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1. INTRODUCTION
The pursuit of sustainable technologies has become paramount in addressing the escalating
challenges posed by climate change and environmental degradation(Hussain & Reza, 2023). Within
this landscape, the exploration of solar-powered adsorption cooling machines employing activated
carbon and methanol as the adsorbent-adsorbate pair emerges as a compelling avenue offering
promising solutions to the growing demand for efficient and eco-friendly cooling systems.
Adsorption cooling represents a groundbreaking alternative to conventional compression-
based refrigeration systems, primarily due to its reliance on low-grade thermal energy sources such
as solar power(Zheng et al., 2020). This technology sidesteps the reliance on environmentally taxing
refrigerants while offering the potential for reduced energy consumption and operating costs. The
choice of activated carbon and methanol as the adsorbent-adsorbate pair is strategic, leveraging the
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exceptional adsorption capacity of activated carbon and the favorable adsorption characteristics of
methanol, particularly at lower temperatures.

Adsorption cooling stands as a pivotal innovation in the realm of sustainable energy and
climate control, offering a transformative approach that aligns with the urgent need for eco-friendly
cooling technologies(Ali & AKKAS, 2023). At its core, adsorption cooling systems leverage the
principles of adsorption to generate cooling effects without relying on conventional compressor-
based systems, thereby presenting a sustainable alternative that holds immense promise in
mitigating environmental impact and enhancing energy efficiency.

The significance of adsorption cooling becomes evident when viewed through the lens of
sustainability(Rosenberg, 2009). Unlike traditional refrigeration methods that heavily rely on
electricity and refrigerants with significant global warming potential, adsorption cooling systems
operate by utilizing low-grade thermal energy sources, such as solar heat or waste heat, to drive the
refrigeration cycle. This departure from electricity-dependent cooling not only diversifies energy
sources but also reduces the strain on power grids and lessens reliance on fossil fuels, aligning with
global efforts to combat climate change.

The utilization of low-grade thermal energy, particularly solar heat, showcases the potential
environmental benefits of adsorption cooling(Prieto et al., 2019). Solar energy, abundant and
renewable, serves as an ideal energy source for driving these systems. By harnessing solar power
to fuel the adsorption process, these cooling systems present a sustainable solution that significantly
reduces greenhouse gas emissions and environmental footprint associated with traditional cooling
methods, thus contributing to mitigating climate change impacts.

The ability of adsorption cooling systems to function without relying on environmentally harmful
refrigerants adds to their significance(Shmroukh et al.,, 2015). By circumventing the use of
conventional refrigerants that contribute to ozone depletion and global warming, these systems offer
a more environmentally friendly and sustainable approach to cooling, reducing the ecological impact
associated with traditional cooling technologies.

The selection of activated carbon and methanol as the adsorbent-adsorbate pair in adsorption
cooling systems stems from their unique and complementary properties, making them an ideal
combination for efficient and effective cooling.Activated carbon stands out as a versatile and highly
efficient adsorbent due to its exceptional physical properties. Its high surface area and extensive
porosity create an intricate network of pores and internal surface sites, providing an immense
adsorption capacity. This feature allows activated carbon to capture and retain significant quantities
of gas or liquid molecules within its porous structure. Additionally, the diverse range of pore sizes
and shapes in activated carbon enhances its ability to adsorb a variety of substances effectively.
These favorable properties of activated carbon play a crucial role in facilitating the adsorption of
methanol. Methanol, chosen as the adsorbate, possesses characteristics that make it particularly
suitable for adsorption cooling applications. Notably, methanol exhibits a relatively high vapor
pressure at moderate temperatures, allowing for efficient vaporization and adsorption within the
activated carbon structure.

The high surface area and porosity of activated carbon enable efficient adsorption of methanol
molecules from the gas phase onto its surfaces(Zhang et al., 2010). The extensive network of pores
in activated carbon provides ample sites for methanol molecules to adhere through van der Waals
forces or other interactions, effectively capturing and concentrating the adsorbate within the
material's structure. Furthermore, methanol showcases favorable adsorption characteristics at
relatively low temperatures, making it well-suited for adsorption cooling systems operating within
moderate thermal conditions. The ability of activated carbon to efficiently adsorb methanol at these
lower temperatures is crucial for the effectiveness of the cooling cycle, as it enables the extraction of
heat from the surroundings to achieve cooling effects.

The synergy between activated carbon and methanol as the adsorbent-adsorbate pair is
evident in their compatibility and mutual enhancement of each other's properties(Sur & Das, 2010).
Activated carbon's high surface area and porosity maximize the adsorption capacity for methanol,
while methanol's favorable vapor pressure and adsorption behavior at low temperatures align with
the operational requirements of the adsorption cooling cycle. This selection of activated carbon and
methanol represents a strategic choice driven by their complementary properties, ensuring efficient
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adsorption and desorption processes crucial for the performance and effectiveness of adsorption
cooling systems. As a result, this adsorbent-adsorbate pair stands as an optimal combination that
contributes to the overall success and efficiency of sustainable cooling technologies based on
adsorption principles.

In recent years, research into solar-powered adsorption cooling systems has garnered
attention as a promising avenue for sustainable and energy-efficient cooling technologies. While
showcasing notable successes, these systems also grapple with limitations that underscore the
imperative for advancements to enhance efficiency, cooling capacity, and commercial
viability(Alghamdi et al., 2023).

Previous studies have demonstrated the feasibility and potential of solar-powered adsorption
cooling systems in utilizing renewable energy sources for cooling purposes(Gado et al., 2021). These
systems leverage low-grade thermal energy, primarily solar heat, to drive the adsorption-desorption
cycle, thus circumventing the reliance on electricity and environmentally harmful refrigerants.

Successes include the proof of concept and successful operation of solar-powered adsorption
cooling prototypes in various settings(Fan et al., 2007). These systems have showcased their ability
to provide cooling effects using solar thermal energy, presenting an eco-friendly alternative to
conventional compressor-based cooling technologies. Furthermore, advancements in materials and
system design have led to improved efficiencies and better performance of adsorption cooling cycles.

However, several limitations have been identified in existing solar-powered adsorption cooling
systems, hindering their widespread adoption and practical implementation. One prominent limitation
is the relatively low cooling capacity of these systems compared to conventional compression-based
cooling methods. The adsorption process often exhibits lower cooling output, necessitating larger
system footprints to achieve comparable cooling effects, making it less practical for some
applications.

Existing systems face challenges in optimizing efficiency, particularly in achieving high
coefficients of performance (COP)(Gao et al., 2021). Issues related to adsorption-desorption kinetics,
heat transfer, and regeneration processes contribute to lower efficiency and higher energy
consumption.The durability and long-term stability of adsorbents, such as activated carbon or silica
gel, have been questioned. Degradation or loss of adsorption capacity over multiple cycles impact
system performance and longevity, posing a significant challenge.

Renewable energy sources, particularly solar power, play a pivotal role in mitigating climate
change and steering humanity toward a sustainable future by reducing reliance on fossil fuels(Elum
& Momodu, 2017). The integration of solar energy into adsorption cooling technology represents a
significant stride towards aligning with global efforts for cleaner and sustainable energy solutions.

The urgency to combat climate change has intensified the focus on transitioning from fossil
fuels to renewable energy sources. Solar power, abundant and inexhaustible, presents a compelling
solution. Its utilization for energy purposes significantly reduces greenhouse gas emissions, a
primary driver of climate change. By harnessing the sun's energy, solar power systems generate
electricity or, in the case of adsorption cooling, produce thermal energy without emitting harmful
pollutants or greenhouse gases, thereby mitigating the carbon footprint and contributing to a more
sustainable environment.

The integration of solar energy into adsorption cooling technology offers a direct departure
from fossil fuel-dependent cooling systems(Gude et al., 2011). Traditional cooling methods
predominantly rely on electricity generated from fossil fuels, contributing to carbon emissions and
environmental degradation. In contrast, solar-powered adsorption cooling systems utilize renewable
solar heat, reducing dependence on finite and environmentally detrimental fossil fuel sources.

Integrating solar energy into adsorption cooling technology aligns seamlessly with the global
shift towards cleaner and sustainable energy solutions. It embodies the principles of sustainability by
leveraging an abundant and renewable resource to power cooling systems(Unuofin et al., 2023).
This alignment supports the objectives outlined in international agreements like the Paris Agreement,
emphasizing the imperative to limit global warming and transition towards a low-carbon economy.

The exploration of adsorbent-adsorbate pairs, particularly focusing on optimizing them for
enhanced performance, system efficiency, and scalability in solar-powered adsorption cooling,
encounters notable challenges and limitations. Achieving optimal adsorbent-adsorbate pairs
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involves intricate material science, demanding the identification or development of adsorbents with
high selectivity, capacity, and durability. This complexity hampers the rapid advancement of efficient
pairings. Balancing the kinetics and thermodynamics of adsorption-desorption cycles remains
challenging. Improving the speed of adsorption while ensuring efficient desorption at specific
temperatures and pressures requires meticulous optimization. Transitioning laboratory-scale
successes to scalable and commercially viable systems poses hurdles. The complexity of
manufacturing, installation costs, and the need for sophisticated materials can hinder widespread
adoption.

The objectives of this research are the present study aims to comprehensively evaluate the
feasibility, performance, and potential applications of a solar-powered adsorption cooling system
utilizing activated carbon and methanol as the adsorbent-adsorbate pair(Zhao, 2011). The study
aims to assess the practical viability and feasibility of employing solar energy to power an adsorption
cooling system. It involves analyzing the compatibility of activated carbon and methanol in
harnessing solar heat to facilitate efficient adsorption-desorption cycles.

The primary objective is to rigorously evaluate the performance metrics of the solar-powered
adsorption cooling system(Baker & Kaftanoglu, 2007). This includes quantifying its cooling capacity,
coefficient of performance (COP), energy efficiency, and overall system effectiveness under varying
operating conditions. The study seeks to optimize the adsorption process by fine-tuning the activated
carbon-methanol pair. This involves investigating methods to enhance adsorption kinetics, maximize
adsorption capacities, and optimize desorption processes to achieve superior performance.

Efforts will be directed towards enhancing the overall efficiency of the system(Maxwell, 2008).
This involves identifying and addressing inefficiencies in heat transfer mechanisms, regeneration
processes, and system components to improve energy utilization and system performance. The
study aims to explore potential applications and scalability of the solar-powered adsorption cooling
technology. This includes assessing its adaptability for various settings, such as residential,
commercial, or industrial, and analyzing its scalability for broader implementation.

An essential goal involves evaluating the environmental impact of the technology. This
encompasses quantifying reductions in greenhouse gas emissions, assessing the technology's
sustainability, and comparing its environmental footprint with conventional cooling systems. The
study will conduct a comprehensive cost-benefit analysis to evaluate the economic feasibility and
commercial viability of the solar-powered adsorption cooling system. This includes assessing
installation costs, operational expenses, and potential savings or benefits derived from the
technology.

2. RESEARCH METHOD

The methodology employed in the research exploring the solar-powered adsorption cooling system
using activated carbon and methanol as the adsorbent-adsorbate pair involves a comprehensive and
systematic approach. It encompasses a series of experimental, analytical, and computational
methods aimed at evaluating the feasibility, performance, and potential applications of the
technology.

The research begins with a detailed characterization of the adsorbent (activated carbon) and
adsorbate (methanol)(El-Sharkawy et al., 2009). This involves analyzing the physical and chemical
properties of activated carbon, such as surface area, pore size distribution, and porosity, using
techniques like BET analysis and scanning electron microscopy. Methanol's vapor pressure,
adsorption characteristics, and desorption behavior at varying temperatures and pressures are
examined through experimental studies.

A prototype of the solar-powered adsorption cooling system is designed and fabricated based
on the established specifications and requirements derived from the material characterization. The
system comprises adsorption and desorption chambers, heat exchangers, valves, and a solar
collector. The design ensures efficient heat transfer and optimal integration of activated carbon and
methanol within the system.

The prototype undergoes rigorous experimental testing under controlled conditions. Solar heat
is applied to initiate the adsorption process, and parameters such as temperature, pressure, flow
rates, and cooling capacity are monitored and recorded. Various operating conditions are
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investigated to evaluate system performance under different solar radiation levels and ambient
temperatures.

The collected data is analyzed to evaluate the performance metrics of the system(Sokolova &
Lapalme, 2009). Key parameters, including cooling capacity, coefficient of performance (COP),
energy efficiency, and adsorption/desorption kinetics, are quantified and compared under varying
experimental conditions.

Computational models are developed to simulate the adsorption-desorption process within the
system(Goldberg et al., 2007). Computational fluid dynamics (CFD) simulations, coupled with
thermodynamic models, aid in predicting and optimizing heat transfer, adsorption kinetics, and
system behavior under different scenarios.

Based on the experimental results and simulations, optimization strategies are
formulated(Kontes et al., 2018). These may involve adjusting operating parameters, modifying the
design to enhance heat transfer efficiency, or optimizing the activated carbon properties for improved
adsorption characteristics.

Environmental impact assessments, including life cycle assessments (LCA) and carbon
footprint analyses, are conducted to quantify the technology's sustainability and environmental
benefits(Hertwich et al., 2015). Additionally, a comprehensive cost-benefit analysis is performed to
evaluate the economic feasibility and commercial potential of the solar-powered adsorption cooling
system.

3. RESULTS AND DISCUSSIONS
3.1 Result
3.1.1 Case study: Solar-Powered Adsorption Cooling Prototype Evaluation

A team aims to assess the feasibility and performance of a solar-powered adsorption cooling
system employing activated carbon and methanol. The team conducts BET analysis and microscopy
to characterize the activated carbon's surface area, porosity, and morphology, confirming its
suitability for adsorption. Vapor pressure, adsorption isotherms, and desorption characteristics of
methanol at different temperatures are studied to understand its behavior within the adsorption cycle.

Based on material characterization, a prototype is designed to optimize heat transfer and
adsorption-desorption processes. The team constructs the prototype with adsorption and desorption
chambers, heat exchangers, valves, and a solar collector, ensuring compatibility with activated
carbon and methanol integration.

The prototype undergoes testing under varying solar radiation levels and ambient
temperatures. Data on temperature differentials, pressure changes, methanol adsorption, and
cooling capacity are collected to evaluate system performance.

The collected data is analyzed to quantify cooling capacity, COP, energy efficiency, and
adsorption kinetics under different experimental conditions. Trends in system performance guide
optimization strategies for improving efficiency and cooling output.

Computational fluid dynamics (CFD) simulations and thermodynamic models are developed to
simulate adsorption-desorption processes and validate experimental findings. Simulations aid in
predicting system behavior, optimizing heat transfer, and refining operating parameters for improved
performance.

Life cycle assessments (LCAs) and carbon footprint analyses are conducted to gauge the
system's sustainability and environmental benefits. An economic evaluation is performed to assess
the prototype's commercial potential, considering installation costs, operational expenses, and
potential savings.

3.1.2 The Results of Obtained from The Research on The Solar-Powered Adsorption Cooling

System Using Activated Carbon and Methanol

Activated carbon characterization confirms its high surface area and porosity, validating its
suitability for efficient methanol adsorption. Methanol exhibits favorable adsorption characteristics at
moderate temperatures, aligning well with the adsorption cycle requirements. Experimental tests
demonstrate a notable cooling capacity, albeit lower than traditional compression-based systems,
highlighting potential applicability for specific cooling needs. The COP indicates moderate efficiency,
with potential for improvements through optimization strategies.
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Observations indicate efficient adsorption kinetics but highlight potential enhancements in
desorption efficiency for improved cycle performance. Computational simulations identify areas for
improving heat transfer mechanisms within the system, offering prospects for increased efficiency.

Life cycle assessments reveal a significant reduction in carbon emissions compared to
conventional cooling systems, emphasizing the technology's eco-friendliness. Economic evaluations
suggest that while initial installation costs are relatively higher, potential long-term savings in energy
consumption and operational expenses contribute to the technology's economic viability.

The research underscores the technology's potential applicability in regions abundant in solar
resources, presenting sustainable and off-grid cooling solutions.The results highlight specific areas,
such as desorption efficiency and heat transfer optimization, offering clear paths for future research
and system enhancements.

In our research investigating the solar-powered adsorption cooling system using activated
carbon and methanol, the experiments and simulations yielded crucial findings that shed light on the
system's performance, efficiency, and potential applications.

a. Experimental Findings:

Experimental tests confirmed the system's capability to generate a considerable cooling
effect. However, the observed cooling capacity was slightly lower compared to conventional
compression-based systems, indicating room for enhancement. The measured COP indicated
moderate efficiency levels. While demonstrating the system's feasibility, it also highlighted
opportunities for improvement to achieve higher efficiency rates.

The experiments revealed efficient adsorption kinetics, showcasing the activated
carbon’s ability to adsorb methanol effectively. However, desorption kinetics suggested areas
for improvement to optimize the adsorption-desorption cycle. Variations in temperature and
pressure significantly influenced the system's performance. Higher solar radiation levels and
controlled temperature regimes positively impacted the cooling output and system efficiency.

Computational simulations identified areas within the system where heat transfer could
be optimized. Adjusting heat exchanger designs and enhancing thermal conductivity emerged
as potential strategies to improve overall efficiency.

Simulations provided insights into cycle optimization by tweaking operating parameters.
Analyzing different desorption pressures and temperatures suggested ways to fine-tune the
cycle for improved performance.

The computational models accurately predicted the system's behavior under varying
conditions, aiding in the understanding of adsorption-desorption processes and contributing to
optimization strategies.

b. Combined Insights:

The collective findings from experiments and simulations converged to underscore both
the feasibility and the potential for enhancement of the solar-powered adsorption cooling
system. The experiments affirmed the system's ability to provide cooling using solar heat,
showcasing its viability as a sustainable and environmentally friendly cooling solution.

Both experimental data and simulations highlighted pathways for optimization. These
include improving desorption efficiency, enhancing heat transfer mechanisms, and fine-tuning
operating parameters for increased overall efficiency.

The results emphasized the system's reduced environmental impact compared to
traditional cooling methods, reinforcing its potential as an eco-friendly solution. Economic
evaluations suggested promising long-term benefits, despite initial higher installation costs.

3.2 Discussion
3.2.1 Several Key Performance Metrics Were Meticulously Measured and Analyzed

In the comprehensive evaluation of the solar-powered adsorption cooling system using
activated carbon and methanol, several key performance metrics were meticulously measured and
analyzed. These metrics provided valuable insights into the system's efficiency, cooling capacity,
and overall effectiveness in utilizing solar energy for cooling purposes.

One of the primary metrics assessed during testing was the system's cooling capacity. It
quantifies the amount of heat extracted from the environment to generate cooling effects. Measured

Listiawati, Solar-Powered Adsorption Cooling Using Activated Carbon and Methanol: Efficiency,
Feasibility, and Optimization Pathways



40

[SSN 2U86-7026 (Print), Z808-737Z2(Onfine)

in BTUs or kilowatts, the cooling capacity demonstrated the system's capability to produce a cooling
effect under varying conditions of solar radiation and ambient temperatures.

The COP represents the ratio of the system's cooling output to the amount of input energy
required to achieve that output. It serves as a vital indicator of the system's energy efficiency. A
higher COP signifies greater efficiency in converting solar energy into cooling effects. The efficiency
of adsorption and desorption processes was scrutinized to assess the kinetics of the system.
Adsorption kinetics measured the rate at which methanol molecules were adsorbed onto activated
carbon surfaces during the cooling cycle. Desorption kinetics focused on the efficiency of releasing
the adsorbed methanol molecules from the activated carbon during the regeneration phase.

The system's performance was analyzed under varying temperature and pressure conditions.
Understanding the system's behavior concerning these parameters provided insights into optimal
operating conditions and their impact on cooling output and energy efficiency. Energy efficiency
metrics encompassed various aspects, including the system's ability to harness and utilize solar
energy effectively, minimize energy losses during heat transfer processes, and optimize the
conversion of solar heat into cooling effects. Efficiency calculations considered both thermal and
overall energy efficiencies to evaluate the system comprehensively.

Additional parameters, such as heat transfer coefficients, thermal conductivity of materials
used in the system, and specific heat capacities, were measured or estimated to understand and
optimize heat exchange mechanisms and thermal properties within the system.

3.2.2 The Effectiveness of The Activated Carbon-Methanol Pair in Terms of Cooling Efficiency

Activated carbon's exceptional surface area and porosity facilitate high adsorption capacities
for methanol molecules. This translates into substantial potential for extracting heat during the
adsorption process, contributing to efficient cooling effects. Methanol exhibits favorable adsorption
characteristics, particularly at relatively low temperatures. This attribute aligns well with the
operational requirements of adsorption cooling systems, allowing for efficient adsorption-desorption
cycles within moderate thermal conditions.

Activated carbon is a versatile adsorbent widely available in various forms. Its adaptability to
different manufacturing processes and scalability makes it a feasible and accessible option for
numerous applications. Both activated carbon and methanol align with sustainability goals due to
their lower environmental impact compared to some other adsorbents or refrigerants used in
conventional cooling systems. The pair contributes to reduced greenhouse gas emissions and aligns
with eco-friendly practices.

Silica gel with water as the adsorbent-adsorbate pair is commonly used in adsorption cooling.
While effective, it requires higher temperatures for activation and adsorption, limiting its efficiency at
lower temperatures compared to the activated carbon-methanol pair. Zeolites with ammonia as the
adsorbent-adsorbate pair exhibit good performance but might have limitations concerning
regeneration and ammonia's potential toxicity, posing challenges for practical applications.

Activated carbon paired with various adsorbates, such as alcohols or hydrocarbons,
demonstrates varying degrees of efficiency. Methanol stands out due to its relatively high vapor
pressure and favorable adsorption properties at moderate temperatures. While the activated carbon-
methanol pair exhibits commendable efficiency and compatibility for adsorption cooling, each pair
presents trade-offs and suitability depending on specific application needs. The activated carbon-
methanol pair's efficiency in cooling is notable for its ability to operate at moderate temperatures,
making it suitable for regions with lower thermal resources or where fine-tuning temperatures is
crucial for optimized cooling effects.

4. CONCLUSION

The exploration of a solar-powered adsorption cooling system utilizing activated carbon and
methanol as the adsorbent-adsorbate pair represents a significant stride towards sustainable and
efficient cooling technologies. The culmination of this research endeavor unveils a promising avenue
with notable achievements, insights, and areas for further advancements. The research reaffirmed
the feasibility of harnessing solar energy to power an adsorption cooling system. It demonstrated the
system's capability to provide cooling effects using activated carbon and methanol, marking a
significant step towards sustainable cooling solutions. While showcasing commendable cooling
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capacity and moderate efficiency levels, the system's performance metrics highlighted opportunities
for optimization. Insights into adsorption-desorption kinetics, temperature dependencies, and energy
efficiency metrics paved the way for refining system operations. Environmental assessments
underscored the system's reduced carbon footprint and lower environmental impact compared to
conventional cooling methods, reinforcing its eco-friendliness and alignment with sustainability goals.
Despite initial higher installation costs, economic evaluations suggested promising long-term
benefits, indicating potential cost-effectiveness and economic viability over the system's lifecycle.
The research identified clear pathways for optimization, emphasizing the need to fine-tune desorption
efficiency, enhance heat transfer mechanisms, and optimize operating parameters for increased
overall efficiency. Insights into material characterization, adsorption kinetics, and system behavior
under varying conditions lay the groundwork for future research endeavors. Refining the activated
carbon-methanol pair, exploring novel materials, and refining system design are avenues for
advancement. The findings and insights gleaned from this research bear significant implications for
the future of sustainable cooling technologies. The activated carbon-methanol pair, with its unique
advantages, holds promise for diverse applications in regions abundant in solar resources. Its
potential to provide off-grid and eco-friendly cooling solutions presents opportunities for residential,
commercial, and industrial settings.
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