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Abstract. Adsorption-based cooling is an alternative to conventional vapor-compression systems that have a high envi-
ronmental impact and account for a significant share of global energy consumption. This study presents an experimental
and analytical investigation of a two-bed adsorption cooling system operating with a water/silica-gel working pair. The
device consists of a refrigerant circuit (water vapor) and a secondary water circuit that provides supplies or removes heat
from the beds when necessary. The refrigerant circuit includes two adsorption beds, a condenser, an expansion valve, and
an evaporator. The system operates in alternating half-cycles, with one bed undergoing desorption while the other per-
forms adsorption. Measurements of temperature, pressure, and volumetric flow rates were conducted over nearly three
half-cycles. Theoretical cooling capacity was calculated at 6.652 kJ, which corresponds to the EER (Energy Efficiency Ra-
tio) equal to 0.0405. To overcome issues associated with limited thermal contact between the surface of the heat exchang-
er and the adsorbent particles as well as low thermal conductivity of silica gel, it should be applied directly onto the heat
exchanger’s surface in the form of coatings instead of the traditional loose packing of adsorbent granules. Additionally,
enhancing the system’s performance can be achieved by implementing heat and mass recovery. These findings provide in-
sights into the design of adsorption-based refrigeration, emphasizing environmentally friendly and efficient alternatives

to conventional vapor-compression systems.
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1. Introduction

Refrigeration accounts for approximately 10% of global
energy consumption, and for buildings it is responsible
for as much as 20% of total energy demand (Interna-
tional Energy Agency, 2018). Given the current state of
the climate, there is a clear need to seek innovative, more
environmentally sustainable solutions and to optimize
existing refrigeration systems.

The most widely used cooling method is vapor-
compression refrigeration. Vapor-compression re-
frigeration systems operate on the principle of trans-
ferring heat from a low-temperature environment
to a higher-temperature sink. In the evaporator, heat
is absorbed by the refrigerant, causing it to undergo a
phase change from liquid to vapor at nearly constant
pressure. This heat removal from the surroundings pro-
duces the desired cooling effect.

A key advantage of vapor-compression systems
is their relatively high cooling efficiency, commonly
expressed by the Energy Efficiency Ratio (EER). The
EER represents the amount of cooling delivered per
unit of electrical energy consumed, primarily by the

compressor, but also by fans and other auxiliary com-
ponents. Typical EER values range from 1 to 5, de-
pending on system design, operating conditions, and
the thermodynamic properties of the refrigerant. Cur-
rently, the most used refrigerants in the European Un-
ion include R134a, R32, R125, R152a and mixtures such
as R410A, R404A and R407C (Ludig et al., 2024). All
these refrigerants belong to the group of hydrofluoro-
carbons (HFCs). Figure 1 illustrates the total quantity
of fluorinated gases supplied to the EU market over the
past decade, broken down into HFCs, PFCs and SFs.
The data show a clear downward trend in the supply
of HFCs, reflecting the impact of the EU F-gas Regula-
tion and the phasedown schedule. Figure 2 presents the
same data converted into CO,-equivalent values, high-
lighting the climate impact of each gas group. Despite
the relatively small volumes of PFCs and SF, their high
Global Warming Potentials (GWPs) make them signifi-
cant contributors to total CO,-equivalent emissions.
The overall decline in emissions shown in Figure 2 fur-
ther demonstrates the effectiveness of regulatory meas-
ures aimed at reducing the environmental footprint
of fluorinated gases.
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Figure 1. Total EU supply of fluorinated gases
(Ludig et al., 2024)
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Figure 2. Total EU supply of fluorinated gases (CO2e)
(Ludig et al., 2024)

The use of these substances significantly contributes
to the intensification of the greenhouse effect, which is
expressed through the Global Warming Potential (GWP)
index (Australian Government, 2024). GWP represents
the warming impact of 1 kg of a given gas over a 100-
year period relative to 1 kg of CO,, for which GWP =
1. For the most common HFC refrigerants, the GWP
values are approximately 2088 (R410A), 1430 (R134a),
and 675 (R32) (The European Parliament & The Coun-
cil of the European Union, 2024; Darby, 2014). These
high GWP values explain why, despite the decreas-
ing mass of HFCs shown in Figures 1-2, their CO -
equivalent impact remains substantial and remains
a key target of regulatory measures in the EU.

Other popular refrigerant, without fluoride, such as
R717 (ammonia, GWP = 0), R290 (propane, GWP =
0.02), or R744 (carbon dioxide, GWP = 1.0), are char-
acterized by negligible or zero GWP values. However,
their use involves various challenges that often limit their
application. Ammonia, for example, is toxic, flammable
and exhibits low material compatibility (incompatibility
with copper) which significantly restricts its use, par-
ticularly in smaller units or facilities occupied by peo-
ple. Propane belongs to the A3 safety category (highly
flammable refrigerants) and is therefore commonly
used in small-scale devices due to requirements related
to minimum enclosed room volume and ventilation.
Carbon dioxide has exceptionally low critical param-
eters (73.6 bar and 31.1 °C), which necessitates the use
of transcritical systems that do not utilize latent heat due
to lack of condensation in the upper heat exchanger - gas

cooler (Baheta et al., 2015). It also requires use
of components that are resistant to high pressures up
to 120-130 bar. Considering increasingly stringent
regulations of environmentally harmful or hazardous
refrigerants, refrigeration systems that operate with-
out substances, which require special considerations,
or significantly limit their use provide environmental
benefits, enhance operational safety, and ensure greater
regulatory flexibility.

Due to the limitations associated with the use of
working fluids in conventional vapor-compression re-
frigeration systems, various alternative cooling tech-
nologies are being actively developed. Among the most
promising solutions are (Grzebielec, 2024):
sorption cooling systems (absorption, adsorption);
- thermoelectric systems;
systems based on the magnetocaloric effect;
systems based on the elastocaloric effect;

- systems utilizing the reversed Stirling cycle;
thermoacoustic cooling systems;
ejector refrigeration systems.

In many of these alternative technologies, the achiev-
able cooling capacity is limited by the physical principles
and design constraints of the devices, which means that
most of them can only be implemented at scales of up
to several tens of kilowatts. Only sorption and ejector
systems can be constructed across a wide range of capac-
ities-from a few watts to several megawatts (Grzebielec,
2024; Sahu et al., 2026).

Absorption, adsorption, and ejector refrigeration
systems are driven by heat. Consequently, they repre-
sent technologies capable of utilizing thermal energy
from solar collectors or industrial waste heat. Absorp-
tion systems are already well established on the market,
most commonly using water-ammonia or lithium bro-
mide-water working pairs. Ejector systems, on the other
hand, operate with conventional refrigerants, which
means they are subject to similar legislative restrictions
as vapor-compression installations (Butrymowicz et al.,
2014).

For this reason, the authors of this study decided to
focus on adsorption-based refrigeration systems, which,
compared to absorption systems — can operate at sig-
nificantly lower driving temperatures. This characteris-
tic gives them broader implementation potential across
various industrial applications where low-grade waste
heat is readily available.

2. Methodology

Silica gel is a type of desiccant made from silicon diox-
ide (Si0,); it occurs naturally in sand and quartz. It is
non-toxic, widely available, relatively inexpensive, and
capable of adsorbing large amounts of water vapor at
low pressures (on the order of 0.2-0.4 g H,O per g of
silica gel), which makes it attractive for applications in
thermal energy storage and adsorption cooling devices
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as shown in Figure 3. Silica gel can achieve up to 95%
regeneration using a heat source with a temperature
of 90 °C (Hanif et al., 2023).
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Figure 3. Isotherm data for the Type 3A silica gel-water
system (Hanif et al., 2023)

Another advantage of adsorption cooling devices is
their lack of moving parts, most notably a compressor,
which reduces the failure frequency, electrical energy
consumption and noise levels. Additionally, the usage of
naturally occurring, zero-emissions substances is aligned
with the goal of developing environmentally sustainable
solutions. It is possible to achieve relatively high COP
levels in adsorption chillers with a silica gel and water
pair such as 0.4 or even 0.62 if using solar power (Najeh
et al,, 2016).

This study concludes an analysis of a two-bed ad-
sorption cooling system using silica-gel and water as
a working pair shown in Figure 4.
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Figure 4. Silica gel-water vapor adsorption system

The device consists of two circuits, the refrigerant cir-
cuit and the water circuit. The refrigerant circuit includes
two beds, Al and A2, four ball valves (V1, V2, V3, V4),
a condenser, an expansion valve and an evaporator. The
system diagram is shown in Figure 5.
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Figure 5. Refrigerant circuit

The cycle consists of two half-cycles. In the first half-
cycle, heat is supplied to bed A2 causing working fluid
the working fluid to desorb as water vapor. The gas pass-
es through valve V2, enters the condenser, and releases
heat to the surroundings, condensing in the process. The
refrigerant then expands through the expansion valve
and enters the evaporator, where it absorbs heat from the
environment during a phase change. The vapor leaving
the evaporator passes through valve V3 and enters bed
A1, where it is adsorbed. In the next phase, the roles of
the beds are reversed: heat is supplied to bed A1, which
undergoes desorption, while heat is removed from bed
A2, thus the system returns to its initial state, and the
device is ready to start the next cycle.

During the desorption process, heat is supplied to
the bed, while during adsorption, heat is extracted. This
heat transfer is accomplished via a secondary water loop.
Both beds (Al and A2) are equipped with integrated
heat exchangers, enabling the delivery and removal of
heat during the respective half-cycles.

3. Results and calculations

The experimental setup described in a previous chapter
was instrumented as follows: temperature measurements
were performed using class A PT100 resistance tempera-
ture sensors (RTDs), pressure was measured with class
A PC-28 pressure transducers, and the volumetric flow
rate was determined using vortex-type flow meters. An
analysis covers nearly 3 half-cycles. During the opera-
tion of the adsorption unit, the following variables were
recorded:

t [s] - time;

p(A1) [kPa] - pressure in Al bed;

p(A1) [kPa] - pressure in A2 bed;

t;(A1) [°C] - inlet A1 temperature;

t,(Al) [°C] - outlet A1 temperature;

t3(A2) [°C] - inlet A2 temperature;

t4(A2) [°C] - outlet A2 temperature;

f)heatmg [I/min] - volumetric flow rate in the heat-
ing loop;
f)mlmg [I/min] - volumetric flow rate in the cool-

ing loop.
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The absolute pressures in beds Al and A2 during al-
most 3 half-cycles are presented in Figure 6. Each half-
cycle ended when the pressures stabilized and the differ-
ence between the inlet and outlet temperature of beds
approached zero. Duration of the first half-cycle was
approximately 195 min. Pressure inside the A2 bed rises
to 23.7 kP(a) during the process of desorption, while
the absolute pressure inside bed Al is maintained at a
1.4-1.7 kPa(a) level. In the next half-cycle, roles of the
beds are reversed, thus the pressure profiles are as well.
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Figure 6. Absolute pressures in Al and A2 beds

The inlet and outlet temperatures of the heat ex-
changers installed in beds Al and A2 are shown as a
function of time in Figure 7. The temperature of the sup-
plied heat, i.e., the water flowing through a heat exchang-
er is approximately 75 °C, whereas the cooling tempera-
ture is 20 °C. A rise in the cooling water temperature
throughout the half-cycles up to 25 °C is a result of water
temperature increase in a water buffer tank.
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Figure 7. Al and A2 heat exchanger's inlet and outlet
temperatures

Figure 8 shows volumetric flow rates of cooling and
heating mediums in a secondary water loop. Mean volu-
metric flow of the cooling medium is equal to 1.48 I/min,
while for heating medium it is equal to 1.38 I/min.
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Figure 8. Volumetric flowrate of cooling and heating water in
a secondary loop

When the heat is removed from the Al bed during
the adsorption process and applied to the A2 bed dur-
ing the desorption process (first half-cycle), the heat
flow calculations use Uy, for Al and 0p,.,, for
A2. When the roles are reversed i.e., Al is heated (des-
orption) and A2 is cooled (adsorption), bheating is used
for Al and {)woling is used for A2 (second half-cycle).

The heat flow supplied to or removed from the beds
was calculated using the temperature difference of water
at the inlet and outlet of the heat exchangers installed
in beds Al and A2, together with the water volumetric
flow rate.

Q= —tz)xcpxpril-, (1)
where p and ¢, are respectively the water density and
specific heat capacity.

The heat flows are shown in Figure 9. Positive values

correspond to heat supplied to each bed, whereas nega-
tive values indicate removed heat.
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Figure 9. Heat flows to and from Al and A2 beds
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The total energy supplied and removed was obtained
by multiplying each measurement by the 1 s time step
and summing over all steps. Amounts of heat removed
and supplied to Al and A2 beds are presented in Table 1.

Table 1. Amounts of heat supplied and removed from Al and
A2 beds

Heat transfer, kJ

First half-cycle
A1l bed (adsorption) -32.274
A2 bed (desorption) 840.032
Second half-cycle
Al bed (desorption) 959.969
A2 bed (adsorption) -985.06
Third half-cycle
Al bed (adsorption) -767.303
A2 bed (desorption) 868.604

Low value of removed heat from Al bed during the
first half cycle means that that bed was initially in a
cooled state at the beginning of the operation The dif-
ferences between supplied and removed heat result from
heat losses to the surroundings.

The amounts of adsorbed and desorbed water vapor
were calculated based on the pressure values in the beds,
the mass of the working fluid (water vapor) present in
the gas phase within the bed was determined. At such
low pressures, water vapor can be reasonably treated as
an ideal gas, therefore the masses of water at the start
of each half-cycle were determined using the Clapeyron
equation:

=tV @)
RxT
where, R=461.5k]/kg - K is water vapor gas constant,
Viee =0.02 m? is the free volume in each bed, which
also includes the bulk density of the silica gel, p (pres-
sure) and T (absolute temperature) were measured.

Table 2. Amounts of adsorbed and desorbed water vapor over
each half cycle.

Water vapor mass, g
First half-cycle

A1 bed (adsorption) 0.044
A2 bed (desorption) 2.546

Second half-cycle
Al bed (desorption) 3.068
A2 bed (adsorption) 2.898

Third half-cycle
Al bed (adsorption) 2.879
A2 bed (desorption) 2.946

By evaluating the water vapor masses at the start of
each half-cycle, the amounts of adsorbed and desorbed
water vapor over the half-cycle were determined and are
presented in Table 2.

4. Analysis

Based on the obtained results and the device described in
Section 2, the theoretical cooling capacity was evaluated.
A condensation pressure corresponding to a temperature
of 35 °C and an evaporation pressure of 1.5 kPa were
assumed. The specific enthalpies at these two states — at
the end of condensation (i.e., at the beginning of evapo-
ration) and at the end of evaporation were determined
and are equal to:

Hyapor (P=1.5 kPa)=2524.721 k]/kg; 3)
Miguia (t =35 °C) =147.007 kJ/kg. ()

The cooling capacity is calculated using the following
equation:

Qcool = (hvapor - hvapliquid )% Amdes : (5)

The average cooling capacity and heat supplied for
each is equal to:

Q=6.787 kJ; ©)
Quupplied =889.535 KJ. )

Therefore, the estimated EER (Energy Efficiency Ra-
tio) of the system is equal to:

Qcool
quppl ied

EER = =0.00763. (8)

In practical applications, this low efficiency can be
offset if the system is powered by waste heat sources or
renewable energy sources such as solar energy.

5. Future work

Enhancing the system’s performance can be achieved
by implementing heat and mass recovery. Mass recov-
ery involves adding an additional bypass with a valve
between two beds, which enables pressure equalization
between an adsorbed (low pressure) and desorbed bed
(high pressure) at the end of the half-cycle. Water vapor
in the high-pressure bed is transferred to a low-pressure
bed because of pressure difference. This allows for more
refrigerant (water vapor) to pass through the refriger-
ant circuit, including the evaporator, which consequently
increases the system’s cooling power, since the water va-
por already present above the bed does not have to be
re-adsorbed during the adsorption process in that bed.
Additionally, required adsorption and desorption pres-
sure levels are reached quicker, which shortens the cycles
duration. On the other hand, heat recovery utilizes heat
that must be removed from bed after desorption. It is
partially transferred to the other bed, thereby reducing
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the total external heat required. Studies show that im-
plementing mass recovery can increase the COP levels
by 18,3% whereas heat recovery shows a 34,4% COP in-
crease (Liu et al., 2005).

Despite the advantages of the silica gel described in
first chapter, the practical use presents significant techni-
cal challenges such as limited thermal contact between
the surface of the heat exchanger and the adsorbent par-
ticles. Heat must pass not only through the void spaces
between the granules but also through the bulk of each
particle, which significantly reduces the rate and efficien-
cy of heat transfer (Grzebielec & Szelagowski, 2020). An-
other important limitation is the very low thermal con-
ductivity of silica gel, which is only about 0.1-0.2 W/
(m-K) (Grzebielec, 2018). This means that even if heat
reaches the outer surface of a granule, its distribution
throughout the entire particle volume is slow. In prac-
tice, this means that a large fraction of the adsorbent
may remain “unused,” because heat does not penetrate
its interior within a sufficiently short time. This leads to a
smaller amount of recovered water vapor and lower stor-
age efliciency. Similarly, in adsorption cooling devices,
inefficient heat transfer results in slower adsorption-
desorption cycles, which limits the cooling capacity of
the system and increases its response time to changing
thermal loads (Thu et al., 2013).

A possible solution to these challenges is to use
crushed silica gel in the form of coatings applied directly
onto the heat exchanger surface instead of the traditional
loose packing of adsorbent granules. This approach al-
lows for:

- increasing the thermal contact area between the
heat exchanger and the adsorbent,

- reducing the heat conduction path within the mate-
rial,

- increasing the effective participation of the adsor-
bent mass in the desorption and adsorption pro-
cesses.

To obtain durable and efficient adsorption coatings,
silica gel could be mixed with an adhesive material and
then applied uniformly onto the heat exchanger surface
and subsequently cured thermally, ensuring good adhe-
sion and stability of the coating.

The effect of silica gel particle size on adsorption ca-
pacity has been investigated (Szelagowski & Chwieduk,
2025). Three silica gel fractions were mixed with an ad-
hesive water-based acrylic solution. Smallest fraction <
0.4 mm exhibited the lowest adsorption capacity com-
pared to fractions up to 1 mm diameter, which may
suggest that using too fine silica gel particles negatively
affects the effectiveness of sorption processes.

6. Conclusions

Adsorption cooling cycles offer an environmentally sus-
tainable alternative to conventional vapor-compression
refrigeration systems by utilizing natural working pairs.

A common example is the silica gel-water cycle, in
which silica gel serves as the adsorbent and water func-
tions as the refrigerant.

In this study, a two-bed adsorption cooling system
was experimentally investigated, featuring two alter-
nately operating adsorption beds. Each half- cycle lasted
approximately 195 min until the pressures stabilized and
the temperature difference between the inlet and outlet
of both beds reached zero. The average mass of desorbed
water vapor was approximately 2.853 g per half-cycle,
while the total heat supplied per half-cycle equaled
889.535 kJ, corresponding to a theoretical cooling capac-
ity of 6.787 kJ and an estimated Energy Efficiency Ratio
(EER) of 0.00763. In practical applications, this rela-
tively low efficiency can be partially offset if the system
is powered by low-cost or waste heat sources, including
renewable thermal energy. The necessary measure is to
better insulate the system so that the heat supplied to
the system is equal to the heat removed from it. Future
optimization strategies could also include the use of heat
exchangers coated with silica-gel adsorbent to enhance
heat and mass transfer, as well as the implementation
of heat recovery and mass recovery between adsorp-
tion beds. These measures are expected to substantially
improve both the cooling performance and overall ef-
ficiency of the system. Increasing the thermal contact
between the heat exchanger surface and the adsorbent
would also shorten the cycle duration, thereby improve
the system’s efliciency and increase the cooling capacity
per unit time.
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