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utilizing silica gel-water adsorption system. The MATLAB-based
simulation models integrated with brute force techniques and empirical
lumped analytical simulation were adopted in enhancing the operations.
Three operational models (A, B, and C) were utilized, with models A
and B validating the experimental setup. Model A simulates a laboratory
version of a two-bed chiller which uses the Toth equation for equilibrium
uptake and the Clausius-Clapeyron relations for the pressure dynamics.
Model B investigates the performance of a two-bed type adsorption
chiller with different adsorbents properties. Both models were aligned
with experimental outcomes, with Coefficient of Performance (COP)
0.43 and 0.55, specific cooling capacity (SCC) 74.0 and 69.7 W/kg,
specific cooling power (SCP) 19.5 and 10.2 W/kg, across hot water (70
to 80°C) and chilled water (-4 to 20°C). The Mean Absolute Percentage
Error (MAPE) was between 2.47 to 4.19%, while the Mean Absolute
Error (MAE) was between 0.014 to 0.022. Model C enables predictive
analysis via user-defined inputs (adsorbent mass, flow rates and
temperatures), employing parallel processing for parametric sweeps and
transient phase-switching dynamics. Results highlight the system's
adaptability to low-grade heat (70 to 80°C, typical of solar thermal or
industrial waste heat) and at subzero temperatures, emphasizing its
potential for diverse applications. The computational rigor of the
framework is validated through thermodynamic and kinetic accuracy,
demonstrating silica gel-water adsorption viability in reducing
electricity demand and greenhouse emissions. The findings are
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beneficial to designers of ACS system using silica gel-water as a
working-fluid pair, thus contributing to sustainable solutions, which are
aligned with global decarbonization goals.

Nomenclature (Greek symbols towards the end)
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area of heat exchanger (m?)

cooling capacity (W)

coefficient of performance

specific cooling capacity (W/kg)

specific cooling power (W /kg)

specific heat capacity at constant pressure (k]/kg°C )

mass flow rate of chilled water (kg/s )
mass flow rate of cooling water (kg/s)

mass flow rate of hot water (kg/s )

diffusive surface (m?/s)

water-silica gel kinetic diffusion constant (m?/s)
activation energy (kJ/kmol)

specific enthalpy (kJ/kg )

heating power with the hot water flow (W)

mass transfer coefficient (KW/mK)

Toéth constant

mass (kg)

structural heterogeneity parameter

pressure (Pa)

amount of vapor adsorbed in the bed (kg/kg)
maximum bed saturation under given temperature and pressure (kg/kg)
monolayer maximum adsorption capacity (kg/kg)
isosteric heat of adsorption (kJ/kg )

individual or universal gas constant (kJ/kmol°C)
average radius of silica-gel particles (m)

time (s)

temperature (°C)

temperature at starting point (°C)

cycle time (s)

temperature of water in heat exchanger (°C)

heat transfer coefficient during condensation (W/m?2°C)
heat transfer coefficient during bed cooling (W/m?°C)
heat transfer coefficient during evaporation (W/m?2°C)
heat transfer coefficient during bed heating (W/m?°C)
flag coefficient

flag coefficient

flag coefficient

density of water at a given temperature (kg/m?)

flag coefficient
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Abbreviations

ads Adsorber

bed Bed

chw chilled water
cond Condenser

cw cooling water
evap Evaporator

f liquid state

g gas, vapour state
Hex heat exchanger
hw hot water

i Inlet

ini initial state
max Maximum

0 Outlet

ref Refrigerant

s saturated state
sg silica gel

x Adsorption

y Desorption

z switching time

1. INTRODUCTION

The unceasing global increase in population and human aspiration for a better standard of living from one
generation to another has consistently driven high demand for sustainable solutions that bring about
comfort, affluence, and safety. In order to ensure environmental sustainability, several policies and pacts
had been endorsed by countries around the world, among these is the adoption of Vienna Convention of
1985 [1-2]. This convention was directed towards the protection of ozone layer from depletion, which later
played significant roles during the establishment of Montreal Protocol in 1987 [3-4]. During the meeting,
seventy-five (75) countries and development partners agreed to focus on the reduction of ozone-depleting
anthropogenic chemicals such as chlorine and bromine [5-6] in various applications.

The scientific perspective concluded that the protection of ozone layer requires phasing-out substances
currently controlled under the Protocol, and replace them with more environmentally friendly substances
[7]. The refrigerants (fluorine-based) in recent refrigeration systems account for over 50% of the
chlorofluorocarbon emission released into the atmosphere [8]. However, this global strive to protect the
ecosystem and its habitants has paved ways for more studies on the exploration of environmentally friendly
refrigerants for cooling and heating systems. In recent times, the emergence of renewed interests in the
development and optimization of cooling system technology keeps increasing in order to address global
concerns of climate change and public health challenges.

The escalating demand for sustainable and efficient cooling technologies has prompted the exploration
of alternative solutions to curtail greenhouse gas emissions and mitigate climate change effects [9-10], [11-
13]. Adsorption refrigeration systems have also emerged as a promising substitute for traditional vapor
compression systems [14], offering distinct advantages such as diminished negative environmental impact,
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heightened efficiency, and compatibility with low grade or residual heat sources [6], [15-17]. Adsorption
refrigeration systems function by adsorbing a refrigerant into a solid adsorbent substance that has high
affinity with it, followed by desorption to induce cooling [8, 18]. Among these systems, the silica gel-water
adsorption chiller has attracted significant interest, and remains the focus of extensive research and
development [19].

The overall performance of silica-gel adsorption chiller can be analysed using some thermodynamic
parameters, particularly the specific cooling capacity (SCC) and specific cooling power (SCP). The amount
of cooling energy produced per unit mass of the adsorbent during adsorption/desorption cycle is referred to
as specific cooling capacity, while the rate of useful cooling produce per unit mass of the absorbent is
specific cooling power. However, the SCP demonstrates practical performance and compactness of the
adsorption chiller. Variations of adsorption and desorption temperatures, condenser and evaporator
temperatures, overall system pressure, time requires to complete a cycle, and the equilibrium pattern of the
adsorption system working fluid-pair may influence both SCC and SCP. These parameters are quite
significant in the evaluation and determination of process condition and optimising capacities of the
adsorption refrigeration system.

Adsorption refrigeration system is typically known with some practical limitations, which include
relatively low specific cooling power (SCP) compared to vapor compression systems, a large system
footprint per unit cooling capacity, intermittent operation that necessitates thermal storage or auxiliary
heating, and reduced performance at elevated condenser temperatures [6]. At the same time, they present
strong opportunities for development, particularly through integration with solar thermal collectors,
recovery of low-grade industrial waste heat below 100°C, hybridization with vapor compression cycles,
and deployment in off-grid or remote areas where electricity access is limited. These prospects provide the
motivation for the present optimization effort.

Theoretical and experimental studies in recent years have focused on the performance of adsorption
chillers employing different heat generation sources such as solar energy source, industrial and commercial
waste heat, fossil fuel-source, geothermal energy source, biomass fuel systems and nuclear fission. The
profound attentions to the exploration of adsorption/desorption refrigeration system have manifested into
numerous theoretical and experimental studies aimed at enhancing performance and optimization.
Leveraging simulation methodologies and advanced optimization techniques, such as genetic algorithms,
holds the potential to substantially augment the efficiency and reliability of these systems [20]. Through
persistent research and development endeavours, the application outlook for silica gel and water adsorption
chillers appears promising across diverse cooling and refrigeration applications [21-22]. However, most
existing studies are limited to lab-scale systems with fixed operating parameters, leaving critical questions
unanswered regarding optimal control strategies under variable heat source conditions, performance at
subzero chilled water temperatures, and the development of user-customizable predictive frameworks that
can adapt to different adsorbent masses, flow rates, and temperature ranges.

Several experimental studies have characterized silica gel-water adsorption chillers. For instance, Chen
et al. [23] performed experimental study on performance change with time of solar adsorption refrigeration
system using SAPO-34 zeolite and water as working pair. The result of their work established that the
adsorption rate initially increases with adsorption bed temperature attaining a maximum COP of 0.133.
Afterward, the adsorption rate decreases with gradual drop in bed temperature, which resulted in
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performance deterioration of the system and poor heat and mass transfer of the adsorber. Their work laid
more emphasis on inefficiency caused due to poor heat and mass transfer phenomenon during the operation.

Pan et al. [24] presented a comprehensive thermal design of a small-scale silica gel-water adsorption
chiller with heat and mass recovery scheme with the mind of a performance test below solar water
temperature of 70°C. The results of their work showed that COP was able to reach a value of 0.385 while
SCP attained 140.3 W/kg. Results also showed that increasing the cooling water inlet temperature from
26°C to 32°C resulted in 11.2 and 28.9% reduction of COP and SCP, whilst increasing the chilled water
inlet temperature led to a 61.1% and 114.1% increment of COP and SCP, respectively. However, this study
was limited to lab-scale systems with fixed cycle times, leaving questions about optimal control under
variable heat source conditions.

Du et al. [25] worked on a compact silica gel-water adsorption chiller for waste heat driven cooling in
data centres. The developed adsorption chiller was able to achieve a cooling power of 4.9 kW and COP of
0.50 with hot water inlet temperature, cooling inlet temperature and chilled water inlet temperature of 50°C,
30°C and 23°C respectively. With cooling water inlet temperature changing from 32°C to 24°C, cooling
power and COP increased to between 3.04 kW to 10.50 kW and 0.44 to 0.66 respectively. However, the
research work was limited to small modular data centre and low driving temperatures.

Abdullah et al. [26] evaluated solar adsorption cooling systems using economic, environmental, and
energy indices, demonstrating that annual energy costs can be reduced by up to 74% compared to
conventional vapor compression systems, with maximum theoretical COP of 0.5 and SCP of 102 W/kg at
a regeneration temperature of approximately 127°C. Koushaeian et al. [19] investigated hybrid adsorption-
compression refrigeration systems by integrating silica gel within a compression refrigeration cycle in
cascade mode. Their hybrid model showed that there was 58.87% reduction in electrical power
consumption when compared to vapor compression chiller for 15 kW cooling load. They were able to
demonstrate that when hot water temperature increased from 70°C to 90°C, there was a higher refrigerant
mass in the adsorption chiller unit, resulting in 44.59% increase of overall COP and 7.33% reduction of
energy consumption. Despite these advances, few studies have systematically optimized operating
parameters across a wide range of boundary conditions.

Numerical modelling has been widely employed to predict and optimize chiller performance. Liu et al.
[22] developed a thermodynamic model for a silica gel-water adsorption chiller and employed a genetic
algorithm to optimize desorption temperature and coolant flow, achieving significant COP improvements.
Lemington et al. [18] implemented a transient MATLAB simulation to determine temperature profiles,
reporting COP values between 0.043 and 0.342. While these studies demonstrated the utility of simulation,
they either focused on single-objective optimization or lacked experimental validation across a wide range
of chilled water temperatures. Despite progress in modelling and experimentation, no existing study has
provided a validated, user-customizable simulation framework that combines, rigorous validation against
two independent experimental datasets, parametric sweeps to identify optimal operating zones across broad
temperature ranges (including subzero chilled water), and predictive capability for user-defined inputs
(adsorbent mass, flow rates, temperatures).
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The current paper aims to develop a thermodynamic simulation framework to predict and optimize the
operational performance of a two-bed silica gel-water adsorption chiller under variable heat source and
chilled water conditions. The framework is implemented in MATLAB to enable parametric sweeps,
transient cycle analysis, and user-defined scenario testing. The work is in alignment with broader goals of
advancing sustainable and energy-efficient cooling technologies, addressing environmental concerns, and
maximizing energy utilization efficiency. To relate the performance evaluation in a real-world cooling
demand scenario, this study adopts typical atmospheric conditions in Lagos, Nigeria, a region with high
cooling load, limited grid reliability, and significant solar resource potential. The adoption of Lagos
residential conditions, therefore, serves to address this gap by providing a real-world reference for SCP
assessment in typical residential settings, particularly relevant for hot-climate, developing-economy
applications.

2. METHODOLOGY

2.1. Descriptions of the physical model

Figure 1 illustrates the schematic representation of the simulated configuration of the two-bed silica gel-
water adsorption chillers. Within this arrangement, each adsorbent bed was either connected to the
condenser or evaporator using flap valves. These valves responded to the pressure differences between the
heat exchangers during the adsorption or desorption phases, allowing them to open or close accordingly.
Furthermore, the control of heating and cooling water flow across the heat exchangers was facilitated by a
set of 8 pneumatic valves.
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Fig. 1. Schematic Representation of Simulated Two-bed Adsorption Chiller
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2.2. Mathematical Model
2.2.1. Energy balance during adsorption phase
The energy balance link with the condenser (index x) for the bed can be obtained using equation (1):

(Msgcpsg + MHexCpHex

1 1 av, ATpeq x
+ Msgqbed,x Cpngbed,x + Qst Tbedx - v Tbedx aTbde dt

ATpeur W) @
= M dt [6{hg (TL cw) h g(Thed,x) + Qst} + (1 - 6){hg (Tevup) h (Tbed x) + Qst}]
- Ucoaling,Abed,x(Tbed,x Tk)
2.2.2. Energy Balance During Desorption Phase
The energy balance link with the condenser for the bed (index y) is defined by equation (2):
(Msgcpsg + MHexCpHex
+M [ Theay + Q { ! ! () Hoea
sgqbed,y Cpsg bed,y st T V T 6T dt
bed,y bed,y bed,y
W) @

dT,
= Msg :;id'y [e{hg (Ti,hw) - hg(Tbed,y) + Qst} + (1 - 9){hg (Tcond) - hg (Tbed,y) + Qst}]

- Uheating,Abed,y(Tbed,y - Tk)
2.2.3. Energy balance for the evaporator
The evaporator energy balance is given by equation (3):

arT, am
[Cpf (Tevap)Mref,evap + CpevapMevap] ;t]ap hf( evap) M

dQpeq, dQpea,
= _8(1 - V)hf(Tcond)Msg — [(Wl (Tevap) + (1 a)hg(Tbed,x)]Msg di = (W) (3)

dt
- UevapAevap (Tevap - Tk)

2.2.4. Energy balance for the condenser
The energy balance of condenser can be obtained by the following equation (4):
Qbed,y

dt

dane
= ~[05y (Tyea) + (1 = 0y (Teona) — O(1 = y)hf(de)]Msg% W) @

- UcondAcond (Tcond - Tk)

cond

[Cpf (Tcond)Mref cond + Cpconndond] + hf (Tcond)
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The adsorption isotherms used in the simulation were based on the research conducted by Wang et al.
[27]. This study investigated the isotherm of silica gel-water systems using thermogravimetric and
volumetric methods. Additionally, Elsheniti et al. [20] developed a correlation for the major adsorption
isotherm and found that Téth isotherm is the most suitable for this experimental model, which was earlier
affirmed by the comprehensive study of Chua et al. [28] that assessed isotherm models for silica gel-water
systems with To6th model, demonstrating the lowest average absolute deviation from the experimental
values. The Toth isotherm and the constant parameters are given in Equation (5) and Table 1.

AH
L Koo (Tpst)
= Y kekg) (5
K, AH 4 ty/t (kg/kg) )
[1 + (a exp( RT )p) ]

Table 1. Toth equation parameters

Parameter Value Unit

Ko 1.92E-02 [kg/ kg(kPa)]
AH 45 2.72E + 03 [kJ/kg]
Am 0.38 [kg/kg]

T 8.7 -

2.3. Performance Indicator

The mass of air in an average Lagos Nigerian home is considered to determine the Specific Cooling
Power (SCP) of the System, which is given by;

M,ir = Density,;; X Volumey;, (kg) (6)

The average yearly temperature of 27°C for Lagos, Nigeria was adopted from the work of Olorunmaiye
et al. (2012) which was used to determine the density of 1.176 kg/m? for the air in the room and the room
average area of 4.5 m? and a height of 2.7 m [29]. The average volume of air was taken as 12.15 m? since
air occupies all spaces. This gives the mass of air as 14.29 kg. However, the evaluation of Specific Cooling
Power (SCP) was not considered in the experimental reviews used for simulation validation (Model A and
Model B).

The Coefficient of Performance (COP), which was determined by Rezk and Al-Dadah (2012), is given
in equations 7 to 10 [30]:

tcycle
OQunitted = fo Mehitiea Cptf,i,chw(Ti,chw - To,chw) (W) (7)
cycle
tcucl
Qhot _ fo e Mheating Ctpf,i,hw (Ti,hw - To,hw) (W) (8)
cycle
Qnet = Qnot — Qchitted (W) ©)
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COP = Qchilled (10)

hot

The SCC and SCP are the specific cooling capacity and specific cooling power achieved by the system,
respectively. The HPR is the heat pumping rate supplied by the system. The SCC, SCP and HPR can be
determined from equations (11), (12) and (13), respectively.

SCC = Qchilled (W/kg) (l 1)
ads
_ Qchittea
SCP = M w/kg (P
Qnet
HPR = (W/kg) (13)
Mads

2.4. Simulation

The simulation of the adsorption system model was formulated by integrating four distinct sub-models,
each detailing the behaviour of the condenser, evaporator, adsorbed, and desorbed components. These four
sub-models were interconnected, considering the array of operational modes. Accordingly, the energy
balance equations governing the adsorbent bed, evaporator, and condenser were outlined in equation 1 to
equation 4 [30]. These set of equations were modified and utilized in a compact form in the simulation
program whose framework was developed to systematically analyse adsorption chiller performance across
three distinct operational models. Models A and B were designed to rigorously validate experimental
studies, while Model C enabled predictive analysis through user-customizable inputs. To achieve this, the
methodology integrated parametric sweeps, time-series simulations, and validation protocols to holistically
assess thermodynamic and kinetic behaviour.

Model A was implemented as a foundational step to replicate the lab-scale two-bed adsorption chiller
described by Elsheniti et al. (2018) [20]. Specifically, parameters from the referenced study (Table 2),
including adsorbent mass, equilibrium constants, and cycle times, were systematically integrated. Key
governing equations, such as the T6th equation for equilibrium uptake and the Clausius-Clapeyron relation
for pressure-temperature dynamics, formed the computational backbone. To validate reproducibility,
parametric sweeps generated COP and SCC values across hot (70 to 80°C) and chilled (10 to 20°C) water
temperature ranges, with results cross-verified against experimental data via mean absolute percentage error
MAPE and MAE.

Building on this foundation, Model B focused on validating adsorption kinetics under low-grade heat
conditions [31]. Here, adjusted mass transfer coefficients and silica gel properties (Table 3) were
incorporated, with extended cycle times (4,800 s) accounting for slower intraparticle diffusion in crushed
silica gel. Notably, the To6th isotherm equation was adapted to model non-isothermal adsorption, and
performance metrics were evaluated across broader chilled water temperatures (—4 to 15°C). To ensure
consistency, error metrics (MAPE, MAE) were computed by directly comparing simulated COP and SCC
against experimental values under identical boundary conditions.

https://doi.org/10.24191/jaeds.v6i2.185 UiTM Press, Universiti Teknologi MARA



120 A.B. Rabiu et al. / Journal of Applied Engineering Design and Simulation (2026) Vol. 6, No. 2

Model C introduced a customizable and efficient framework for predictive analysis, allowing user-
defined inputs with built-in validation to ensure physical consistency. An integrated validation module
assesses accuracy by comparing simulated and experimental results using metrics such as MAPE and MAE,
supported by visualization tools for clear interpretation. Additionally, multidimensional plots, including
surface, contour, and time-series representations, enable comprehensive analysis of system performance
and identification of optimal operating conditions.

The governing Ordinary Differential Equations (1) - (4) were solved using a fixed-step explicit Euler
scheme (At =1 s) in a custom MATLAB script. Initial conditions assumed fully regenerated beds (q =0
kg/kg) at cooling water temperature (25-30°C). Phase switching (adsorption/precool/desorption/ preheat)
was controlled by a state machine with user-defined durations. Equilibrium uptake was calculated using
either the To6th or Dubinin-Astakhov isotherm, selected by the user. A linear driving force model (k = 0.01
s™!) governed mass transfer, with thermodynamic properties from the Antoine equation and XSteam toolbox
(IAPWS-IF97).

3. RESULTS AND DISCUSSION

The current analysis was validated using experimental data from Elsheniti et al. [20] (Model A) and
Vodianitskaia et al. [31] (Model B). The governing equations (1) to (13) were simulated using MATLAB,
which made it possible to accurately calculate temperature distributions and important performance metrics
as COP, SCP, SCC, and HPR. To investigate the system's optimal performance, operational conditions
were established and a brute-force optimization procedure was used in the validation experiment.
Additionally, Téth's isotherm provided the parameters for the lumped-mathematical model in Table 1.

Figures 2 and 3 compare the modelling and experimental results for the coefficient of performance
(COP). The simulation result was within £10% of experimental values under identical operating
conditions, meeting conventional tolerances for adsorption chiller model validation. This comparison
approach was applied since it represents a stringent test of model fidelity, as it requires simultaneous
accuracy across multiple coupled thermodynamic outputs [32].

Table 2. Operating parameters used in the study of Model A

Parameters Temperature °C Mass flow rate (kg/s) Other
Hot water inlet (desorber) 75 0.2533 -
Chilled water inlet (Evaporator) 14 0.1367 -
Cooling water inlet (absorber) 25 0.2533 -
Cooling water inlet (Condenser) 25 - -
Mass of silica gel (per bed) [kg] - - 3.8
Switching time [s] - - 60
Cycle time adsorption/desorption [s] - - 600

Table 3. Operating parameters used in the study of Model B

Parameters Temperature °C Mass flow rate (kg/s) Other
Hot water inlet (desorber) 80 0.225 -

Chilled water inlet (Evaporator) 15 0.053 -
Cooling water inlet (absorber) 30 0.25 -
Cooling water inlet (Condenser) 30 - -

Mass of silica gel (per bed) [kg] - - 2.1
Switching time [s] - - 600
Cycle time adsorption/desorption [s] - - 300/1200

https://doi.org/10.24191/jaeds.v6i2.185 UiTM Press, Universiti Teknologi MARA



121 A.B. Rabiu et al. / Journal of Applied Engineering Design and Simulation (2026) Vol. 6, No. 2

e
th
h

th

(=]
th

h &

W Simulation

w

= Experiment

¢ e B
o P i F S

cop
o
th

Fig. 2. Comparison between Simulated and Experimental COP Model A

0.45

B Simulation

® Experiment

Fig 3. Comparison between Simulated and Experimental COP Model B

Table 4 presents the MAPE and MAE whose equations are highlighted below as equations 14 and 15,
for the Coefficient of performance of the simulated models (A and B). The predictive value of both models
is within the accepted range of £30% for MAPE [33].

1w |actual — prediction|
MAPE = —Z x 100 %) (14
n 4 actual
i=1
1 n
MAE = ;z:lactual — prediction| (15)
=1
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Table 4. Simulation model deviation analysis

Term MAPE (%) MAE
COP Model A 2.47 0.014
COP Model B 4.19 0.022

3.1. Adsorption-desorption dynamics and cycle functionality

The adsorption—desorption dynamics exhibited expected behaviour, with an initially high adsorption
rate driven by strong potential gradients, followed by a gradual decline as equilibrium approached.
Symmetry between the two beds confirmed balanced cycle operation. Cumulative heat transfer analysis
showed a steady increase in desorption heat input (Qy,.), while the cooling effect (Q.;;;) increased at a
slower rate, reflecting system inefficiencies. These trends are consistent with experimental observations,
supporting the validity of the simulation model.

3.2. Analysis of simulation and experimental performance at matching operating conditions

The adsorption performance of a two-bed silica gel-water chiller was evaluated through simulation
under experimental benchmark conditions (T; = 75 °C, Tj o, = 18 °C), with results compared to empirical
data from the work of Elsheniti et al. [20]. The simulation yielded a COP (0.4304), SCC (73.997 W/kg,
SCP (19.5 W/kg), and heating power rate (HPR) of 653.5 W. These outcomes align closely with
experimental values (COP = 0.42, SCC = 75 W/kg, SCP = 23 W/kg, HPR = 678.6 W), as quantified by
mean absolute percentage errors (MAPE) of 2.47%, 1.34%, 15.10%, and 3.72%, respectively. The analysis
of Figures 1 to 4 contextualizes these findings and their implications for sustainable cooling systems.
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Fig. 4. Adsorption Dynamics and Cumulative Heat Transfer Analysis

https://doi.org/10.24191/jaeds.v6i2.185 UiTM Press, Universiti Teknologi MARA



123 A.B. Rabiu et al. / Journal of Applied Engineering Design and Simulation (2026) Vol. 6, No. 2

3.3. Coefficient of Performance (COP)

The simulated COP of 0.4304 and 0.55 in model A and B closely matches the experimental values
(MAPE of 2.47% and 4.19%), demonstrating the robustness of the model representation of energy
efficiency under moderate heat input (70 to 80° C). Figure 5 illustrates the COP trend which reflects the
balance between desorption kinetics and sensible heat losses. Minor deviations arise from idealized heat
transfer assumptions in the model, such as uniform bed temperature distribution and negligible losses. By
isolating these factors, simulations enable targeted improvements, such as enhancing bed insulation or
integrating regenerative heating to elevate COP in real-world systems. For solar-driven applications, even
marginal COP gains translate to significant reductions in collector area and energy waste, thereby
advancing low-carbon cooling solutions.
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34. Specific Cooling Capacity (SCC)

The SCC simulation result of 73.997 W/kg and 69.7 W/kg (MAPE = 1.34% and 2.46%) closely mirrors
the experimental values of 75 W/kg and 68 W/kg respectively for both models (A and B), reflecting precise
modelling of adsorption kinetics and evaporation pressure dynamics. Figure 6 highlights the near-linear
relationship between T ., and SCC, emphasizing the model’s capability to predict cooling output under
varying chilled water temperatures. Discrepancies arise from conservative assumptions in vapor pressure
gradients and adsorbent porosity, which can be refined using real-world silica gel particle size distributions.
Simulations at this level of accuracy allow engineers to explore SCC enhancements, such as optimizing
evaporator geometry or adsorbent bed configurations without costly prototyping, accelerating the
deployment of efficient and scalable chillers.

3.5. Specific Cooling Power (SCP)

The SCP simulation result of 19.5 W/kg in Model A exhibited a larger deviation from the experimental
23 W/kg (MAPE = 15.10%), attributed to oversimplified mass transfer assumptions. Meanwhile, Model B
of 10.2 W/kg (MAPE = 2.45%) with experimental value of 9.92 W/kg stayed within the desired
range. Figure 7 underscores the transient SCP profile, where rapid initial adsorption transitions to
saturation-driven decay. Real-world systems using crushed silica gel (0.15 — 0.5 mm) experience reduced
permeability and thermal conductivity, slowing adsorption kinetics. These factors are underrepresented in
the model. Addressing this gap requires integrating granular particle dynamics, such as variable
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intraparticle diffusivity ({.s) and bed porosity (¢), into simulations. Improved SCP predictions would
guide the design of compact high-power-density chillers capable of competing with conventional vapor-
compression systems, particularly in space-constrained applications like residential cooling or electric
vehicle climate control. Figure 7 shows the effect of water inlet temperature on SCP.

3.6. Heating Power Rate (HPR)

The simulated HPR of 653.5 W and 269.9 W (MAPE = 3.72% and 1.65%) aligned closely with the
experimental 678.6 W and 269.4 W of Model A and B respectively, validating the model’s representation
of desorption energy demands. Figure 8 depicts the HPR stabilization above 75°C, indicating
thermodynamic equilibrium where additional heat input yields diminishing returns. The marginal
underprediction stems from excluded minor losses, such as imperfect thermal contact between silica gel
and the finned tubes. Refining the model to incorporate transient heat recovery mechanisms such as phase-
specific heating or advanced heat exchanger geometries could reduce HPR by 10—15%, lowering energy
consumption in solar and waste heat applications. The strong agreement between simulation and experiment
(MAPE < 4.19% for COP, SCC, and HPR) confirms model reliability and reduces reliance on iterative
prototyping. The model accurately predicts COP (Figure 5) and SCC (Figure 6), while SCP trends (Figure
7) highlight mass transfer improvements and HPR trends (Figure 8) guide heat recovery. Parametric
optimization of inlet temperature T; y,,, and T ,could reduce material requirements by 15-20%, improving
affordability. Overall, the model supports integration of renewable heat sources and reduction of energy
use and emissions.
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3.7. Effect of inlet hot water temperature (T )

Increasing Tj p,, enhances desorption kinetics but intensifies sensible heat losses, leading to a decline
in COP (Figure 5). For instance, at T,y = 75°C, Tj = 18°C and Tjp,, = 80 °C, Ty = 15 °C, the
simulated COP of both models aligned with experimental values within a 15% deviation. Beyond this value,
COP remained significantly constant due to silica gel’s adsorption equilibrium, where additional heat input
no longer improved desorption efficiency. Concurrently, HPR raised linearly with Ty, (Figure 8),
reaching 653.5 W at Tjp,, = 75 °C, while in Model A, higher temperatures demanded greater thermal
energy to sustain desorption. Meanwhile, elevated T y,,, marginally improved SCC and SCP by accelerating
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refrigerant release, and the energy requirement outweighed these benefits, necessitating a balance between
desorption efficacy and operational costs.

3.8. Effect of inlet chilled water temperature (T )

Increasing T, enhances the evaporation pressure gradient, improving SCC and SCP as shown in
Figures 6 and 7. At Ty, = 75 °C, raising Tj ¢, from 14 °C to 18 °C increased SCC from 68 to 73.997 W/kg
and SCP from 17.5 to 19.5 W/kg, with similar trends observed in Model B. This improvement is due to
stronger adsorption driving forces, although T ., must remain below T y,,, for effective heat rejection. The
simulated SCC agreed with experimental data within 15%, confirming model reliability. However, SCP
deviation (19.5 W/kg vs. 23 W/kg experimental) indicated unaccounted mass transfer limitations in silica
gel beds.The interplay between Tjy,, and Tj ., underscores the importance of temperature optimization.
Operating at this conditioned state achieved a balanced COP (0.43 and 0.55) and SCC (74 W/kg and 69.7
W/kg), minimizing energy waste while maintaining cooling output. For regions like Nigeria, where access
to affordable cooling is critical, this configuration leverages solar thermal or industrial waste heat (T;pw =
70 °C — 80 °C), mitigating reliance on grid electricity and synthetic refrigerants. The predictive accuracy of
the model (within 15% of experimental data) enables cost-effective design adoptions, cutting operational
expenses by 10% to 15% through the implementation of the heat recovery strategies.

4. CONCLUSION

This study developed and validated a thermodynamic simulation framework for a two-bed silica gel-
water adsorption chiller. The model showed strong agreement with two independent experimental datasets,
both confirming its predictive reliability. The results demonstrate that increasing chilled water inlet
temperature Tj ., enhances COP, SCC, and SCP, while increasing hot water inlet temperature Tj j,,, beyond
the critical temperature (73.7 °C in Model A and 79.6 °C in Model B) yields diminishing returns due to
sensible heat losses and adsorption equilibrium limitations. In this study, the term "critical temperature”
refers to the optimal hot water inlet temperature at which the system COP peaks and beyond which no
further improvement occurs. This is due to three compounding effects, including the silica gel bed
approaching desorption saturation, excess heat accumulating in the adsorption beds, and the silica gel-water
adsorption isotherm flattening at elevated temperatures. Both models achieved maximum COP values of
1.2 (Model A) and 1.1044 (Model B) at their respective critical temperatures (73.7 °C and 79.6 °C). The
difference in critical temperature between the two models arises from variations in bed mass (3.8 kg vs. 2.1
kg), cycle timing (600 s vs. 3000/1200 s), and silica gel properties between the two experimental setups
being validated. The validated Model C provides a user-friendly, customizable tool for predictive analysis,
allowing engineers to explore design variations without costly prototyping. This framework supports the
design of energy-efficient, low-emission cooling systems utilizing solar thermal or industrial waste heat
(70°C to 80°C), particularly relevant for regions with high cooling demand and limited grid infrastructure.
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  = −  [ 𝜃  h  g (   T  b e d , y ) + ( 1 − 𝜃 )  h  g (   T  c o n d ) − 𝜃 ( 1 − 𝛾 )  h  f (   T  c o n d ) ]   M  s g   d   q  b e d , y  d t


  = −  [ 𝜃  h  g (   T  b e d , y ) + ( 1 − 𝜃 )  h  g (   T  c o n d ) − 𝜃 ( 1 − 𝛾 )  h  f (   T  c o n d ) ]   M  s g   d   q  b e d , y  d t


  −     U  c o n d   A  c o n d  (   T  c o n d −   T  k )


  −     U  c o n d   A  c o n d  (   T  c o n d −   T  k )


    q ∗ =     K  o   e x p ⁡   (   𝛥   H  a d s  R T ) p     [ 1 +    (     K  o    q  m   e x p ⁡ (   𝛥   H  a d s  R T ) p )  t ]   1  t


   K O


    ∆ H ads


   q m


  T


   M air =      Density air   ×    Volume air


    Q  c h i l l e d =     ∫ 0  t c y c l e    M  c h i l l e d c   p  f , i , c h w (   T  i , c h w −   T  o , c h w )    t  c y c l e


    Q  h o t =     ∫ 0  t c u c l e    M  h e a t i n g c   p  f , i , h w (   T  i , h w −   T  o , h w )    t  c y c l e


    Q  n e t =   Q  h o t −   Q  c h i l l e d


  C O P =     Q  c h i l l e d    Q  h o t


  S C C =     Q  c h i l l e d    M  a d s


    ( W  kg )


  S C P =     Q  c h i l l e d    M  a i r


    ( W  kg )


  H P R =     Q  n e t    M  a d s


    ( W  kg )


  ∆ t  


  ± 10 %


   (   𝒌 𝒈  𝒔 )


   (   𝒌 𝒈  𝒔 )


  M A P E =  (  1  n   ∑  i = 1  n     | a c t u a l − p r e d i c t i o n |  a c t u a l ) × 100


  ( % )


  M A E =  1  n   ∑  𝒊 = 𝟏  𝒏   | a c t u a l − p r e d i c t i o n |


    Q  h o t


    Q  c h i l l


   T  I , hw


   T  I , cw


   T  I , cw


    𝜁  e f f


   T  I , hw


   T  I , cw


    𝐓  𝐈 , 𝐡 𝐰


   T  I , hw


   T  I , hw   = 75   ℃


   T  I , cw = 18   ℃


   T  I , hw = 80   ℃


   T  I , cw = 15   ℃


   T  I , hw


   T  I , hw = 75   ℃ ,  


   T  I , hw


    𝐓  𝐈 , 𝐜 𝐰


   T  I , cw


   T  I , hw


   T  I , cw


   T  I , cw


   T  I , hw


   T  I , hw


   T  I , cw


   T  I , cw


   T  I , hw

