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This review paper covers progressive developments in solar adsorption cooling 

technology with reference to new adsorbent materials and thermal cycle patterns for 

upgrading the performance of the system. An alternative for conventional cooling 

technologies, Solar adsorption cooling technology harnesses the heat from the sun to 

power the adsorption process, instead of electricity and destructive refrigerants. The 

first part of the review provides brief background information about the operation of 

solar adsorption cooling systems and the role of solar collectors as well as adsorbent 

materials in the process. Based on such categories the paper outlines the advancements 

in adsorbent materials including the metal-organic frameworks (MOFs), silica gel, 

activated carbon and zeolites that have enhanced efficiency, capacity and stability that 

work well under various conditions. Moreover, the review looks into the design 

improvements in adsorption cycles with the focus on new trends in adsorption in order 

to enhance the performances, increase the coefficient of performance (COP) and 

decrease the running costs. When solar thermal systems are combined with the 

adsorption technologies, the systems can provide cooling in an efficient way, and are 

ideal for areas that receive high levels of radiation. Furthermore, the externalities of 

these systems are rigorously examined to highlight their abilities to enable low carbon 

and fossil-free solutions. The paper also discusses the multipurpose use of solar 

adsorption cooling for residential air conditioning to industrial refrigeration which has 

been demonstrated in cases. Last, the difficulties associated with the choice of the 

working fluid, the system configuration, and the expansion of this technology are 

presented, after which the possible further studies that could improve the performance 

of the solar adsorption cooling systems and therefore guide their application are 

investigated. 
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1. Introduction  

The rising need for energy-efficient cooling 

has given solar adsorption cooling technology a 

chance to compete with the conventional 

techniques. The traditional refrigeration 

equipment use electricity as their main source 

of power and involve the use of refrigerant 

compounds that are hazardous to the 

environment, besides using a lot of energy. The 

demand for sustainable cooling systems grows 

as the global temperatures increases, and the 

costs of energy soar. Solar adsorption cooling 

systems help in the renewable energy use by 

embracing the use of thermal driven cooling 

through utilizing solar energy. 

This technology works using heat at low 

temperature gathered from solar collectors to 

assist in the cooling process which might be 

ideal in areas of high solar intensity. Some of 

the basic parts of these systems include solar 

collectors and the adsorbent materials which 

are used in the processes of absorbing heat 

from one area and another. In this process, 

since natural heating power of sunlight is 
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utilized, the process of cooling can also be 

done with far lesser negative effects on the 

environment. 

In comparison with refrigeration 

technology, solar adsorption coolers have great 

advantages in term of operational area and 

cost-effectiveness. Whereas, conventional 

systems call for massive grid electricity or 

fossil fuel, solar-powered chillers can work in 

isolation in areas devoid of the utilities hence; 

minimized use of non-renewable power 

sources. This method also helps to save the 

environment by reducing carbon emission and 

has cost, specifically long-term cost, 

advantages particularly when electric tariffs are 

higher. 

Moreover, development in the fields of 

materials has seen improvement in the 

adsorbents used in these systems. Scientists are 

investigating numerous materials in order to 

enhance the coefficient of heat exchange as 

well as the long-term characteristics of the 

equipment under various working conditions. 

These developments aspire to improve the COP 

of the adsorptive solar refrigeration systems 

thereby making them more applicable in 

applications ranging from home air 

conditioning to industrial cooling. 

When discussing the principles of solar 

adsorption cooling systems and the progress 

made in the design of the working cycle and 

materials, it is impossible not to note that this 

technology can greatly transform temperature 

control. By incorporating solar thermal energy 

into the cooling systems, one is able to handle 

existing climate change issues and in part meet 

the future energy resource needs. 

In conclusion, solar adsorption cooling 

represents the convergence of innovation and 

sustainability—offering an eco-friendly 

solution to our increasing cooling needs while 

harnessing one of nature's most abundant 

renewable resources: lighting, [12], [14], [8], 

[2], [13], [18] and [3]. 

   

2. Principles of Solar Adsorption Cooling  

2.1. Overview of Solar Adsorption Cooling 

Technology 

Solar adsorption cooling technology is an 

opportunity to replace classical cooling 

technologies and minimize the use of fossil fuel 

and greenhouse gases emissions. This 

innovative system employs solar thermal 

system to provide heat for the adsorption 

process for cooling. While vapor-compression 

systems typical of traditional chillers need 

large energy inputs and might employ 

hazardous refrigerants, solar adsorption coolers 

have no moving parts and predominantly 

utilize water as a natural refrigerant. 

The operational cycle consists of four key 

stages: The common process in gas sweetening 

includes heating, desorption, cooling, and 

adsorption. In solar refrigerator, sunlight first 

warms the adsorbent, which allows outflow of 

refrigerant vapours within the system, thus 

lowering the pressure. Subsequently during the 

cooling phase, heat is rejected to the adsorbent 

and this enables the refrigerant vapor to 

condense. In the last stage of adsorption, the 

cold adsorbent again absorbs the refrigerant 

vapor and thus the cycle is for refrigeration 

effect. 

Recent developments also demonstrate the 

performance of the technology when using low 

quality waste heat source, which is well suited 

to geographic regions where high ambient 

temperatures correlate with high cooling 

demand. Solar adsorption systems can remain 

productive when coupled with renewable 

energy or industrial waste heat sources, thus 

accounting for changing conditions. 

A system design can contains a single stage 

or multi stage cycle that provide a different 

efficiency cost effectiveness for the particular 

application. Future developments are focused 

on increasing COP and EER, that are essential 

for successful functioning to increase. 

The primary advantage of solar adsorption 

coolers is the low environmental effect due to 

the decrease in electrical use as well as the 

rejection of toxic refrigerants responsible for 

ozone layer depletion and global warming. 

Examples include use in food preservation and 

conditioning of residential and commercial 

spaces to show enhanced operational cost 

savings while preserving comfort level. 
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Some issues still persist with thermal 

cycling on the materials and the general cost of 

implementing the concept on a broad scale. 

Further investigation is thus needed to improve 

this technology with regard to new materials 

and improved more efficient designs, the future 

trends are oriented towards combined solutions 

with one or more renewable energy sources, 

[4], [8], [10], [18], [19] and [1]. 

 

 

Figure 1. Thermodynamic cycle of ACS, [4] 

2.2. Mechanism of Heat Transfer in 

Adsorption Systems 

In solar adsorption cooling systems, heat 

transfer is essential to cooling efficiency and 

effectiveness; and it takes place mainly through 

conduction in the adsorbent and convection 

between this and the refrigerant. The 

mechanisms mentioned above are affected in 

varying degrees by factors such as the 

thermophysical properties of adsorbents, 

operation pressures and temperatures, and 

cycle arrangements. 

During adsorption, refrigerant vapor 

condenses at a cooler solid adsorbent and heat 

is also released. In the case of thermal 

conduction the process favors rapid 

equalization of temperature of the adsorbent. 

Higher thermal conductivity promotes 

increased heat transfer rates, thus improving 

both adsorption rates and system efficiency, 

low thermal conductivity however, can 

generate localized hotspots that are detrimental 

to system performance. 

In both the adsorption and desorption 

phases, convection is a critical parameter. 

Enhancing gas flow configurations will 

increase the interaction of refrigerant vapor 

with the solid surfaces. Optimization of the 

surface area through modifications in the 

structure or through the use of certain kinds of 

coatings can raise the rates of convective heat 

transfer. Further, variations in particle size 

must be made; increased particle size enhances 

the surface area but can reduce mass transfer 

rates because of the increased bulk flow 

resistance. 

In operation, heat exchange efficiency is a 

factor of appropriate temperature differential 

between components of the system especially 

the evaporator and the condenser, which are the 

cooling and heating sections respectively. 

Systems with multiple beds are used in order 

that the operation cycle is never interrupted, 

one bed is used to condense refrigerant vapor 

while the other bed is being regenerated. 

Heat transfer effectiveness also depends on 

cycle configuration. Multi-adsorber designs 

and advanced thermal wave cycles apply a 

number of techniques to improve heat transfer. 

Flash and exhaust gas recovery, and other 

similar concepts that reuse waste heat of one 

cycle to support the next cycle are the most 

efficient thermal use and loss minimization 

means. 

There are coherent external influences such 

as ambient temperature, which influences COP 

performance indicators. In hot areas where 

there are high levels of solar isolation, systems 

warm to optimum working temperatures almost 

immediately, and produce high cooling outputs. 

Knowledge of these mechanisms assist 

engineers and researchers in designing 

improved adsorbent materials and structures for 

solar adsorption cooling systems, [1], [3], [4] 

and [2]. 
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Figure 2. Evolution of cooling technologies, [1] 

Table 1: Significance of adsorbent material properties, operating parameters and performance metrics, [4] 

Adsorbent Material Parameters: 

Thermal 

conductivity 

•Low thermal conductivity adsorbent may fail to heat or cool up to the required temperature and 

the rate that is required. 

•Increased rankine thermal conductivity can provide higher rates of heat transfer which in terms 

could provide higher desorption rates and possibly shorter cycle times. 

•It will also be characterized by a change in the structure of the adsorbent when the thermal 

conductivity enhancer is added to it. Such modifications might decrease the pore volume of the 

adsorbent that might hence decrease the adsorption capacity. 

•It is essential to determine the optimal amount to which thermal conductivity enhancer has to be 
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added during the development of composite adsorbent. For this reason, in order to counteract the 

change of structure of adsorbent material the following should be done. 

Thermal 

diffusivity 

•Decides on how evenly heat is distributed in the cross section of the adsorbent bed. 

•Higher TDT, means faster heat transfer during both adsorption and desorption processes which 

may affect the cycle time and the cooling output. 

Particle size •Reduced internal mass transfer through increased particle size reduces the adsorption and 

desorption rates within the adsorption bed. 

•When relative micropore volume is greater, there is an increased pore volume and SSA hence the 

adsorption capacity of the adsorbent material is improved. 

Bulk density •Increased BD reduces porosity affecting consequently permeability and adsorption characteristics 

but increases thermal conductivity. 

•In order to define the further composition of the adsorbent material, it is necessary to evaluate the 

permeability and adsorption ability of the synthesized composite. 

Porosity •Porosity refers to the fraction of the volume of the adsorbent that is actually open or void to which 

the refrigerant could be admitted. Although high porosity can mean that there is a larger surface 

area for adsorption and potentially more cooling capacity, it is not always a blessing. 

•While high porosity is beneficial because it provides more accessible surface for adsorption, it 

may lead to problems in mass transfer if the pore structure is not interconnected, or if the pores are 

too narrow. This implies that the refrigerant may not get the deeper spaces in the adsorbent for 

effective adsorption hence recording lower adsorption rates. 

Surface 

tension 

•In microporous or mesoporous adsorbents, the ease of the refrigerant in penetrating the pores is 

still influenced by surface tension. This affects the overall adsorption capacity in one way or the 

other. 

•It can also be seen that a refrigerant with high surface tension may require more energy to desorb 

from an adsorbent than the one with low surface tension. 

Operating Parameters: 

Condenser 

Temperature 

•The COP of an adsorption cooling system, that is the rate at which heat is removed from the cold 

source as compared to the rate at which heat is supplied to the system, depends on the difference 

between the heat source (driving) temperature and the condenser temperature. It could also be 

observed that, in most cases, a lower condenser temperature leads to an improved COP of the 

system. 

•The variation in the temperatures of the evaporator and the condenser affects the maximum 

amount of refrigerant that can be absorbed in any given cycle. Lowering the condenser temperature 

also increases the temperature difference to enhance the adsorption of more refrigerant and hence 

the cooling ability. 

Evaporator 

Temperature 

•The evaporator temperature has a direct influence on the system’s COP together with the 

condenser and the driving heat source temperature. Typically, the system COP is favorably 

affected by a higher evaporator temperature. 

•Temperature control in the evaporator and condenser determines the maximum level of refrigerant 

that can be adsorbed from any cycle. Lower evaporator temperature in general, means lower 

amount of refrigerant that can be adsorbed and therefore achieved lower cooling capacity. 

Adsorption 

Temperature 

•Refrigerant adsorption capacity greatly depends on the adsorption temperature of the adsorbent 

material. The thermophysical property of the refrigerant tends to have a better affinity for the 

adsorbent at low temperatures due to surface tension leading to better adsorption capacities. 

•However it is important to have a balance against other operational factors such as the 

temperatures of the evaporator and condenser. 

Desorption 

Temperature 

•Higher desorption temperatures also increase the rate of refrigerant release from the adsorbent. 

This can lead to shorter cycle time and better cooling as a consequence of the above mentioned. 

•The temperature at which desorption takes place should not be too high to alter structural 

characteristics and efficiency of the adsorbent material. The adsorption properties of the material 

may be negatively affected, leading to deterioration or change of the temperature at which the 
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process is carried out. 

System 

Pressure 

•The phase of the refrigerant depends on the system pressure. In the evaporator, low pressure is 

used to make the refrigerant vapor change phase to gas and to absorb heat. In the condenser section 

of the vapor-compression system, higher pressure favours condensation and the process of heat 

liberation occurs. 

•Different pairs of adsorbent-refrigerant have the working pressure range in which the adsorption 

and refrigeration cycle will operate with maximum efficiency and unreached hazards. It is 

imperative to work within this range. 

Cycle Time •Reduced time per cycle also means that the system is capable of reacting to fluctuations in cooling 

needs more effectively. If the cycle is too short, it may be possible that the cooling output of the 

system would not be able to make full use of the adsorption capacity of the adsorbent. 

•Rapid cycling can introduce conditions, which change heat in and out of the system components 

frequently thus liable to heat stress and short component life. 

•The cycle time should also enable the required heat and mass transfer processes to occur during 

the adsorption and desorption processes for efficiency in the system. 

Performance parameters 

COP •With a higher COP the system is more efficient this means that for every unit of energy (heat) 

input more cooling will be produced. 

•The selection of adsorbent and refrigerant affects the COP. Some are better than others depending 

on some circumstances. 

•The COP can be affected by other factors such as the temperature of heat source, cooling water 

temperature and evaporator temperature. 

SCP •The value of SCP rises when the adsorbent is more efficient in generating the cooling impact. It is 

an indication of the competence of the adsorbent material in the system. 

•Similarly as in the case of the COP, the choice of adsorbent and refrigerant pair can affect SCP. 

Certain couples may be able to generate a higher cooling capacity per mass of the adsorbent as 

compared to the other. 

•A system developed with an adsorbent with a high SCP may need a small amount of adsorbent to 

provide the same cooling capacity as a system with a lower SCP, thus systems could be more 

compact. 

Cooling 

capacity 

•The selection of the adsorbent and refrigerant is critical in deciding the cooling ability of the 

system. Some pairs of these can adsorb and desorb the refrigerant far better than others, hence the 

better cooling effect. 

•The temperature of the heat source that has been used to drive the desorption, the cooling water 

temperature in the condenser and the temperature of the evaporator all have an impact on the 

cooling capacity. 

•Systems with more than one adsorber bed off line, but there are other beds on line and out of 

phase, can provide continuous cooling so there may be more gross cooling capacities of such 

systems than in systems having one bed on line out of phase during the cycle. 

 

Figure 3. Clapeyron diagram of ideal adsorption 

cycle 

3. Adsorbent Materials: Key Innovations 

and Trends 

3.1. Types of Adsorbent Materials 

The choice of adsorbent materials is 

extremely important in determining the 

effectiveness of solar adsorption cooling 

systems. Different types of adsorbent materials 

includes; Zeolites, Activated carbon, Silica gel, 



 

 

Faeza Mahdi Hadi et al/ Al-Rafidain Journal of Engineering Sciences Vol. 3, Issue 1, 2025: 167-190 

173 

 

and Metal- Organic frameworks (MOFs), that 

bear their diverse characteristics that affect 

how they perform in the adsorption cycle. 

More specifically, zeolites are characterized by 

their porous structures and thermal stability 

which make them suitable to temperature 

swing applications in solar cooling. 

Adsorption properties of activated carbon 

are characterized by an increased surface area 

and tunable pore size for efficient capture of 

refrigerants particularly at low temperatures. 

However, its cost factor is relatively high 

which might hinder its extensive application. 

Silica gel with low cost and mechanical 

property is excellent in the adsorption of 

moisture but has relatively low COP in most 

cases. 

The new study focuses on MOFs, the 

structures that contain metal ions connected to 

organic ligands; they can be designed with 

specific pore size and chemical characteristics. 

Such materials should provide higher thermal 

conductivity and kinetics than conventional 

adsorbents and may increase the efficiency of 

the adsorption cycle. 

There is also increasing interest in 

composite materials because they may even 

improve COP and specific cooling power 

(SCP) in some ways. For example, the 

incorporation of activated carbon with 

polymers or inorganic substance was found to 

display enhanced thermal conductivity and 

mechanical strength as well as enhanced or 

similar adsorption capacity. 

However, some issues crops up regarding 

the performances of these material in cyclic 

conditions requiring the use of reliable designs 

for long term. Another criterion which is 

crucial in this case is the economic factors, 

since some of the materials with the best 

performance characteristics may be very 

expensive and their application in commerce 

has to be justified by the benefits which ensue 

from the use of the adsorbents. 

New designs such as finned heat 

exchangers that may be embedded in 

adsorption beds are expected to improve on 

heat exchange and reduce system durability. 

Also, ongoing advancements in artificial 

intelligence are enhancing material selection 

criteria to determine the best configuration of 

adsorbent and refrigerant for improved system 

performance under different circumstances, [1], 

[11], [4] and [2]. 

3.2. Recent Advancements in Material 

Science 

New developments in material science have 

hinted at major enhancement of adsorbent 

materials for solar adsorption cooling systems, 

especially based on improving the 

characteristics of the pore structure of activated 

carbon. These are the micropores, mesopores, 

and macropores, which give the material a 

large internal surface that traps different 

refrigerants and pollutants. Studies of 

composite adsorbent materials such as 

activated carbon sodium chloride (NaCl) 

possess better heat mass transfer characteristics 

mainly with ethanol water mixture achieving 

COP 0.146 and SCP 150 W/kg. 

Another improvement is the Maxsorb III 

material, which can take up to 1.2 kg/kg of 

ethanol under certain thermal conditions and 

needs regeneration at temperatures below 100 

°C. This indicates that using such higher 

efficiency materials such as Maxsorb III could 

be made more efficient as well as could be 

compatible with solar uses because of its 

desirable thermal characteristics. 

Moreover, Metal-Organic Frameworks 

(MOFs) is a new type of adsorbent which 

adsorption capacity is 1.58 times more than 

traditional adsorbents such as silica gel or 

zeolites. The target for the thermal conductivity 

of the new generation composite materials to 

be achieved by researchers is around 2.47 

W/m·K in order to facilitate better heat transfer 

in adsorption systems. 

Further advancements are made in order for 

the adsorbents to be smart – the ability of the 

adsorbents to be responsive to external stimuli 

such as light or temperature, improving the 
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sorption and regeneration properties. For 

instance, the concepts of photo-regulated 

molecular gates are under consideration for 

variable adsorption applications. 

It is also useful in controlling the size and 

shape of the pores at a nanoscale, enhancing 

surface area and effectiveness in many fields, 

including environmental technologies. 

Sophisticated statistical methods enable 

researchers to identify factors related to the 

textural characteristics and the interaction 

between the compound elements to determine 

the performance of the new material in 

comparison with the previous materials. 

Lastly, there is a trend toward sustainability 

to combine the breakthroughs in the material 

science with the enhancement of cooling 

efficiency and the contexts of life cycle that 

embrace energy consumption and disposal 

problems. [1], [25], and [4] 

 

Figure 4. The enhancement of COP using different 

techniques such as Fin, composite and Coating, [4] 

3.3. Performance Metrics for Adsorbents 

In the evaluation of adsorbents in solar 

adsorption cooling systems, performance 

characteristics are critical to measuring their 

usefulness in real-life situations. Some of the 

factors include adsorption capacity, thermal 

conductivity, desorption temperature and 

system stability all of which play a major role 

in the performance of these systems. 

The first factor is known as the adsorption 

capacity which acts as a measure of the ability 

of the adsorbent to take up a refrigerant. The 

material that will have a high adsorption 

capacity will give better cooling since it will be 

able to remove greater heat from the 

environment. Within this context, several types 

of material have reasonable potential – for 

instance, zeolites are in general more effective 

in adsorbing water than silica gel, but they 

need higher temperatures for regeneration. 

Thermal conductivity is another important 

factor that determines the ability of heat 

exchange between the refrigerant and the 

adsorbent. Higher thermal conductivity in 

certain areas can improve either the adsorption 

rates or the desorption rates, making the system 

all the better. Balancing of these rates as well 

as the durations of the cycles is therefore 

critical if optimum cooling is to be attained 

while at the same time using the least energy. 

Desorption temperature is also a key factor; the 

best adsorbent must work at the desorption 

temperature that corresponds to accessible heat 

sources. This aspect is also unbalanced, and if 

so, the system loses efficiency and is unable to 

operate at its full potential or even within a 

certain range of environment temperatures. For 

instance, hybrid composites containing 

hygroscopic salt within porous matrices have 

been found to perform better because they are 

designed for efficient operation at lower 

temperature. 

Further, stability and durability are important 

for adsorption systems due to the cyclic nature 

of adsorption processes. These materials have 

to be able to endure multiple high temperature 

exposure without a serious compromise of their 

characteristics. The present study shows that 

blend such as vermiculite with calcium 

chloride provide excellent durability and still 

have desirable thermal properties. 

New material science technologies have 

brought forth improved composite adsorbents 

that increase these performance characteristics. 

In works described below, scientists 

incorporated such components as silica gels or 

activated carbon with hygroscopic salts to 

obtain materials that not only provide deep 

dehumidification but also increase SCP and 
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COP. They do not only enhance the adsorption 

efficiency but also provide for affordable 

production processes. 

Moreover, some of the studies focus on the fact 

that proper design of the bed has a large 

influence on the adsorbate uptake 

determinations. A number of parameters like 

the area of heat transfer, variation in density of 

fluid etc has a direct impact on the total system 

performance and hence during the design of 

system both COP and SCP must be given 

paramount importance. 

Therefore, an assessment of adsorbents based 

on these fine-grained performance measures is 

crucial to the advancement of solar adsorption 

cooling systems which are capable of meeting 

the present energy needs more effectively, 

sustainably. 

 

 
Figure 5. Adsorption cooling system technology roadmap, [4] 

  

4. Cycle Design in Solar Adsorption Cooling 

Systems  

4.1. Types of Cycle Configurations 

There are numerous factors, which 

influence the efficiency and effectiveness of 

the cycles in solar adsorption cooling systems 

and the way they are designed and arranged. 

There are primarily two types of cycle 

configurations: discrete cycles and the constant 

ones. Intermittent cycles employ a single 

adsorber bed that requires switching between 

cooling and regeneration modes. The process 

described above is relatively easier to achieve 

in practice; however, it yields variable cooling 

capacity during the regeneration phases. 

On the other hand, continuous cycle 

configurations involve the use of several 

adsorber beds with a configuration whereby 

one bed for desorption is used side by side with 

another for adsorption. This makes it possible 



 

 

Faeza Mahdi Hadi et al/ Al-Rafidain Journal of Engineering Sciences Vol. 3, Issue 1, 2025: 167-190 

176 

 

to ensure a continuous supply of coolness as 

this coordinated approach is particularly 

beneficial where cooling is called upon 

consistently. By optimization in heat 

management during adsorption-desorption 

cycling, it is also possible to phase shift in 

performance of multiple absorbers for better 

heat to electricity conversion. 

The design of the adsorber also forms a 

critical role in the thermal efficiency of these 

systems. These have evolved due to recent 

advancements to include fixed bed reactors, 

fluidized bed reactors and those that have 

features of both the above. The heat and mass 

transfer is enhanced in fluidized beds by 

frequent stirring of the adsorbent material. This 

constant change also minimizes thermal 

conductivity and maximizes contact area 

between the refrigerant and the adsorbent. 

In addition, new cycle arrangements 

including thermal wave cycles or heat recovery 

cycles are other techniques that have been 

developed as improved approaches to boost 

cycle efficiency. Such complex processes are 

used to extract waste heat from other processes 

or to recover energy that was once considered 

waste within operation cycles. Use of these 

advanced configurations results to enhanced 

COP and SCP and other performance 

parameters. 

Still another important consideration that 

influences performance in these systems is 

cycle time, that is, the amount of time assigned 

to each phase, which has been postulated to 

strongly affect the performance of such 

systems. Studying the observation, many works 

have been done to define the cycle times that 

can cool the building maximum and minimize 

the energy usage. 

Moreover, there is the trend to use 

adsorption chillers together with compression 

systems as integrated systems. For instance, 

research on cascade absorption-compression 

systems has shown that the use of solar thermal 

inputs in multi-stage is more energy conserving 

compared to conventional refrigeration. 

Conclusively, attention to these various 

cycle configurations addresses performance 

enhancement of solar adsorption cooling 

technology and resource utilization with 

considerations to sustainability objectives. 

 

Figure 6. Block diagram for elementary adsorption 

cooling system using two adsorber vessels, [1] 

 

Figure 7. The adsorption cycle's Clapeyron 

diagram, [1] 
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Figure 8. Cooling systems powered by solar 

thermal energy, [16] 

 

Figure 9. Schematic of ECS parts, [16] 

 

Figure 10. Schematic diagram of ECC, [16] 

4.2. Optimization Techniques for Cycle 

Design 

A literature review of cycle designs reveals 

that the efficiency and performance of solar 

adsorption cooling systems highly depends on 

the optimization of the cycles in the system. 

There is a number of ways to achieve this, 

which represent the modern trends in 

technology and building design. The most 

effective is the use of heat and mass recovery 

cycles. Through the use of multiple adsorbers 

into the system, one cycling through its 

desorption phase generates heat which is used 

to warm another adsorber going through its 

adsorption phase. This process alleviates 

energy losses and increases the coefficient of 

performance (COP). The laboratory research 

works have revealed that it is possible to 

achieve such configurations for enhanced 

performance, making the COP rise by 25 

percent in relation to single-stage systems. 

Another potential area explored is related 

to the modifications of adsorber bed structure 

layouts to improve heat exchange. Structures 

like spiral plates or compact porous beds 

greatly reduce thermal resistance enhancing the 

heat and mass transfer rates within the system. 

Such complex configurations not only 

accelerate the kinetics of the adsorption process 

but also greatly enhance the potential of energy 

saving. 

Accuracy enhancements of cycle designs 

require performance simulations as much as the 

latter are important for the former. This means 

that through manipulation of a number of 

operation parameters such as the temperatures 

of the generators, condensers, absorbers and 

evaporators, the analysts can be able to obtain 

the best parameters that will enhance the 

performance indicators of the power plant. As 

it has been pointed out, variation of the 

generator temperature by few tens of degrees 

affects not only COP but also cooling capacity. 

However, there are still some important 

issues to note, including the need to properly 

synchronize the components within the system 

in order to achieve proper operation amongst 

different segments of the system. It is similar to 

the integration of components such as 

generators and absorbers, where optimal 

cooperation improves the general performance 

of the system. 

New optimization methods have been 

designed to provide the designers with the 

performance comparison of different 

configurations under various modes of 

operation. For example, in operation 
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conditions, some computational tools can 

process the material ratios and specific heat 

loads together, and find out the best operational 

parameters for given conditions. Such tools 

explain how decisions made regarding the 

materials used make the system to respond to 

different environmental stimuli. 

Furthermore, cycle time has to be taken 

into consideration in order to achieve the best 

result concerning the design. Minimising cycle 

durations while at the same time maintaining 

system integrity has been proven to greatly 

enhance the total efficiency. This necessitates 

an understanding of how changes in the length 

of cycle affect COP and cooling capacity in 

particular. 

Last but not the least, practicing multi-

objective optimization models make it easier to 

strike a balance between cost and the 

environment all through the design process. 

Thus, it becomes possible to devise systems 

that are technically adequate for meeting 

performance requirements and controlling costs 

while also responding more sensitively to the 

global challenges of energy use, on the one 

hand, and emissions of carbon, on the other. 

All of these strategies together show 

possible directions for developments in 

enhancing cycles of solar adsorption cooling 

systems while ensuring energy efficiency and 

minimal impact on the environment, [1], [16], 

[14], [22]. 

 

Table 2: The performance of SADS, a summary of recent studies, [16] 

Adsorbent/ 

adsorbate pair 

Collector 

type 

SADS 

cooling 

effect 

(capacity) 

COP Remarks Reference 

Silica gel/water ETSC 
220 kW/kg 

of Silica gel 
0.63 

The highest performance increase is observed at 

85 °C driving temperature, while at higher 

temperatures the gain is negligible. 

(sub-ref-

Almohamm

adi and 

Harby, 

2020) 

Activated carbon 

/ ethanol 
PTSC 500 W 0.68 

Ethanol/Activated carbon is the most suitable 

partner for the continuous SADS cooling cycle. 

Coldness of the chilled water is negatively 

affected when the maximum adsorption 

temperature is high. 

(sub-ref-

Sha and 

Baiju, 

2021) 

Activated carbon 

(Maxsorb 

III)/CO2 

NA 2 kW 0.1 
In order to enhance the performance of the 

system, heat and mass recovery are needed. 

(sub-ref-

Jribi et al., 

2014) 

SAPO-34 

zeolite/water 
PTSC 

181.3–298.9 

kJ 

0.112–

0.13 

The adsorption capacity is not having a linear 

relationship with the adsorption time. 

The COP of the system and the specific cooling 

power were not at the same best time of 

adsorption. 

(sub-ref-

Chen et al., 

2018) 

Silica gel /water PTSC 11 kW 0.5 

- COP in the range of 0.4 to 0.55 was obtained in 

the daytime between 10: From 00 to 17:00 it 

means efficient cooling for commercial and or 

residential buildings. 

(sub-ref-

Alahmer et 

al., 2020) 

Activated 

Carbon/ 

methanol 

ETSC 35 kW 0.403 

The collector area was found to be 63% and 33% 

lower in the use of a 20 kW and 40 kW auxiliary 

heater respectively. 

(sub-ref-

Ahmed et 

al., 2018) 
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Adsorbent/ 

adsorbate pair 

Collector 

type 

SADS 

cooling 

effect 

(capacity) 

COP Remarks Reference 

From the analysis above, it is clear that when the 

solar loop mass flow rate is increased the solar 

fraction is also increased. However, flow rates 

higher than 0.2 kg/s did not influence the solar 

fraction of the total heating energy. 

Silica gel/ water 

Zeolite (SAPO-

34)/water 

Tracked 

PTSC 

548.8 kJ 

284.2 kJ 

0.258 

0.133 

Silica gel performed slightly higher than the 

zeolite on the COP and cooling power as a 

refrigerant. 

The SADS made from zeolite had lower 

sensitivity to the variation in the adsorption time 

in contrast to the SADS prepared from silica gel. 

(sub-ref-

Liu et al., 

2021) 

Zeolite 

13X/CaCl2/water 
NA 371 W 0.16 

The impact of the heat and mass recovery cycle 

is immense and actually increased the COP of the 

SADS by about 125%. 

The mass recovery, along with the pre-heating 

and pre-cooling cycles boosted the COP to five 

times the basic cycle of Zeolite 13X with water. 

(sub-ref-

Tso et al., 

2015) 

Zeolite (SAPO-

34)/water 
ETSC 10 kW 0.575 

The highest performance of the SADS was 

achieved at 75 °C in which cooling load of the 

building was met sufficiently with mean EER of 

5.8. 

(sub-ref-

Roumpeda

kis et al., 

2020) 

Activated 

carbon–ammonia 
ETSC 

25 to 80 

W/kg 

0.12–

0.24 

The use of thermally activated control of 

heating/cooling of the adsorbent bed provided 

superior thermal performance than the solar 

cycle. 

(sub-ref-

Robbins 

and 

Garimella, 

2020) 

 

5. Integration with Solar Thermal Systems  

5.1. Synergies between Solar Thermal and 

Adsorption Cooling 

The combination of solar thermal systems 

to adsorption cooling is a notable development 

in green cool technologies especially in regions 

with high solar intensity and cooling requir ed. 

This synergy leverages the strengths of both 

systems: Solar thermal systems capture solar 

energy in order to generate heat that is then 

used by adsorption cooling systems to provide 

cooling solutions. This alignment makes it 

possible to cool during hour of high solar 

intensity. 

Solar assisted adsorption coolings system 

can use the heat at low temperature from 

different types of solar collectors necessary for 

the adsorption cycle required to absorb and 

desorb the refrigerants. As such, these system 

offer constant cooling on hot days eradicating 

the need for conventional vapor compression 

systems that draw bulk electricity from the 

grid. 

This location is one of the sections that has 

been established to benefit from the application 

of this technology combination in a special 

way through environmental gain. Conventional 

systems of refrigeration cause release of 

greenhouse gases through energy consumption 

and possible leakage of refrigerants. These 

effects are partly countered by the use of solar 

thermal-powered adsorptive chillers, especially 

in areas like the GCC countries where electric 

grids are exerting themselves to meet cooling 

loads. It not only helps reduce the electric load, 

but also plays into the objectives of 
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sustainability by reducing carbon dioxide 

emissions. 

Data on the performance of solar 

adsorption systems shows that overall solar 

fractions in excess of 96% are possible, which 

implies that close to 100% of the cooling 

energy is harvesting from solar energy rather 

than conventional fossil fuel sources. 

Moreover, there are new discoveries in 

materials like higher silica gels and Metal-

organic structures that can help improve the 

system’s capability. Integrating cooling 

operations with desalination could offer 

cooling while generating fresh water from 

saline resources using thermal heat in a direct 

contact heat exchanger. 

Current work to develop hybrid schemes is 

to increase the capability of energy generation 

and storage to meet parl demand at optimum 

fees in normal as well as in off-peak situation. 

In summary, the application of solar-thermal 

technology coupled with adsorption cooling 

conceptualizes a possible direction for 

synthesizing robust and sustainable cooling 

systems in spite of climate changes and energy 

breakdowns [5], [26], [8], [6] and [1]. 

 

Figure 11. Adsorption system for cooling and desalination applications with different thermal heat sources

The system includes 2 beds, a condenser, 

and an evaporator with other supporting parts 

including a cooling tower, cooling, heating, 

and desalinated water tanks, and water flow 

pumps and values. The green lines represents 

the heat transfer lines by water circulation from 

the evaporator section to the condenser section 

and vice versa, [26]. 
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Figure 12. Solar cooling absorption chillers, [8] 

5.2. Case Studies on Integration Efforts 

The study of solar adsorption cooling 

systems integrated with renewable energy 

sources has proved their feasibility in different 

settings. One of the best examples is a 

specialized project implemented in Riyadh, 

Saudi Arabia, for a residential cluster of 80 

villas. This initiative provided an excellent 

prospect of reaching a solar fraction of 96% by 

employing thermal driven adsorption chillers 

for cooling. The investigators did a great deal 

of modeling and simulation with the help of 

TRNSYS software and examined various 

configurations concerning solar field size, hot 

storage tank size, and building load. These 

results further supported the appropriateness of 

such systems especially in regions with dry 

climates in which maximum solar intensity 

occurs during peak cooling load. 

Another such endeavours relate to the 

integrated solar cooling systems that use more 

than one technological scheme for increased 

effectiveness and stability. For example, one 

research investigated how a solar desiccant 

cooling system with ground source heat 

exchangers in Bandar Abbas, Iran. 

Implemented at commercial building context, 

this system demonstrated high performance 

and shorter payback period if optimized based 

on climate conditions in the region. These 

results indicate the need to fine-tune Integrated 

Systems to respond to particular environmental 

conditions and determine the right trade-off 

between first and later expenses. 

Additionally, technology means that 

materials science has advanced and new system 

designs have enabled additional solutions 

beyond mere cooling requirements. A novel 

development concept was the combined 

adsorption cooling and desalination system 

which effectively utilizes waste heat or low-

grade thermal energy for provision of cooling 

services as well as generation of potable water. 

Such integrated approaches are particularly 

promising for the regions, where water scarcity 

is expected along with the growing energy 

needs. 

Studies have been conducted in Malaysia, 

Singapore, and Thailand among others on the 

applicability of the commercially available 

solar adsorption cooling systems mainly in 

office buildings. To ascertain the feasibility of 

some designed configurations intended for use 

within tropical regions, simulation studies were 

undertaken with the TRNSYS software 

package, and these supported the benefits 

accruing from energy conservation. 

The flexibility and efficiency of these 

technologies are further highlighted by 

continuing research into the best working pairs 

for adsorption processes if the goal is to 

enhance thermoeconomic performance across 

various climates. Such initiatives aim at 

improving energy management while 

promoting broader deployment of these 

applications by overcoming specific technical 

issues associated with the integration of those 

sophisticated systems into existing 

frameworks. 

In conclusion, these case studies provide 

evident examples that reveal how the 

integration of solar adsorption cooling 

technologies offers the ability to achieved 

notable environmental and economic benefits 

when applied worldwide, [10], [6], [1], [20] 

and [3]. 

6. Energy Efficiency and Environmental 

Impacts 

6.1. Energy Performance Metrics for 

Systems 
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It is therefore useful to compare energy 

performance indicators of solar adsorption 

cooling systems in order to analyze their 

energy-saving potential. These metrics give 

understanding of how these systems work and 

enable comparison with more conventional 

cooling technologies, vapor compression 

cycles, for example. An important metric is a 

COP which states the relationship between the 

useful cooling capacity and energy input for its 

functioning. Houses with higher COPs are 

more efficient; the ones with COP above 1 are 

also proving their capacity to deliver more 

cooling energy than the thermal energy used. 

The other parameter is the solar fraction 

that defines the proportion of cooling demand 

provided by solar energy to the total cooling 

supply. Such evaluations have seen system 

attained solar fractions as high as 96% thus 

presenting an opportunity to considerably shift 

from conventional power sources. The 

effectiveness of these systems depends on the 

area of solar collectors, the capacity of storage 

tanks, localized climatic conditions among 

others. 

Another important element that should be 

taken into consideration while considering the 

performance indices is the annual energy cost 

savings. According to some researches, 

adoption of the solar adsorption systems could 

result in annual energy consumption droop of 

up to 74% as compared to conventional cooling 

techniques. This substantial economic benefit 

makes for practicality of deploying solar driven 

solutions especially in areas with high cooling 

demands. 

This paper has therefore determined that 

Life Cycle Assessment or LCA offers the 

necessary broad view of the environmental 

conditions and sustainability linked to these 

technologies. Knowing emissions over the life 

of a system, solar adsorption systems can attain 

CO2 reductions of close to 75% when 

compared to conventional cooling systems. 

These figures are especially important for 

regions where electric power consumption for 

A/C is a major source of greenhouse gases. 

Furthermore, real time monitoring and data 

collection are widely applied to increase 

system efficiency even more. Improved sensors 

and controls can allow the operator to manage 

particular function aspects like thermal loads 

from the environment and manage storage 

according to the weather conditions. 

The application of dynamic simulation 

models has enhanced our knowledge and 

analysis of these systems as well as their 

improvement under real conditions. They allow 

determination of quanticitative patterns of the 

system behaviour regarding to the seasons or 

weather conditions thus providing useful 

information and allowing decision on system 

sizing and configurations according to 

expected demand profiles. 

Last but not the least, progress in material 

science is essential for raising these 

coefficients by optimising the heat 

characteristics of adsorbent material used in 

operation. Improvements oriented on the 

enhancement of heat transfer rates of 

adsorption cycles have significant impact on 

the improvement of the system’s performance 

and the efficiency coefficients, [5] and [6]. 

6.2. Life Cycle Assessment of Solar 

Adsorption Systems 

Life Cycle Assessment (LCA) enables the 

evaluation of the environmental impacts of 

Solar Adsorption Cooling Systems from the 

perspective of the systems’ lifetime. It 

comprehensively assesses stages including raw 

material extraction, production, installation, 

usage, and disposal for every invention with a 

specific focus on contributions in terms of 

GHG compared to the traditional cooling 

technologies. 

New technologies such as adsorption 

cooling systems have relatively low GHG 

emissions and are 25–75% lower than the 

emissions from conventional vapor 

compression cycles. This reduction is attributed 

to the use of the renewable resource in solar 

energy, and reduced use of the fossil fuel in all 

the stages. 
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When building this product, the use of 

different materials such as silica gel and chiller 

components must be evaluated since, their 

sustainability depends on the methods of 

procurement and processing. However, it has 

been established that there is still a possibility 

of reducing the amount of carbon footprint that 

is used in such materials through adoption of a 

good selection procedure. 

Organizational efficiency improves 

sustainability through energy efficiency of the 

solar adsorption systems that can perform 

better than the traditional system, especially 

where optimized designs are used. It is possible 

to achieve quite high performance: for 

example, the level of utilised solar input, 

measured as a fraction of the overall energy 

demand, can be as high as 0.96. 

Decision on when and how to end is also 

very important in an LCA framework. Care has 

to be taken to recycle or dispose adsorbent 

materials and other components of the system 

in a responsible manner to minimize the overall 

environmental impact. Innovations are centered 

on creating sustainable material that is within 

the circular economy model. 

Furthermore, LCAs bring out revenues of 

solar adsorption cooling systems because low 

electricity utilization means low life cycle cost. 

This promotes the diffusion of sustainable 

technologies to a larger extent and especially in 

countries with high temperature like KSA. 

Overall, the present study demonstrates that 

LCA can be used as a key methodology in 

evaluating the environmental impacts of solar 

adsorption cooling systems. Looking at each of 

these phases; material acquisition, production, 

transportation, use and disposal, it is evident 

that these systems greatly reduce carbon 

footprint to meet global cooling needs 

sustainably, [5] and [6]. 

 

Figure 13. Diagram of the physical layout of the solar adsorption chiller system designed in TRNSYS, the various 

components of the system, [6] 

Table 3: Specifications of duplex house (villa) construction extracted from reference [6] 

Parameter Description Parameter Description 
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Parameter Description Parameter Description 

First floor 108 m
2 

The relative humidity 50% 

Second floor bedrooms 89 m
2 

U External walls 0.34 W/m
2
 K 

Total height 6 m U Internal partition 1.639 W/m
2
 K 

Gross floor area 197 m
2 

U Intermediate floor 2.923 W/m
2
 K 

Gross wall area 241.65 m
2 

U Roof 0.25 W/m
2
 K 

Window area 21.7 m
2 

U glazing 0.598 W/m
2
 K 

Number of occupants 6–10 people Lighting 5 W/m
2 

Temperature set point 24 °C Appliances 3.8 W/m
2 

 

 

Table 4: Some critical assumptions of the proposed solar adsorption cycle and the vapour compression cycle 

systems. These values and parameters are obtained from reference [6] for the simulation study 

Unit Process Assigned Data 

 W/m2 of solar radiation fluctuates throughout the year. 

 Ambient temperature, 28 °C 

 ETC top temperature, 50–200 °C 

 ETC area, 4000–5500 m
2 

 
ETC mass flow rate, 60–100 kg/s 

ETC/ADC: ETC optical efficiency, 71% 

- ADS working fluid is Silica-Gel–Water. Demand for cooling loads, 500–1400 kW 

- The primary operating fluid in the solar field is water. Flow rate of load, 30–35 kg/s 

 Water temperature  for user returned, 17–20 °C 

 Volume of storage tank, 300–700 m
3 

 
Effectiveness of cooling tower, 60% 

 Efficiency of pumping system, 75% 

 Plant lifetime, 20 years 

 Temperature of evaporator, 5–10 °C 

- Vapour Compression Cycle (VCC): Effectiveness of condenser, 80% 

 Effectiveness of cooling tower, 60% 

7. Challenges in Adsorbent Materials 

and System Design 

7.1. Material Durability and Stability 

Issues 
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The durability and stability of materials are 

crucial for the optimal operation of solar 

adsorption cooling systems. The cyclical 

processes of adsorption and desorption subject 

adsorbent materials to significant thermal and 

mechanical stresses, which can lead to a 

decrease in performance over time. As these 

adsorbents undergo repeated cycles, they may 

experience changes in their physical and 

chemical properties that impair their 

effectiveness. For example, activated carbon 

may begin to lose its structural integrity after 

numerous cycles due to the accumulation of 

harmful compounds on its surface and 

alterations in its porous structure. 

Research has demonstrated that the 

frequency of regeneration cycles can have a 

substantial impact on an adsorbent's 

performance and stability. Studies reveal that 

the adsorption capacity of certain materials can 

diminish with each cycle, often due to the 

formation of acidic functional groups and other 

unwanted deposits on their surfaces. This 

underscores the importance of careful 

monitoring and management of regeneration 

processes to sustain operational efficiency. 

Additionally, variations in environmental 

conditions—such as humidity and 

temperature—can pose challenges to material 

longevity, as these factors influence both the 

thermal properties of adsorbents and their 

interaction with refrigerants. It is essential to 

choose materials not only for their initial 

effectiveness but also for their ability to 

withstand such fluctuations without significant 

deterioration. 

The economic implications related to 

material durability are substantial. High 

operational costs may arise from frequent 

replacements or extensive maintenance 

associated with less stable adsorbents. 

Therefore, developing more durable adsorbent 

materials is critical not only for improving 

system reliability but also for ensuring long-

term cost-effectiveness. 

Recent advancements in material science 

have focused on enhancing the stability of 

adsorbents used in solar cooling applications. 

Innovations include utilizing nanotechnology 

to create composite materials with superior 

heat transfer properties, thereby alleviating 

issues related to mass transfer limitations 

typically observed in conventional adsorbents. 

Improved thermal conductivity enhances 

cooling cycles while reducing adverse effects 

on material integrity over time. 

Furthermore, some modern formulations of 

adsorbents incorporate chemical modifications 

aimed at increasing resistance to challenging 

operational environments. These developments 

promise not only improved adsorption 

efficiencies but also a longer operational 

lifespan under the standard working conditions 

encountered by solar adsorption systems. 

Despite these encouraging advancements, 

challenges remain concerning scalability and 

cost implications associated with novel 

materials. The integration of high-performance 

yet economically viable materials into 

commercial applications continues to be a 

significant area of research and development 

within this field. 

In conclusion, addressing material 

durability and stability is essential for 

maximizing the practical application of solar 

adsorption cooling technologies, enhancing 

market acceptance, and achieving sustainability 

goals in modern refrigeration solutions, [14], 

[4], [1], [15] and [7]. 

7.2. Economic Viability Challenges 

The economic feasibility of solar 

adsorption cooling systems faces several 

challenges that hinder widespread adoption. A 

significant concern is the large upfront capital 

investment required, which often surpasses that 

of traditional cooling methods like vapor-

compression systems. This includes costs for 

solar collectors, adsorption devices, and 

storage solutions, making it difficult for 

potential users to justify these expenses. 

The viability of these systems varies 

greatly by geographic location and climate. In 

regions with abundant sunlight, they can offer a 
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favorable return on investment, while areas 

with inconsistent solar radiation may see 

reduced efficiency and longer payback periods, 

diminishing their economic appeal. 

Operational expenses are also crucial in 

assessing viability. Although maintenance 

costs in well-engineered systems are usually 

low, routine upkeep—such as cleaning and 

servicing—is necessary to maintain 

performance. High maintenance demands 

could deter potential users from adopting solar 

adsorption technologies. 

Another issue is the lack of skilled 

technicians trained in installing and 

maintaining these systems, leading to inflated 

labor costs and reliance on less knowledgeable 

contractors. This knowledge gap can hinder 

effective implementation and lead to 

underperformance, increasing financial 

concerns. 

Market acceptance remains a hurdle, as 

many consumers favor conventional cooling 

solutions due to their reliability and lower 

initial costs, despite higher long-term 

operational expenses tied to fossil fuels. 

Limited awareness of the long-term benefits, 

such as reduced operational costs and carbon 

footprints, contributes to this reluctance. 

Further complicating the landscape, 

advancements in competing technologies like 

photovoltaic systems create competitive 

pressure against solar adsorption solutions. 

Lastly, government incentives play a crucial 

role; supportive policies can enhance financial 

viability, while inconsistent support can stifle 

growth in this sector. 

In conclusion, addressing these systemic 

challenges is essential for promoting the 

widespread adoption of solar adsorption 

cooling technologies, [12], [14], [17], [2], [9], 

[23], [24] and [3]. 

 

Table 5: An overview of the reviews that are available for ADS, [9] 

No. Review trend Year Ref. 

1 
In terms of point of view thermodynamic analysis, performance and 

sustainable adsorbents, ADSs. 
2016 Alsaman et al. [sub-ref-71] 

2 

An examination of ADS and alternative desalination techniques for a 

sustainable and decentralized water supply in the Kingdom of Saudi 

Arabia. 

2020 Alnajdi et al. [sub-ref-68] 

3 
Evaluation of synthesis and application of MOFs in desalination and 

cooling processes. 
2021 Mohammed et al. [sub-ref-49] 

4 
Analysis of the critical parameters as the factors affecting the ADS 

performance. 
2022 Zhang et al. [sub-ref-66] 

5 ADS for composite adsorbent materials is reviewed. 2022 Alsaman et al. [sub-ref-72] 

6 Advancements in ADS system designs and materials. 2022 Asfahan et al. [sub-ref-73] 

7 Solar adsorption based atmospheric water harvesting systems. 2022 Sadek et al. [sub-ref-74] 

8 
Overview of advancements in silica gel matrix composite sorbents 

for advertisements. 
2023 Sowa et al. [sub-ref-63] 

9 
This paper provides a general background of sorption–ejector 

systems that rely on thermal energy for power. 
2023 Amin [sub-ref-75] 

10 Application of fluidized bed technology for ADS. 2023 Lasek et al. [sub-ref-76] 



 

 

Faeza Mahdi Hadi et al/ Al-Rafidain Journal of Engineering Sciences Vol. 3, Issue 1, 2025: 167-190 

187 

 

No. Review trend Year Ref. 

11 ADS's micro and nanobubble technologies are reviewed. 2023 Lasek et al. [sub-ref-77] 

12 ADS review of 2D adsorbents. 2024 Alsaman et al. [sub-ref-78] 

 

 

Figure 14. Equipment costs of three cooling 

systems, [23] 

8. Applications and Case Studies 

In recent years, solar adsorption cooling 

systems have emerged as eco-friendly 

alternatives to traditional cooling methods, 

particularly in commercial buildings in tropical 

regions. Research in Southeast Asia has shown 

that these systems can maintain comfortable 

indoor climates while reducing reliance on grid 

electricity. They perform well under high 

temperatures and humidity. 

The automotive industry is also recognizing 

the benefits of solar adsorption cooling 

technologies, which utilize low-grade waste 

heat or direct solar energy. These systems offer 

a greener option compared to conventional 

vapor-compression units that depend on fossil 

fuels, enhancing energy efficiency and 

minimizing environmental impacts by lowering 

harmful refrigerants. 

Solar cooling solutions are gaining traction 

in recreational vehicles and campers, where 

absorption refrigeration is increasingly used. 

By harnessing renewable solar energy, these 

applications provide effective cooling while 

lowering operational costs and carbon 

footprints. 

Industries requiring precise low-

temperature processes, such as food processing 

and pharmaceuticals, are adopting solar-

powered vapor absorption refrigeration systems 

for maintaining product quality and safety. 

Numerous installations across Europe, Egypt, 

and China demonstrate the practical feasibility 

of these technologies. 

Research is ongoing to improve large-scale 

absorption cycles for commercial applications, 

with case studies showing how extensive 

installations can utilize various heat sources 

and innovative materials for sustainable 

cooling. 

Despite challenges like initial investment 

costs and infrastructure modifications, 

advancements in material science are 

producing more efficient adsorbent materials 

that enhance economic viability. An emerging 

trend is integrating solar adsorption cooling 

into building facades, creating visually 

appealing elements that harness solar energy 

for immediate use. 

Although technical feasibility remains a 

challenge, there is significant progress toward 

developing integrated facade products for 

energy-efficient cooling processes. Overall, 

ongoing research and successful 

implementations underscore the practicality of 

solar adsorption cooling in achieving 

sustainable temperature regulation across 

diverse climates, [14], [10], [20], [11], [7] and 

[3]. 

9. Future Directions and Research 

Opportunities 

Future investigations into solar adsorption 

cooling systems should explore a variety of 

innovative avenues aimed at enhancing their 

efficiency and broader usability. There is an 

urgent need for the development of compact 
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cooling solutions that can easily fit into mobile 

environments, such as healthcare facilities and 

personal devices. Currently, existing models 

are often bulky, limiting their functionality in 

confined spaces. By utilizing advancements in 

materials science, it is possible to design more 

streamlined systems without compromising 

effectiveness. 

Another important area of focus is 

optimizing heat transfer mechanisms within 

adsorber beds. Improving the design of these 

beds through technologies like spiral plate and 

plate-fin heat exchangers could lead to 

significant improvements in energy efficiency. 

However, it is crucial to assess production 

costs and manufacturability to ensure that these 

enhanced designs can be realistically 

implemented. 

Additionally, emphasizing the use of waste 

heat presents substantial opportunities for 

future research efforts. Many industries 

produce excess heat that typically goes unused; 

adsorbent cooling systems can effectively 

capture this low-grade thermal energy and 

convert it into useful cooling power. 

Subsequent studies should investigate 

optimization strategies that facilitate efficient 

utilization of this variable thermal input. 

Furthermore, deepening our understanding 

of adsorbent materials is essential for 

improving system efficiencies. Research 

should focus on identifying optimal adsorbent-

adsorbate combinations that can enhance 

performance metrics such as the Coefficient of 

Performance (COP), while also ensuring 

economic viability for large-scale applications. 

The potential for integrating adsorption 

cooling with other technologies should not be 

overlooked; hybrid models that combine 

adsorption with vapor-compression or 

absorption methods could unlock higher 

efficiencies and greater operational flexibility. 

Such integrations might allow for responsive 

adaptations to varying thermal demands while 

maximizing overall system effectiveness. 

Exploring solar-powered hybrid adsorption 

desalination systems may offer dual benefits: 

providing both cooling and fresh water 

solutions—particularly relevant in areas facing 

severe water shortages and rising temperature 

demands. This dual functionality underscores 

the importance of investigating multifaceted 

applications for solar adsorption technologies. 

Finally, embracing interdisciplinary 

approaches will be critical; combining insights 

from chemistry, engineering, and materials 

science can streamline development pathways 

and inspire innovative solutions to address 

existing challenges related to performance and 

economic feasibility. As researchers advance 

along these paths, they will play a vital role in 

bringing sustainable cooling technologies 

closer to practical implementation in 

commercial settings, [1], [7], [9] and [13]. 

10. Conclusions 

The implementation of solar adsorption 

cooling technologies presents a promising 

pathway toward sustainable energy solutions 

for cooling needs. These systems utilize the 

abundant solar energy available, especially in 

areas with high temperatures, which aligns 

perfectly with peak cooling demands. 

Innovations in adsorbent materials and system 

designs have enhanced the efficiency and 

effectiveness of these technologies; however, 

challenges remain regarding their market 

adoption and economic viability. 

Research indicates that solar adsorption 

cooling can serve as an environmentally 

friendly alternative to traditional vapor-

compression refrigeration systems. By 

reducing reliance on fossil fuels, these systems 

significantly contribute to lowering greenhouse 

gas emissions. The use of advanced materials, 

such as metal-organic frameworks and 

sophisticated carbon composites, has improved 

the performance standards of adsorbents, 

resulting in greater energy efficiency and 

progressively reduced operating costs. 

Despite these advancements, significant 

barriers still hinder widespread acceptance. 
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High initial capital costs present a challenge for 

potential users; thus, further efforts must focus 

on lowering production expenses and 

optimizing system designs to improve their 

economic competitiveness against conventional 

options. Additionally, there is a pressing need 

for comprehensive research into the long-term 

durability of adsorbent materials under real-

world operating conditions to ensure reliability 

and sustainability. 

As solar adsorption cooling technologies 

continue to evolve, there is substantial potential 

for integration with existing solar thermal 

systems. This collaboration could enable more 

versatile applications across various sectors—

from residential buildings seeking cost-

effective cooling solutions to commercial 

entities aiming for sustainability certifications. 

The landscape of solar-powered cooling is 

dynamic and continuously changing. Future 

research should focus on optimizing cycle 

configurations and exploring hybrid systems 

that effectively combine different energy 

sources. Advances in transparent solar cells 

also open new avenues for embedding energy 

generation directly into building architecture, 

potentially alleviating some of the spatial 

constraints currently faced by conventional 

photovoltaic panels. 

In conclusion, while challenges related to 

market acceptance and economic feasibility 

remain, the potential benefits offered by solar 

adsorption cooling technologies are vast. 

Ongoing investment in technological 

innovations—alongside supportive policies—

will be essential for realizing the full promise 

of these pioneering solutions in sustainably 

meeting global cooling needs, [12], [19], [27], 

[11], [21] and [3]. 
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