superscripts

in Inlet

out Outlet

desalination technologies in terms of energy consumption and produc-
tion costs is shown in Table 1. When comparing the adsorption desali-
nation system to conventional technologies, it is important to note that
the performance metrics reported for adsorption desalination in the
literature often assume that the low-grade thermal energy required for
desorption is freely available, typically from solar or waste heat sources
[13,14]. Therefore, the energy consumption includes only the electrical
energy reported to be about 1.38 kWh-m > and leading to a production
cost of 0.3 $ m~3 [2].

Extensive studies have demonstrated AD’s potential to optimize
water production and energy efficiency. For example, Wang and Ng [10]
investigated a 4-bed system, achieving an optimal water production of
4.7 kg per kilogram of adsorbent with a cycle time of 180 s, and high-
lighted the negative effects of higher bed and evaporator temperatures
on performance. Thu et al. [16] introduced a novel heat recovery
configuration that recycled condenser heat for water evaporation,
eliminating cooling production but substantially increasing daily water
production to 9.24 m> per ton of adsorbent at 70 °C. Ng et al. [17]
proposed a “master and slave” 4-bed configuration, which alternated
primary and secondary adsorption phases, achieving a specific daily
water production (SDWP) of 8 m?3. Similarly, Youssef et al. [18] found
that maintaining low condenser temperatures (10 °C) alongside higher
evaporator temperatures (30 °C) maximized SDWP at 10 m>. Studies by
Wu et al. [11,19] confirmed the importance of temperature gradients,
showing that evaporator temperatures below the cooling bed tempera-
ture enhanced water production.

Mitra et al. [20] identified an optimum cycle duration for single-
stage adsorption desalination to maximize water production. Thu

Table 1
Comparison of conventional desalination technologies in terms of energy con-
sumption and unit production cost [15].

Desalination method Energy consumption (kWh  Unit production cost” ($

m%) m~%)
Reverse osmosis (RO) 2-6 0.85
Multi stage flash (MSF) 12.5-24 1.6
Multi effect distillation 7.7-21 1.25
(MED)
Electrodialysis (ED) 7-15 0.97

@ Note that the production cost depends strongly on the location due to, e.g.,
differences in wide differences in energy, labor, materials costs, and other
factors.

et al. [21] demonstrated that internal heat recovery could triple pro-
duction compared to conventional systems, achieving 8.1 m® SDWP at
50 °C without cooling, and later [22] proposed a 3-bed, dual-pressure
configuration that increased water uptake and provided two cooling
grades. Youssef et al. [23] found that AQSOA-02 outperformed silica gel
in water and cooling production below 20 °C, with silica gel being su-
perior above this threshold; they further [18] demonstrated AQSOA-
02’s flexibility in dual-cycle systems for varying desalination and cool-
ing demands. Ali et al. [24] proposed a 4-bed, 2-evaporator system with
optimized timing, increasing production by 45 %. Naeimi et al. [25]
combined heat recovery with dual integrated 4-bed cycles, achieving
9.6 m® production while partially maintaining cooling. Amirfakhraei
et al. [26] showed that cold water temperatures had twice the effect of
hot water on the coefficient of performance (COP) in a recovery scheme.
Ma et al. [27] found heat recovery between adsorption and desorption
beds improved energy efficiency without increasing water production,
maintaining 4.69 m® SDWP but boosting the performance ratio. Lastly,
Bai et al. [28] highlighted the negative impact of higher feed water
salinity on both desalination and cooling performance.

Innovative approaches to AD have also explored solar energy inte-
gration and hybrid configurations to improve sustainability. Du et al.
[29] optimized solar panel area for such systems, demonstrating that
using an optimized collector area could reduce the unit cost of fresh-
water production by 20 % when auxiliary energy is expensive. They
calculated the overall cost of solar heating for adsorption desalination to
be between 0.03 and 0.04 CNY MJ !, lower than other energy sources.
Ali et al. [30] investigated the performance of a solar-driven hybrid
adsorption desalination system in Egypt, showing that increased daily
solar radiation enhanced production capacities and confirming the re-
gion’s suitability for solar-powered desalination. Similarly, Alsaman
et al. [31] designed and tested a solar adsorption desalination and
cooling system in the Egyptian climate, achieving 112 W-kg~" of cooling
power and an average daily water production of 4 m®,

Building on these foundations, this study evaluates the feasibility of a
solar-powered, pilot-scale AD system that integrates both adsorption
desalination and cooling—exploiting the synergy between the two
processes. Using silica gel as the adsorbent, it examines performance
under varying operational conditions, focusing on hot water tempera-
ture and cycle duration. To enhance water vapor transfer and improve
overall efficiency, we introduce a novel droplet-based feed and distillate
water circulation mechanism between the tanks and the side sections of
the adsorption beds, which potentially ease future scalability. By
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facilitating evaporation and condensation within these side sections, the
system reduces in a substantial way the water vapor transfer resistance
compared to systems discussed in the literature. Through an in-depth
evaluation of water production, cooling output, and thermodynamic
efficiency, this research furthers the development of sustainable, cost-
effective technologies that can scale to meet water and cooling needs
in arid regions.

2. Materials and methods
2.1. Adsorbent material

The adsorbent material utilized in the system was a highly-porous
and amorphous form of silica gel (SiO2-nH,0) known commercially as
“Siogel”, manufactured for dehumidification applications by Oker-
Chemie GmbH (Goslar, Germany). The material has an internal sur-
face area as high as 800 m?g~!, enabling excellent capacity for water
adsorption. This low-cost and widely available material can be regen-
erated at a relatively lower temperature, compared to other materials
typically used as water adsorbents, such as zeolites and activated
alumina [32]. A qualitative comparison between silica gel, zeolite, and
MOFs is presented in the Table S.1 of the Supplementary Information
(SI) [12]. The key properties of the material utilized in this work are
summarized in Table 2.

The adsorbent particles were characterized with a vapor sorption
analyzer (SPSx-1p from ProUmid GmbH & Co. KG, Ulm, Germany; see
photographs and the example of a sample report in Figs. S.1 and S.2 of
the SI). The adsorption capacity was measured at several temperatures
and relative humidity levels. The sorption behavior was analyzed two
times, the first by increasing the relative humidity of the environment
from 0 % to 100 %, and then by reversing the path to determine both the
adsorption and desorption behavior of the material and measure the
hysteresis. The resulting data were then fitted to an isotherm model.
According to the literature [31], the Dubinin-Astakhov (D-A) isotherm is
an accurate predictor for the water sorption behavior of silica gel and it
was thus selected in this study. The D-A isotherm equation is as follows
[33,34],

C= Coexp( - (gm(%) )n> [kgkg '] @

Here, C is the equilibrium water uptake, Cy the pre-exponential factor, R
the universal gas constant, T the temperature, E the characteristic en-
ergy of adsorbent, P, the saturation pressure, P the pressure, and n the
surface heterogeneity factor.

2.2. Adsorption desalination system, testing protocol, and performance
evaluation

The pilot adsorption desalination plant utilized in this work (man-
ufactured by Sorption Technologies GmbH), presented in Figs. 1 and 2,
is divided into two main sections. The first section (Fig. 2a) is located
indoor and consists of two equivalent adsorption units, each packed with
15 kg of Siogel beads, along with one feed tank and one distillate tank,
each equipped with internal coils, and two circulation pumps. The sec-
ond section (Fig. 2b and c) is partly located outdoor and serves as energy
supply/sink units, including a vacuum tubes solar panel, a heat storage
tank, a dry cooler, and a water/glycol heat exchanger.

Table 2
Characteristics of the porous adsorbent silica manufactured
by Oker-Chemie GmbH.

Name Siogel
Formula Si0,-nH,0
Grain size 0.5-1.5 mm

Internal surface area 800 m2.g~!

Energy Conversion and Management 343 (2025) 120190

Each adsorption unit includes an adsorption bed — which hosts Siogel
beads — and two droplet-based evaporation/condensation systems. Each
droplet-based evaporation/condensation system is made of a perforated
liquid distributor, polymeric Pall rings, and a separation polymeric
mesh, which enhances heat and mass transfer while preventing liquid
intrusion into the adsorption bed. The adsorption unit operates with two
alternating droplet systems: one for evaporation, where feedwater drips
downward, fragments through Pall rings, and evaporates under low
pressure, leaving concentrated feedwater (see Fig. 2d); and one for
condensation, where the inlet distillate follows a similar process to
condense water vapor (see Fig. 2e). This cyclic mechanism enables
continuous desalination with high efficiency. Unlike conventional sys-
tems for adsorption desalination, this system physically separates
evaporation and condensation from the adsorption bed, ensuring greater
stability and precise phase control. In principle, its modular design al-
lows scalability without compromising performance, while the adopted
polymeric materials enhance durability, corrosion resistance, adapt-
ability to harsh feedwaters, and lower thermal inertia thus fast response
to thermal inputs, making it ideal for renewable heat sources (as detailed
in the US patent n. US20220390154A1).

After a preparation stage, the system performs water desalination in
cycles, during which each of the two adsorption units goes under
different steps of precooling, adsorption, preheating, and desorption.
This configuration ensures that while one unit is in the adsorption phase,
the other one is in the desorption phase, with the goal of providing a
continuous water output. Two circulation pumps controlled by pneu-
matic valves connect the feed and distillate tanks to the adsorption units.
The heating and cooling circuits of the units are connected to the out-
door section of the system via the heat storage tank and water/glycol
heat exchangers. The heat storage tank is heated up through an internal
circuit connected with the solar panel, supplemented by an electric
resistance to compensate for any additional energy needs. Another
water/glycol circuit keeps the cooling water of the system at low tem-
peratures, using a heat exchanger and a dry cooler unit. The plant is
equipped with multiple sensors for monitoring and control. Tempera-
ture sensors/transmitters are installed at the inlet and outlet points of
the heating and cooling circuits to the adsorption units, the heat storage
tank, and the feed and distillate tanks. A pressure sensor/transmitter
measures the bed pressure continuously. Moreover, the feed and distil-
late tank level meters measure the level of water in the tanks. Finally, an
electrical conductivity meter was installed on the distillate tank to
monitor the product water quality. All measurement data were moni-
tored via a unified computer interface. Heating and cooling tempera-
ture, as well as cycle duration, are free operational parameters and were
controlled at the desired value. The system specification, geometry, and
conditions are summarized in Table 3.

The system operates in a semi-continuous mode, comprising two
main stages, (i) system preparation and (ii) the main cyclic desalination
process. In the preparation stage, the feed water (in this work, tap water)
is charged fully into the feed tank, while the distillate tank is filled with a
specific amount of distilled water for circulation and temperature con-
trol. All the pneumatic valves connecting the adsorption units to the feed
and distillate tanks are opened, and a pump creates vacuum in the sys-
tem. After reaching the desired vacuum level, the valves are closed, and
the system is ready for the desalination stage. This stage begins upon
setting the operating conditions, such as cycle duration, temperature
setpoints, and pump speed. During the desalination stage, each
adsorption bed goes through the following steps in a cyclic manner:

2.2.1. Precooling phase

As the bed is isolated from both the feed tank and the distillate tank,
the cooling water runs through the bed’s internal circuit to lower its
temperature. The target is to cool down the adsorption bed along an
isosteric path and prepare it for the subsequent adsorption phase.
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o‘ Adsorber 1

9‘ Adsorber 2

e Tank 1 (Evaporator)
e Tank 2 (Condenser)
e Circulation Pump

6 Heat Storage Tank
0 Heat Exchanger

@ Solar Panel

e Dry Air cooler

Fig. 1. Schematic of the pilot adsorption desalination system consisting of a main adsorption cycle equipment, heat supply/sink components, and circulation units.

2.2.2. Adsorption phase

While the cooling water is still running through the bed circuit, the
connection between the adsorption unit and the feed tank opens, and a
circulation pump starts to run the feed water through the evaporation
side of the unit (see Fig. 2d). This creates droplets falling from the top to
the bottom side of the unit throughout the Pall rings. During this step, as
water evaporates from the droplets, the vapor is adsorbed by the sorbent
material while the generated heat is removed by the cooling circuit. The
evaporation also cools down the droplets returning to the feed tank.
Therefore, to control the tank temperature, a portion of the hot water
circulates automatically inside an internal coil within the feed tank,
whenever required. The phase continues for a preset duration, selected
based on the adsorption kinetics of the material.

2.2.3. Preheating phase

The adsorption unit is isolated once again, and the cooling water is
replaced with heating water from the heat storage tank to increase the
bed’s temperature and prepare it for the subsequent desorption phase.
Analogous to the precooling step, but in the opposite way, this phase
aims to transition the bed along an isosteric path.

2.2.4. Desorption phase

Finally, the connection between the adsorption unit and the distillate
tank opens, and the other circulation pump runs the distilled water. The
high-temperature water in the bed internal circuit provides the energy
for water vapor to desorb from the adsorbent material. The desorbed
vapor condenses on the liquid droplets in the distillate side (see Fig. 2e)
and is collected as freshwater in the distillate tank. The condensation
increases the temperature of the circulating distillate water and, in turn,
that of the distillate water tank. In a similar way to the feed tank, to
control the distillate water tank temperature and maintaining the
condensation rate constant, the cooling water from the dry air cooler
circulates inside an internal coil within the distillate tank (after passing
through the other bed, which is working in the adsorption phase). This

phase continues for a preset duration and the cycle repeats.

The timetable of the desalination stage for both beds is presented in
Fig. 3. At every instant, one bed is in the desorption step, thus achieving
continuous water production. The process continues until a point when
the level of seawater in the feed tank is lower than the threshold level
needed to be in contact with the internal coil for tank temperature
control. Therefore, the feed and product waters are discharged, and the
process can be repeated starting from the preparation stage.

To evaluate the performance of the adsorption desalination system,
four AD conventional indicators were taken from literature [18] and
calculated for the current system, namely, the specific daily water pro-
duction (SDWP) to determine the desalination capacity, the specific
cooling power (SCP) and the coefficient of performance (COP) for
evaluating the cooling capacity, and finally the overall conversion ratio
(OCR) to analyze the thermodynamic efficiency of the system (the ratio
of combined desalination and cooling powers produced by the system to
the required power input of the system for desorption), defined as
follows,

A Vcond

— 3.ton-1. -1
SDWP = 3= [m®-ton"'-day | 2
— Qevap Teo—1
SCP = » [W-kg™] 3
Qevap
COP = - 4
ocr = Qoo = Qo ®)

es

where AV, is the volume of desalinated water, At the duration of the
process, Mg the mass of adsorbent, Qe,q, the heat power of evaporation,
Qges the heat power of desorption, and Q¢ the heat power of
condensation. The heat powers of evaporation, desorption, and
condensation can be calculated as follows:
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d) e)

cooling heating
unit N

droplet evaporation
droplet condensation

concentrated  adsorption

feedwater bed separator Pall rings

Fig. 2. Picture of the pilot plant setup for adsorption desalination including: a) the main indoor desalination components; b) the indoor heat storage tank and heat
exchanger; ¢) outdoor solar panel. Detailed schematic of each adsorption units during the d) adsorption or e) desorption phase.

AVeapp, hy
Table 3 Qevup = %ng [W} (6)
The adsorption desalination system specification, geometry and test operating
conditions. »
Que = [ e, (T, — T de (W) %)
Adsorbent mass (each bed) 15 kg es teyete Jo P\ " hw hw
Feed water tank volume 50 L
Feed water salinity (electrical conductivity) 554 pS-cm ™! AV h
Hot water temperature 60 °C Qeond = 2 YeondPyllig . [W] ®
Cold water temperature 25°C At
Hot water flowrate 18.3 L-min~*
Cold water flowrate 26.7 L-min—t Here, AVeqp is the volume of evaporated water from the feed tank, p,,
Cycle duration 50 min the water density, hg, the latent heat of evaporation, t.. the cycle
Heat storage tank volume 856 L

duration, m the mass flowrate of hot water circulation in the adsorption
bed, C, the specific heat capacity of water, T the hot water bed inlet
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Desorption

Adsorption

Fig. 3. Timetable of the adsorption desalination process for each adsorption bed. “Pr-C” and “Pr-H” abbreviations stand for precooling and preheating, respectively.

temperature, Ty the hot water bed outlet temperature, and AVc,nq the
volume of condensed (product) water in the distillate tank.

3. Results and discussion
3.1. Adsorbent material behavior

The results of the adsorbent characterization and isotherm modeling
are presented in Fig. 4. The data for water uptake on the adsorbent
material are plotted as a function of adsorption potential, highlighting
the predictable reduction in adsorption capacity with increasing tem-
perature. The D-A isotherm was then utilized to fit the data, which
resulted in regression parameters reported in Table 4. The D-A isotherm
adequately describes the water adsorption behavior of the Siogel
material.

3.2. Performance of desalination

The experimental results of a representative test of the adsorption
desalination process, conducted at a desorption temperature of 60 °C
and cycle duration of 50 min, are presented in Fig. 5. Fig. 5a displays the
temperature transients of the adsorption beds, the feed tank (evapo-
rator), and the distillate tank (condenser), while Fig. 5b illustrates the
corresponding pressure.

Focusing on adsorption bed #1 (dashed orange line in Fig. 5a), a
rapid decrease in its temperature can be observed at the start of the
process (dimensionless time = 0). This marks the precooling phase,
during which the bed was isolated, and cooling water circulated through
its internal circuit, lowering its temperature. As the adsorption phase

0.40
0.35 — @) @ Experimental data (20 °C) |~
[ Experimental data (30 °C) |

0.30 — ) —

Model

D-A Isotherm

0 1000 2000
Adsorption Potential (RTIn(P,/P))

3000

Fig. 4. Characteristic curve of Siogel-water adsorption at 20 °C and 30 °C as a
function of adsorption potential. The blue circles and squares represent the
experimental adsorption data measured with a vapor sorption analyzer (SPSx-
1p from ProUmid GmbH & Co. KG, Ulm, Germany) at 20 °C and 30 °C,
respectively, while the continuous, black line represents the results of the D-A
isotherm model fitting. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 4

D-A isotherm regression results for water adsorption on Siogel material.
Parameter Value unit
Co 0.36 kg-kg™?
E 3310 J-mol !
n 1.74 -

began, feed water came into contact with the adsorbent material, initi-
ating vapor adsorption. This process released the heat of adsorption,
which slowed the rate of temperature decrease in the bed until the
temperature stabilized at the desired value. Simultaneously, the pres-
sure drop caused by vapor adsorption provided the driving force for
more evaporation from the liquid droplets on the bed’s side section.

During this phase, the temperature in the feed tank (represented by
the continuous green line in Fig. 5a) dropped due to the cooling effect of
water evaporation between dimensionless time 0 and approximately
0.25. However, as adsorption progressed and the adsorption material
approached saturation, the driving force for adsorption decreased, in
turn reducing the evaporation rate. As a result, the feed tank tempera-
ture decline slowed. Eventually, the heat transfer from the internal coil
in the feed tank (used for temperature control) surpassed the latent heat
demand for evaporation, causing the tank temperature to return to its
initial setpoint. While the cooling temperature generated (20 °C) in the
feed tank as an output of the system would not be suitable for space
cooling, it may be utilized for process cooling applications.

At dimensionless time 0.5 (half of the cycle time), a sharp rise in the
temperature of bed #1 marked the beginning of the preheating phase.
During this phase, the adsorption unit was isolated, and the cooling
water in its circuit was replaced with hot water from the heat storage
tank. The rapid temperature increase prepared the bed for desorption.
Initially, some slight desorption occurred, which increased the bed
pressure and counteracted the desorption phenomenon, temporarily
limiting the process. The subsequent desorption phase began when the
adsorption unit was connected to the distillate tank. High-temperature
water in the internal circuit of the bed provided the energy needed for
water vapor to desorb from the adsorbent material. The desorbed water
vapor was condensed on droplets on the condensing side of the bed and
collected in the distillate tank, leading to additional driving force for
further water desorption. Mirroring what occurred to the feed tank
temperature during adsorption, condensation released heat, causing the
distillate tank temperature (dash-dot red line in Fig. 5a) to rise initially.
However, as the adsorbent material dried and the driving force for
desorption diminished, the desorption rate decreased, resulting in a
gradual decline in the distillate tank temperature toward its initial value
by the end of the phase.

The temperature evolution of both the feed and distillate tanks fol-
lowed this cyclic pattern across successive cycles, as shown in Fig. 5a.
These temperature changes were synchronized with the cyclic operation
of the adsorption beds, ensuring consistent water production throughout
the process.

The transient pressures of the adsorption units (beds) shown in
Fig. 5b also reflect these cyclic operations. For adsorption unit #1, a
sharp drop in pressure was observed at the beginning of the cycle, fol-
lowed by a stable low-pressure plateau. This behavior is attributed to the
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Fig. 5. a) Temperature and b) pressure evolution of the adsorption beds, feed
tank (evaporator), and distillate tank (condenser) in two adsorption desalina-
tion cycles performed with the hot water temperature set at 60 °C. Note that
the x axis displays the dimensionless time, that is, the physical time divided by
the total duration of the cycle, the latter equal to 50 min. The plot highlights the
trends observed during the various phases of each cycle, regardless of the ab-
solute cycle duration. (Tamp = 23 °C).

cooling phase and subsequent adsorption. During the adsorption phase,
water vapor was continuously adsorbed by the material, which drove
evaporation without causing vapor accumulation in the bed. As a result,
the pressure remained nearly constant throughout the adsorption phase
until its conclusion. In contrast, the desorption phase exhibited a
distinctly different transient pressure. At the start of desorption, there
was a rapid pressure increase to a peak value, followed by a gradual
decline. Initially, when the adsorbent material contained a large amount
of water, the desorption rate exceeded the condensation rate, leading to
a buildup of vapor pressure. As the adsorbent material dried, the
desorption rate decreased, eventually falling below the condensation
rate, resulting in a steady decline in bed pressure. The peak pressure
observed in the middle of the desorption phase marks the point where
the desorption and condensation rates were nearly equal. This peak is
critical for process optimization, as it could be used to maximize water
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production by adjusting the desorption duration to ending at this point
without altering the adsorption phase. Such an optimization might be
particularly feasible in systems with more than two adsorption units.

A representative phase diagram of an adsorption desalination cycle is
shown in Fig. 6. The diagram consists of the bed temperature and
pressure axes, with isosteric lines as the background. The diagonal
dotted lines represent the equilibrium water uptake on the adsorbent
material, as determined by the Siogel/water adsorption isotherm,
ranging from zero to the maximum possible water uptake in fully satu-
rated Siogel. The orange dashed lines, on the other hand, depict the
cyclic path of the process under specific conditions: a desorption tem-
perature of 60 °C and a cycle duration of 50 min.

The cyclic progression consists of four distinct phases, beginning
with an isosteric path (1) from point A to B. During this phase, the bed
temperature and pressure decreased, while the water uptake did not
change considerably, which implies a pre-cooling phase in which the
bed was isolated and not in contact with the feed water. (2) From point B
to C, the system entered the adsorption phase as the feed water droplets
run through the evaporation side of the bed. This phase involved
crossing the isosteric lines towards saturation, indicating increased
water uptake. The phase was almost isobaric consistent with Fig. 5b, due
to the dependence of evaporation on adsorption as its driving force,
leading to constant pressure. Following the adsorption phase, the system
transitioned (3) from point C to D. Here, both bed temperature and
pressure increased along an isosteric path, reflecting the preheating
phase in the isolated bed. Finally, during the desorption phase (4) from

point D to A, the system moved away from the saturation line, crossing
the isosteric lines as the adsorbent material became drier. Notably, this
phase involved a greater pressure change compared to the adsorption
phase, as previously discussed and observed in Fig. 5b.

In addition to representing the bed temperature and pressure, the
phase diagram also provides valuable insights into the ideal water
production of the cycle. The maximum and minimum water uptake,
observable at points B and D respectively, define the net water uptake, or
the ideal water production per unit mass of adsorbent. In this case, the
value was 0.11 kg-kg L. For a system with 1 ton of adsorbent material
operating at the specified cycle duration, the ideal SDWP would be
almost 3.17 m>-ton~!-day !, which is 27 % higher than the actual SDWP
measured based on the collected product water in the distillate tank. The
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Fig. 6. Phase diagram of one generic adsorption desalination cycle at 60 °C hot
water temperature and 50 min cycle duration. The black, diagonal, dotted lines
are the isosteric lines calculated from the adsorption isotherm, while the or-
ange, dashed line represents the four phases of the adsorption cycle. (Theat source
= 62 °C & Theat sink = 20 °C). (For interpretation of the references to colour in
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discrepancy is mainly due to the fact that the phase diagram accounts
only for the equilibrium water uptake determined by the isotherm,
neglecting the impact of adsorption kinetics. While the isotherm dictates
the maximum potential water uptake, the kinetics determine how
quickly these values can be achieved. Therefore, if the cycle duration is
sufficiently long to allow equilibrium conditions to be reached, the ideal
water production values can be realized. However, longer cycle dura-
tions may actually reduce daily water production, as will be discussed
below. Overall, the cycle depicted in the phase diagram shown in Fig. 6
is close to the ideal cycle expected from the theoretical adsorption
desalination cycle in which the process includes two isosteric and two
isobaric steps.

In addition to evaluating the thermodynamic performance and water
desalination rate of the adsorption desalination plant, the quality of the
product water was also monitored to ensure no or negligible passage of
solutes from the feed occurred. In the current configuration, the feed
water droplets run continuously through evaporation side of the bed,
which is separated by polymeric mesh from both the adsorbent materials
and the condensation side. This design necessitated verification that
droplets from the feed water did not cross into the distillate side, thus
creating a short-circuit. As a primary assessment, two tests were per-
formed in which tap water was used on the feed side. On the distillate
side, deionized water was used in the first test as initial (receiving) water
solution, while tap water was used in the second. In the first test, the
electrical conductivity (EC) of the distillate was expected to remain
relatively constant throughout the operation (when water product from
the system mixes with distillate water, the EC of the mixture should not
change as long as the product water has similar EC of distillate water). In
the second test, however, a decrease in EC was anticipated due to
dilution of tap water by the less saline product water obtained in the
system. Based on the observed change in EC and the obtained volume of
product water, the EC of the desalinated water was estimated through
mass balance to be approximately 40 uS/cm, which is significantly lower
than the feed water EC of 333 uS/cm and corresponds to a product water
salinity roughly equal to 20 mg/L, which is well below limits required
for drinking water. The conditions and the results of the tests are sum-
marized in the Table S.2 of the SI.

3.3. Sensitivity analyses

The effects of two operating parameters on adsorption desalination
performance indicators, namely, SDWP and SCP, were determined
experimentally. Firstly, the effect of hot water (desorption) temperature
is shown in Fig. 7a. The results imply the strong dependency of the
system’s performance on the hot water temperature. For example, the
SDWP rose to almost 3.8 m>.ton~!-day™! by increasing the desorption
temperature to 70 °C. This improvement can be attributed to two cu-
mulative effects of higher temperatures. Firstly, as the desorption tem-
perature increases, the equilibrium minimum water uptake is reduced,
enabling more water to be desorbed from the adsorbent. Secondly, since
adsorption kinetics is a function of temperature, the desorption phase is
accelerated. Together, these effects resulted in a more rapid desorption
of a larger amount of water from the adsorbent material, in turn trans-
lating into increased water production. In addition, a lower equilibrium
minimum water uptake leaves the adsorbent drier at the beginning of
the subsequent adsorption phase, enhancing its capacity for adsorption.
This greater capacity facilitates more effective evaporation from the
feedwater, which not only increases water production but also boosts
the cooling power of the system, as reflected by higher SCP values.
Notably, both SDWP and SCP increased with a sharper slope at higher
temperatures, due to the exponential nature of the relation between
temperature and water vapor pressure, which is also evident from the
adsorption isotherm. All that being said, it is important to note that the
energy required for the desorption phase, primarily provided by hot
water, constitutes the major energy demand of the system. While solar
energy serves as the primary source, minimizing operational costs, any
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additional energy required during periods without solar power can
considerably impact the cost-effectiveness of the system or would
require effective energy storage units.

The effect of cycle duration on the performance indicators of
adsorption desalination, SDWP and SCP, is presented in Fig. 7b. Both
indicators increased for longer cycle durations within the range tested in
this study. Theoretically, if cycle duration increases even more, an
optimal point should be reached when SDWP is maximized (not reached
in the current study), beyond which this performance parameter starts to
decline for longer cycle duration. Extending the cycle time allowed the
system more time to approach the minimum and maximum equilibrium
water uptake values, thereby achieving closer-to-ideal water production
during each cycle. However, as the adsorbent approaches saturation in
the adsorption phase and becomes drier in the desorption phase, the
driving force for adsorption and desorption diminishes, resulting in
slower rates of water uptake and release. This trade-off is particularly
substantial when considering production over time, such as SDWP.
Although longer cycle durations improve the amount of water produced
per cycle, fewer cycles can be completed in a given time. As a result, the
overall production rate initially increases, levels off, and may even
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decline if the cycle duration exceeds the optimal point. Moreover, since
adsorption transient is influenced by the desorption temperature, the
optimal cycle duration for maximizing SDWP depends also on the spe-
cific temperature conditions. At each desorption temperature, an
optimal balance exists between cycle duration and water production,
beyond which performance gains diminish. Ambient conditions also
influence this optimal cycle time. For instance, as ambient temperature
increases, the desorption temperature achievable via solar panels rises,
enabling drier conditions in the adsorbent material and enhancing net
water uptake. A higher desorption temperature not only improves
adsorption capacity but also accelerates the desorption rate. However,
rising ambient temperature may have additional, detrimental effects. As
it increases, the dry air cooler may approach its maximum operating
capacity, causing the condensation temperature to rise and the
condensation rate to decline. This may limit the benefits of elevated
desorption temperatures.

Similar to the influence of desorption temperature on SDWP and
SCP, Fig. 8a shows that both COP and OCR values increased with higher
hot water temperatures. Notably, operating at 70 °C resulted in a COP of
0.56, while the OCR exceeded 1 at temperatures above 68 °C. As
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previously discussed, increasing the hot water inlet temperature en-
hances the desorption process, net water uptake, and consequently, the
system’s desalination and cooling capacities. This leads to higher
desorption and evaporation heat powers per cycle, albeit at different
rates, resulting in improved COP and OCR values. For OCR values
greater than 1, it is essential to clarify that OCR represents the ratio of
the combined heat powers of desalination (condenser) and cooling
(evaporator) to the desorption heat power supplied. It does not equate to
the ratio of total output heat power to total input heat power for the
system, as the evaporator’s heat power is also an input. Therefore, OCR
values exceeding 1 do not violate the first law of thermodynamics but
rather indicate a more thermodynamically efficient system. These values
signify that, for a given amount of desorption heat supplied, the system
achieves greater useful outputs in the form of desalination and cooling.
Similarly, Fig. 8b illustrates an increase in both COP and OCR with
longer cycle durations. This improvement is attributed to the system
approaching adsorption and desorption equilibrium, as defined by the
adsorption isotherm. This equilibrium results in higher net water uptake
on the adsorbent, leading to greater freshwater production and cooling
per cycle. By extending the cycle duration to 50 min, COP nearly
reached 0.55, while an OCR of 1.1 was achieved. However, the impact of
cycle duration on these indicators beyond the range shown in the graph
remains uncertain and requires further investigation.

Moreover, Fig. O presents a comparison of the performance of the
pilot plant from the current study with other adsorption desalination
plants reported in the literature, specifically in terms of specific daily
water production (SDWP) relative to plant size (adsorption mass). For
this comparison, only experimental results from silica gel-based systems
with conventional (non-hybrid and non-advanced configurations, such
as heat recovery schemes) designs were included (the data for this
comparison taken from the literature with more details is provided in
the Table S.3 of the SI as well [10,31,35,36]). These systems were
selected based on operating conditions most closely matching those of
the current study: bed hot water temperature of 70 °C, bed cold water
temperature of 25 °C, and evaporator chilled water temperature of
20 °C. According to the graph, the SDWP of these systems ranges from
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2.5 to 4.7 m>-ton"!-day!. Notably, the highest SOWP value, reported
by Alsaman et al. [31] was achieved under higher chilled water tem-
perature in the evaporator (30 °C) compared to other studies, which
resulted from higher evaporator and adsorption phase pressure leading
to higher net water uptake. Such higher evaporation temperature limits
the applicability of cooling production (second output other than
desalination) of the system, highlighting a trade-off between desalina-
tion and cooling outputs. The performance presented in the current
study falls within the higher end of the range, comparable to the results
of Woo et al. [35] which tested two feeder configurations. To compare
the current study and the mentioned study by Woo et al., while both
systems worked at the exact same operating conditions, the spray nozzle
feeder evaporator configuration showed the highest SDWP. However, it
should be noted that the data point from that study was taken at the
optimum cycle duration, while the cycle duration for the current study
was not optimized and still allow for substantial improvement according
to Fig. 8. The graph also highlights a general trend of reduced produc-
tion capacity as system scale increases, which might be partly due to the
increasing water vapor transfer resistance at larger scale. In fact, the
larger the system scale, the longer is the path of water vapor molecules
from the evaporator to the adsorbents and from the adsorbent to the
condenser. A longer path decreases the rate of adsorption and conden-
sation, hence water production. This phenomenon highlights the
advantage of the configuration proposed in this work, in which droplet-
based water circulation between the tanks and the adsorption beds (feed
and product water droplets in the side sections of the beds) reduces the
vapor path length, the transfer resistance, and ensures a more consistent
production value regardless of the size of the system. Overall, while the
scheme in this study reduced vapor transfer resistance and resulted in
high SDWP and COP, the production remained within the reported
range. This limited improvement may be attributed to heat transfer from
the adsorbent section (operating at 50-70 °C) to the product (distillate)
water droplets in the distillation side of the bed during desorption (at
25 °C). This unwanted heat transfer could raise the product water
temperature, reducing condensation efficiency, net water uptake, and,
consequently, SDWP. Further investigations are needed to explore this
effect in detail and identify strategies for mitigating it. While a
parameter-by-parameter comparison with other systems may not always
favor our design, a holistic assessment, including SDWP, COP, and the
achieved cooling temperature, indicates its promising potential.
Importantly, these results were obtained under non-optimized condi-
tions and at an earlier stage of development relative to other systems.
This leaves room for improvement and suggests that, as development
progresses, our system may ultimately offer advantages over those
previously reported in the literature.

Beyond technical performance, long-term sustainability is a key
consideration, especially regarding life-cycle environmental impacts.
While a full LCA was beyond this study’s scope, relevant insights can be
drawn from related sorption systems. Thu et al. [37] estimated that
adsorption desalination at a 1000 m3.day™? scale could reduce CO,
emissions by ~3 kg-m™ versus reverse osmosis, though upstream and
infrastructure impacts were not considered. Broader LCAs of sorption-
based thermal energy storage (Horn et al. [38]; Niemborg et al. [39])
highlight high embodied energy and global warming potential from
adsorbent production—offset only through long service lifetimes and
frequent cycling. Similarly, Hayatina et al. [40] found that thermo-
chemical storage materials often carry large production footprints,
requiring extended operation to achieve net benefits. These findings
suggest that sorption desalination may face similar trade-offs. Still,
compared to energy- or component-intensive methods like RO and MSF,
sorption systems can offer lower life-cycle impacts by leveraging solar or
waste heat and durable, regenerable adsorbents. A full system-level LCA
remains essential to assess these benefits under real-world conditions.

When considering system scale-up, several challenges must still be
addressed, including the trade-off between hydraulic complexity and
modularity, increased pressure drops and mass transfer limitations in
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larger beds, long-term vacuum maintenance, and the need for durable
materials, such as stainless steel, to prevent degradation and ensure
operational reliability. A key concern is the structural resilience of mesh-
packed beds, which may face issues such as deformation, packing
instability, and reduced heat transfer as system size increases. While
such problems were not observed at pilot scale, future designs could
mitigate them by adopting more robust support configurations—such as
metallic heat exchangers with coated adsorbents or perforated plates
[41]—already common in commercial adsorption chillers. Additionally,
advanced packing geometries like 3D-printed TPMS lattices [42] can
improve mechanical integrity and surface area retention. Combined
with stronger vacuum systems and precise cycle control [43], these
strategies can support scale-up without sacrificing performance.

Finally, to assess the system’s energy consumption and losses, a
representative case was analyzed using a desorption temperature of
70 °C and an adsorption cycle duration of 30 min. The analysis showed
that each cycle consumed approximately 3.65 kWh of energy, while
3.38 kWh was released as adsorption or condensation heat. This corre-
sponds to an energy loss of about 0.27 kWh per cycle, representing
roughly 7 % of the total energy input. When powered by the solar sys-
tem, the required input energy drops to approximately 0.65 kWh per
cycle. Detailed assumptions, calculations, and results are provided in
Tables S4 and S5 and Fig. S3 of the SI.

4. Conclusions

The performance of a solar-driven pilot-scale adsorption desalination
plant utilizing Siogel adsorbent material and employing a new droplet-
based mechanism of feed and distillate water circulation between both
tanks and the adsorption beds was investigated. The Siogel material was
characterized, and its adsorption isotherm model was determined. The
system’s conventional cycles were tested, with results presented and
analyzed in terms of transient temperatures and pressures, as well as the
cycle phase diagram. Key performance indicators, including specific
daily water production (SDWP), specific cooling production (SCP), co-
efficient of performance (COP), and overall conversion ratio (OCR),
were evaluated. Additionally, the effects of desorption temperature and
cycle duration on system performance were experimentally assessed.

The Siogel adsorbent demonstrated comparable performance to
other silica gel variants reported in the literature. The system achieved a
water production capacity of approximately 3.8 m®.ton !.day ! and a
cooling capacity of 100 W-kg™! at a desorption temperature of 70 °C
supplied by a solar water heating system, with a cycle duration of 30
min. The study revealed that optimizing cycle duration could further
enhance SDWP. Higher desorption temperatures, facilitated by the solar
heating system, improved both water and cooling production. Although
performance metrics improved with increasing cycle duration, the
improvement showed diminishing returns. The findings suggest that the
droplet-based circulation scheme facilitated water vapor transfer from
the feed water to the adsorbent and from the adsorbent to the distillate
water flow, allowing a consistent performance regardless of system size.
However, this positive effect may have been partially offset by heat
transfer from the adsorption bed during the desorption phase to the
circulating distillate water, which slightly increased its temperature and
potentially reduced water vapor condensation efficiency.

Overall, when considering together SDWP, COP, and the achieved
cooling temperature in relation to the system’s current operating con-
ditions and stage of development, the design presented in this work
demonstrates promising potential compared to earlier approaches. The
results uphold the feasibility of scalable solar-driven adsorption desali-
nation systems and highlight the considerable impact of operating pa-
rameters observed in bench-scale studies, also on the performance of
pilot-scale plants. The system’s flexibility suggests substantial poten-
tial for optimization, underscoring the importance of continued exper-
imentation and advanced modeling efforts by the research community.
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