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NOMENCLATURE 

   

Symbol Signification  Unit 

A Acceleration m.s-2 

Ap Pore surface area 2m  

AT Total surface area 2m  

Cp Specific heat at constant pressure 1J.Kg .K  

ci Discretized velocity - 

dp Mean pore diameter m 

D Spatial dimension - 

E Stored energy - 

ε  Porosity:  - 

F Maxwell–Boltzmann distribution function - 

Fi External force in the direction of ci N  

fi Distribution function in direction ci - 

feq Local equilibrium distribution function - 

H Height m  

h̅ Enthalpy 1J.Kg  

kB Boltzmann constant J  

L Length m 

M Mass of a particle Kg  

K Permeability 2m  

P Pressure 1Kg.m  

Da Darcy number - 

Ha Hartmann number - 

Ec Eckert number - 

Pr Prandtl number - 

ρ₀ Density s  



Re Reynolds number - 

Rk Thermal conductivity ratio - 

Rc Heat capacity ratio - 

t Time s 

T Temperature K 

Ѳ  Dimensionless temperature - 

u̅ Internal energy 1J.mol  

VT Total volume 3m  

Vp Pore volume 3m  

Vs Solid skeleton volume 3m  

u,v Transverse and axial velocity components 1m.s   

x,y Transverse and axial coordinates m  

τ  Dimensionless time - 

U,V Dimensionless velocity components (axial and transverse) - 

X,Y Dimensionless axial and transverse coordinates - 

 

Greek 
Letters 

  

 Symbol             Signification   

α′ Specific surface area - 

W Collision frequency 2 1m .s  

ρ Mass density 3Kg.m  

Ω Collision operator - 

υ  Kinematic viscosity 2 1m .s  

Φ  Viscous dissipation term - 

α Thermal diffusivity 2 1m .s  

λ  Thermal conductivity 1W.m .K  

wi Weight factor in a given direction - 

∆t Time step s 



∆x, ∆y Spatial step m 

 

Subscript 

  

Subscript Meaning  

eff Effective 

ref Reference 

in Inlet 

out Outlet 

S Solid 

F Fluid 

W Wall 

A Ambient 

Fs Fluid–Solid 
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General introduction  

 

The global demand for cooling and air conditioning has shown a sudden and steady increase 

over the past decades, mainly because of population growth, urbanization, rising living 

standards, and most importantly, climate change. According to International Energy Agency 

(IEA), space cooling energy demand, has triple since 1990 and it is projected to see more than 

a double increase by 2050 if the trend continues. This rising demand creates a severe energy 

problem worldwide, especially where hot climates are dominant and the energy infrastructure 

is not fully developed. In fact, cooling technology not only consumes a large amount of energy, 

but it also relies heavily on power generated from fossil fuel sources. Hence, a large amount of 

GHG emission is caused, especially when carbon-rich energy is consumed. Moreover, 

conventional air conditioners use refrigerants like R-410A and R-134a, having a High Global 

Warming Potential, thus worsening the problem. Unless a radical change takes place, the 

emission from cooling can offset the hard-earned results of other sectors’ decarbonization. On 

the other hand, cooling is turning out to be a necessity, not an indulgence anymore since it is 

essential for health (during heat waves), food, vaccines, and productivity of a work place. 

Therefore, nowadays, a low energy cooling technology is a global need. To address these issues, 

a budding technology of solar-assisted air conditioning (SAAC) systems is also coming 

forward. Solar energy comes with a natural peak that exactly meets the peak cooling demand, 

and thus, it is the most appropriate renewable energy source that can be employed as a 

supplementary energy source with cooling technology. However, two most important demerits 

prevent it from widespread use, namely, the intermittency of sun rays and a lack of feasibility 

of efficient integration of storage and control units of the system. Almost all designs of most of 

the solar cooling systems use separate thermal energy storage systems and also use abundant 

numbers of active control units, 

Variable Refrigerant Flow (VRF) systems, are currently very common due to high efficiency 

as well as high levels of control. VRF systems are refrigerant flow rates controlled in real time 

by inverter driven compressors with electronic expansion valves. VRF systems offer up to 30% 

more energy efficiency than conventional HVAC systems. However, their high susceptibility 

to faults due to the use of advanced electronics, control algorithms, and precise components 
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mitigates the effectiveness and efficiency of VRF systems, especially in off-grid applications. 

These constraints have fueled the search for passive thermal methods that do not require any 

external energy employment. In this category, porous media show great promise. Because of 

their internal properties, these media can handle both heat and mass transfer processes 

concurrently. They can thus function as thermal energy storage and heat exchange equipment, 

making compact and maintenance free cooling solutions feasible. Nevertheless, present day 

cooling methods, for the most part, continue to use active components and fossil fuels for 

electricity generation. VRF conditioning, for instance, although more energy efficient than 

conventional HVAC systems, use sophisticated electronic controls and high GWP refrigerants; 

hence, there are great concerns regarding their cost effectiveness and environmental integrity 

and sustainability. Similarly, any kind of solar assisted cooling methods are generally made up 

of various subsystems like solar collectors, storages, and cooling units; thus, there are high 

thermal losses, installation complexities, and expenses in these setups too. To grasp the 

limitations of sustainable cooling methods better, there are four general limitations that can be 

pointed out: 

  High energy consumption for flow control: VRF systems rely on compressors, 

control valves, and sensors to control the flow of the refrigerant fluid. This kind of 

control consumes a lot of energy and cannot easily be applied in low-energy or off-grid 

situations. 

 Thermal storage with physical separation: In the case of solar assisted systems, thermal 

storage is usually performed in external tanks involving the use of water or phase change 

materials. This process involves the use of intermediate heat transfer, hence resulting in 

lower efficiencies and higher spatial requirements. 

 Lack of integration between solar capture and refrigerant control: Most systems 

consider solar energy collection and refrigerant management in a separate way without 

exploiting the opportunity of some materials like porous media for passive integration. 

 Absence of compact, fully passive architectures: There has been progress in this area, 

but it has not been possible to integrate solar energy storage and flow regulation within 

a compact, passive architecture yet. An active system has to be used to achieve control, 

hence impacting autonomy. 
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These issues promote the need for the design of integrated cooling solutions that are free from 

compressors, tank separation, and electronic controls. In particular, regions such as South Asia, 

the Middle East, and Sub-Saharan Africa where demand for cooling are in a greatest need of 

such technologies, as discussed above.  

In these regards, among other forms of alternative energy, solar energy is easier and more 

predictable to use: There are three ways of using solar energy presently with cooling systems:  

 Solar thermal cooling: These systems use solar collectors to drive thermally activated 

cycles such as absorption or adsorption. Although they reduce electricity use, they 

remain costly and complex. 

 Water current powered systems: Solar energy can be used for the production of 

electricity in these applications. The existing infrastructure for these applications is in 

abundance, and thus there is no need for extensive implementation. 

 Hybrid systems with storage: In such systems, thermal storage materials, are paired with 

solar energy input.   

Recent research has indicated that the integration of solar energy with thermal materials has the 

potential to increase the efficiency levels of such systems. These systems would also be able to 

improve energy access in off grid communities. 

 

VRF and solar solutions still suffer from critical limitations: 

 Traditional VRF units provide precise adaptive cooling but are associated with high 

electronic complexity, constant electricity use, environmentally destructive refrigerants, 

and vulnerability to malfunctions in damaging environments. 

 Traditionally, solar cooling systems generally involve bulky storage tanks of thermal 

energy, suffer losses of heat during every transfer operation, and consist of a number of 

synchronized components. They do not make use of the potential of passive materials 

for the generation of storage and control functionalities. 

In conclusion, although VRF and solar assisted technologies have partial solutions, neither of 

them is capable of providing a level of integration, compactness, and passivity that is required 

for next generation sustainable cooling solutions. In light of the global challenge of 

environmental degradation, there is a need for a paradigm shift towards material driven and 

self-governed designs. For that reason, as a global response to the problem of environmental 

degradation, air conditioner requires more than a mere innovation of current solutions. This 
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research stems from the hypothesis that passive porous media structures, when carefully 

designed, can replace both the storage tanks and the variable speed regulation mechanisms 

found in modern systems, thus providing a new class of low energy, solar powered and 

autonomous air conditioning systems. 

 

The proposed concept, combine two innovative modules: 

 A solar double porous heat exchanger (SDPHEX), which integrates 2 functions; solar 

thermal storage and thermal heat exchanger into one component using two porous 

media. First, solar energy is stored in the solid matrix; then, it is transferred to a heat 

transfer fluid supplying the cooling system. This removes the need for external storage 

tanks and improves energy compactness. 

 A multi porous heat exchanger (MPHEX), capable of emulating the behavior of a VRF 

system without electronics. By changing the permeability of the porous branches, which 

can be identified with the Darcy number. 

In such application, solar cooling systems require neither external storage units or PCMs to 

balance the impact of solar intermittency, thereby increasing bulk, thermal losses, and system 

level inefficiencies. The SDPHEX embodies storage and heat exchange within a single 

structure, where fewer components eliminate heat recovery loops entirely. Moreover, 

distributed storage within the porous matrix enhances thermal stability and responsiveness. In 

parallel, VRF systems, though efficient, depend on electronic valves, variable speed 

compressors, and control logic, raising energy demand and reducing reliability in harsh 

environments. For the MPHEX, superposed porous media with spatially varied permeability 

modulate the passive flow of the refrigerant as a function of the intrinsic permeability, pressure 

gradient. In fact, passive mechanical actuation or electrical power input becomes unnecessary 

under such configurations, thus allowing for robustness and low maintenance operation, VRF 

control, in off grid systems or those with solar drives. The combined system offers: 

 Passive operation: no electrical control components; 

 High energy efficiency: minimized losses due to structural integration; 

 Compact design: less space than systems with independent storage tanks; 

 Solar compatibility: designed to operate optimally under solar input profiles; 

 Robustness: suitable for deployment in remote or off grid areas. 
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Main objectives of this thesis are thus: 

A: Fulfill these requirements (below) via the combined employment of porous media, solar 

energy, and passive flow modulation towards low carbon and autonomous climate control. 

B: Show a new systemic approach for solar cooling, in which the foundation is justified because 

of the limitations posed by current systems with high energy inputs in Variable Refrigerant 

Flow (VRF), and solar cooling.  

To achieve these objectives, our efforts will be focused on:  

 Design an integrated solar air conditioning system that replaces conventional flow 

control and storage subsystems with passive, porous-media based components. 

 To develop, with numerical simulation techniques adapted to porous materials, detailed 

thermal and fluidic models of the system. 

 To compare thermal performance and energy efficiency of the proposed designs with 

conventional VRF and solar systems. 

 Develop a parametric and sensitivity analyses to determine how variables such as 

porosity, permeability gradients, and layers affect system performance. 

 To estimate the power saving and environmental benefits of the combined system 

concerning the reduction of the refrigerating agent, emissions of CO₂, and enhancement 

of the Coefficient of Performance (COP) value. 

The overall structure of this thesis has been laid out to take the reader on   an odyssey from the 

broad scenario of worldwide energy and cooling issues to specific modeling, simulation, and 

analysis associated with the proposed solar air conditioner. After the General Introduction, 

Chapter 1 provides a state-of the art review of air conditioning techniques. This chapter 

discusses the conventional vapor compression technique, solar assisted cooling methods, 

Variable Refrigerant Flow (VRF) technology, and highlights the role of porous materials in 

thermal energy storage and passive flow regulation. This chapter will offer a review of the 

literature to identify the limitations of current air conditioning techniques to lay the groundwork 

for the innovative porous hybrid design described in the thesis. 

Chapter 2 discusses the thermal and energy analysis of the conceptualized SDPHEX – 

MPHEX system. This chapter introduces the concept and equations that define the two main 

systems: the Solar Double Porosity Heat Exchanger and the Multi Porosity Heat Exchanger, as 
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far as the geometric parameters are concerned. Justification for the use of the Lattice Boltzmann 

Method in the process of heat transfer and fluid dynamics within porous media is also covered 

in the chapter. 

Chapter 3, “Improving Solar Air Conditioning Efficiency through Double Porosity Heat 

Exchanger Design: Numerical Insights “, carries forward the simulation study and numerical 

discussion of the SDPHEX. The chapter discusses the effect of various parameters such as 

Darcy number, thermal conductivity ratio, and heat capacity ratio, among others, on flow, 

temperature, and storage behavior. The chapter also covers validation, grid independence, and 

subsequent discussions on dynamics for both single and double porosity systems. 

Chapter 4, “A Numerical Case Study on the Design of a Multi Porosity Heat Exchanger for 

VRF air conditioning applications” explores the MPHEX concept developed to mimic the 

performance of VRF systems. By employing the LBM model, Chapter 4 examines the effect of 

the Darcy number on the velocity and temperature distributions with the help of structural 

configuration adjustment for the creation of variable refrigerant flow without the use of any 

actuator. The performance comparison of MPHEX with the conventional VRF system shows 

the enhanced efficiency and reliability of the proposed design. 

Ultimately, the thesis concludes by pointing out the highlights of the major findings, 

underlining the significance of the integration of SDPHEX-MPHEX in the development of next 

generation autonomous and solar powered air conditioning systems. 
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Chapter 1 

STATE OF THE ART AND LIMITATIONS OF COOLING SYSTEMS 

 

1. Introduction 

The cooling demand around the world has risen sharply over the last few decades due to the 

increase in worldwide warming, urbanization, and economic growth. What was a luxury a few 

decades back: air conditioning, has now become a necessity. Nonetheless, the use of traditional 

cooling systems is not only a major factor in electricity demand, which is mostly from fossil 

fuels, but also involves chemical refrigerants with a large global warming potential. There 

seems to be a paradox here with cooling required to counteract heat stress, which in turn helps 

to climate change. In view of these issues, considerable efforts have been seen in technology 

and research to identify more sustainable cooling solutions. Some of these alternatives may 

include solar assisted air conditioning and variable refrigerant flow. While solar cooling use 

alternative energy sources, thus decreasing reliance on power grids, variable refrigerant flow 

technology is more energy efficient due to its abilities to accurately control refrigerant flow 

rates.  

The aim of this chapter is to shed light on the status in air conditioning technology: conventional 

vapor compression air conditioning systems, solar assisted air conditioning and VRF 

technology. Then there is a critical analysis of the limitation of those technologies in relation to 

air conditioning. Finally, we present the importance of porous materials in heat transfer. 

2. Global demand for cooling and energy implications 

Air conditioning technology began with the idea that surfaced at the start of the 20th century. 

In the past few decades, air conditioning has become an essential utility for both residential and 

commercial purposes. Notably, air conditioning is presently regarded as "one of the fastest 

growing uses of energy in buildings." Fig.1.1 shows the global cooling degree days data along 

with the adaptation metric corresponding to the region's solar potential. 
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Fig.1.1. Cooling demand and climate change adaptation metrics [1]. 

The rise is important, especially in tropical climates such as Southeast Asia, the Middle East, 

and Africa. This is especially because space cooling is critical for maintaining health, work, 

and quality life. Moreover, space cooling already contributes close to 10% to the global 

electricity consumption, accompanied by an increase during peak seasons. Fig.1.2, present the 

regional share of space cooling energy consumption, emergence of new economies is 

dominating the growth: 

 

 

 

 

 

 

Fig.1.2. Global electricity uses for space cooling by region (2022) [1]. 
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Air conditioners contribute considerably to the stress on the power grid in many rapidly growing 

economies.  

The top ten countries with the highest cooling-related electricity use are shown in Table 1.1. 

 In tropical regions, countries use much more of their electricity for cooling than countries in 

temperate regions. This is the situation worldwide regardless of the level of economic 

development. 

Table 1.1. Top 10 Countries by cooling electricity use (in TWh/year) [1]. 

Rank Country 
Cooling Electricity Use 

(TWh/year) 
Share of Total Electricity (%) 

1 China 600 16 

2 United States 500 15 

3 India  220  10  

4 Indonesia 95 9 

5 Brazil 80 8 

6 Saudi Arabia 75 40 

7 Japan 70 7 

8 Mexico 60 6 

9 Egypt 55 12 

10 Pakistan 50 13 

Moreover, most traditional air conditioners are still employing hydrofluorocarbons, or HFCs, 

as their refrigerants, giving them high global warming potential. The problem is, then, two-fold: 

it is necessary to ensure the universal achievement of thermal comfort, while, at the same time, 

reducing the negative environmental impacts associated with cooling. This is requiring a 

transition towards cooling solutions adapted to the global environment. 
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3. Conventional air conditioning systems 

3.1 Historical background and early cooling technologies 

The idea of artificial cooling dates back to ancient times, where cooling systems were used by 

ancient cultures through passive cooling techniques. The initial mechanical cooling systems 

were realized in the 19th century through the concept of ice storage and gas expansion cooling 

machines for industrial purposes [2]. However, modern air conditioning began with the work 

of Willis Carrier in 1902, who designed a vapor compression system to control humidity in a 

printing facility [3]. Since then, air conditioning technologies have evolved into several distinct 

families, depending on the operating principle and energy source. These include: 

 Mechanical vapor compression systems, which dominate the residential and 

commercial markets; 

 Absorption and adsorption cooling systems, which use thermal energy to drive the 

cooling cycle; 

 Desiccant systems, relying on moisture removal to produce a cooling effect; 

 Evaporative and thermoelectric systems, applied in niche or low-energy applications. 

Each of these technologies has its own advantages, limitations, and historical context. The 

following sections present these systems in detail, with supporting technical figures and 

references to previous work. 

3.2 Vapor compression air conditioning systems 

Vapor compression systems operate on the principle of refrigerant phase change (Fig1.3).  

 

 

 

 

 

Fig.1.3. Schematic diagram and temperature/entropy chart of the vapor compression 
refrigeration cycle [4]. 
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They involve a cycle comprising four main components: compressor, condenser, expansion 

valve, and evaporator. These systems are widely used due to compactness, performance, and 

commercial availability [5]. It is based on the principles of phase change thermodynamics to 

reach effective temperatures differential action involving relatively small equipment. The 

temperature entropy (T-s) diagram demonstrates the major processes: isentropic compression, 

constant pressure cooling, isenthalpic expansion, and isobaric heat absorption. These cycles are 

designed to work at certain ambient conditions and load requirements. Several authors have 

analyzed the performance and optimization of vapor compression units: examined the effect of 

ambient temperature on COP [6], assessed the influence of refrigerant types on system 

efficiency [7] and developed application of advanced control methods to lower cycle losses in 

inverter systems [8]. 

3.3 Absorption cooling systems 

Absorption systems replace the mechanical compressor with a thermal compression process 

using a refrigerant absorbent pair. The most common pair is water/lithium bromide for cooling 

applications and ammonia/water for refrigeration. Heat is applied in the generator to separate 

the refrigerant, which is then condensed, expanded, and evaporated as in a classic cycle [9]. 

This process is illustrated in Fig.1.4, which presents a schematic diagram of a typical absorption 

cooling system using a LiBr/H₂O solution [10].  

 

 

 

 

 

 

 

Fig.1.4. Absorption cooling system using LiBr/H₂O solution [10]. 
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These systems are driven by heat sources such as natural gas, waste heat, or solar collectors. 

Many researchers provided a comprehensive review of absorption systems [11], examined their 

integration into building energy systems [12] and compared single and double effect absorption 

systems under various operating conditions [13].                                                                                                                             

3.4 Desiccant cooling systems (solid and liquid) 

Desiccant cooling systems work by removing moisture from air, followed by sensible cooling. 

In solid desiccant systems, materials like silica gel or zeolites adsorb moisture, which is later 

regenerated using low temperature heat. Liquid desiccant systems use hygroscopic solutions 

such as lithium chloride or calcium chloride to absorb water vapor directly [14]. This 

configuration is illustrated in Fig.1.5, showing a hybrid desiccant system with a regeneration 

unit and cooling coil. 

 

 

 

 

 

 

Fig.1.5. Hybrid desiccant system coupled with a regeneration unit and cooling coil [15]. 

Worek and Lavan [16] were among the earliest researchers who came up with theoretical 

models that presented the thermal behavior of super fluids, and mass transfer phenomena in 

solar regenerated desiccant wheel systems. Their research provided a basis for understanding 

the correlation between solar energy input and desiccant regeneration, and system performance, 

which allows for further optimization and experimental validation in later studies. Henning [17] 

brought forward a relevant review encompassing the integration of solid desiccant cooling 

systems into building applications. He identified the areas of desiccant and heat key design 

parameters, strengths, and weaknesses of desiccant based technologies and highlighted the 

ability to lower electrical load and enhance air conditioning in humid climates.       
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3.5 Evaporative cooling systems  

Evaporative cooling is a passive system in which air is cooled because of the evaporation of 

water inside, by using the latent heat of vaporization. In direct evaporative cooling systems, the 

water is injected into the air stream, while in indirect systems the heat exchangers keep the 

humidity from increasing (Fig.1.6). 

 

 

 

 

 

 

 

Fig.1.6. Basic direct and indirect evaporative cooling concepts [18]. 

Although these systems have a low consumption of energy, they are effective only in dry 

climates. Boukhanouf et al. [19] presented experimental and simulation investigations that 

showed solar desiccant cooling systems can significantly reduce electrical peak loads in north 

African climates. Their work provided real performance data under natural weather conditions. 

This will help prove the feasibility and economic interest in such systems for regions with high 

solar. irradiance and cooling demand. This was further complemented by Gvoni [20] when he 

made practical design guidelines suited for desert arid environments, tackling different aspects 

like air humidity control and sizing of solar collectors and system durability. His contribution 

helped to bridge the gap between theoretical design and real world, facilitating the deployment 

of solar assisted cooling systems in harsh climates 

3.6 Thermoelectric and magnetic cooling systems 

Thermoelectric cooling is based up on the Peltier effect where electric current provides a 

temperature gradient across semi-conductor junctions. Magnetic systems use magnetocaloric 

materials that change temperature when exposed to magnetic fields.  
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These technologies are compact and free of vibration, but also suffers from low energy efficient 

setup configuration (Fig.1.7). 

 

 

 

 

 

 

 

Fig.1.7. Thermoelectric cooling module configuration [21]. 

 

Rowe and Velázquez et al. [22-23] analyzed the application of thermoelectric modules for small  

scale air conditioning applications, with capacity to be compact, noiseless, and environmentally 

friendly cooling systems. Their work helped establish the efficiency limitations of 

thermoelectric devices and approaches to improve performance by means of optimized module 

design and heat exchanger integration. On the other hand, Tegus et al. [24] extended the 

research frontier by exploring the viability of magnetic refrigeration for domestic cooling 

systems. 

3.7 Comparative discussion 

Table 1.2 provides a comparative overview of the major conventional air conditioning 

technologies, highlighting their operating principles, energy sources, advantages, and 

limitations. 
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Table 1.2. Comparative overview of the major conventional air conditioning technologies. 

Technology Principle 
Energy 
Source 

Efficiency 
(COP) 

Suitability Limitation [Ref] 

Vapor 
Compression 

Phase 
change 

Electricity 3 – 4.5 Widely used 
High GWP, 

grid 
dependence 

[4] 

Absorption 
Cooling 

Thermal 
compression 

Waste/solar 
heat 

0.6 – 1.4 

Buildings 
with 

thermal 
recovery 

Large size, 
slow 

dynamics 
[12] 

Solid 
Desiccant 

Moisture 
adsorption 

Solar/gas 
heat 

 Humid 
climates 

Requires 
regeneration 

[16] 

Liquid 
Desiccant 

Moisture 
absorption 

Solar/gas 
heat 

 
Precise 

humidity 
control 

Corrosion, 
crystallization 

[17] 

Evaporative 
Cooling 

Water 
evaporation 

Ambient 
air 

 Dry 
climates 

Not suitable 
for humid 

areas 
[20] 

Thermoelectric Peltier effect Electricity <1.0 
Electronics, 

compact 
systems 

Low 
efficiency 

[23] 

4. Solar assisted air conditioning systems 

4.1 Introduction and classification 

Solar assisted air conditioning (SAAC) systems use solar energy as a primary or auxiliary 

source to drive cooling processes. These technologies address the growing demand for 

sustainable space cooling while taking advantage of the natural synergy between high cooling 

loads and peak solar radiation (Fig.1.8): 

 Solar thermal systems (sorption based), where solar heat is used to activate a 

thermodynamic or sorption cooling cycle. 

 Solar photovoltaic (PV) systems, where solar electricity powers conventional 

compression-based air conditioning. 
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Fig.1.8. Classification of solar-assisted air conditioning systems. 

4.2 Solar thermal sorption systems 

(a) Absorption cooling systems 

Solar absorption chillers use thermal energy typically from flat plate collectors to drive a closed 

loop cycle based on LiBr/H₂O or NH₃/H₂O pairs. In single effect systems, heat enables 

refrigerant desorption, followed by condensation, expansion, and evaporation to produce 

cooling, while the absorbent is recirculated. These systems operate efficiently at moderate 

temperatures (Fig. 1.9). 

 

 

 
 

 

 

 

 

Fig.1.9. Single effect solar absorption cooling system [25]. 
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Grossman [25] conducted early studies on single effect LiB/H₂O absorption systems for 

building cooling, establishing their technical feasibility. He created a foundation for the 

advancements that occurred in solar-assisted absorption technology. Although Henning [26] 

gave an implementation of solar driven absorption chiller cycles in Europe, focusing on their 

practical performance. System integration and operating performance were given specific 

emphasis by him conditions for improvement in reliability. The work of Florides et al. [27] has 

proved the seasonal performance of solar absorption systems in the Mediterranean context of 

Cyprus. The results confirmed that such systems could be viable in regions of high solar 

availability and double effect chillers coupled with high temperature solar collectors were 

investigated by Molina et al. [28], proving their potential application in improving thermal 

efficiency. It helped their research because the development of high-performance solar cooling 

systems. Despite the fact that absorption systems are wide commercialized, these devices still 

need constant heating and are often characterized by excessive footprint, slow response time, 

and tight operating conditions (crystallization risk for LiBr). 

(b) Adsorption cooling systems 

Adsorption chillers employ a solid adsorbent such as silica gel, zeolite, or carbon. refrigerant 

vapor, usually water. Then solar heating creates cycles in the solid adsorbent enabling cooling 

production without mechanical compression (Fig.1.10). 

 

 

 

 

 

 

                                                                                                                             

Fig.1.10. Two bed solar adsorption cooling system [29]. 
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The use of silica gel-based water adsorption systems was pioneered by Wang et al. [29] for 

solar cooling. This was an important step in the development of solid/state adsorption 

technology. Sorption chillers employ a solid adsorbent such as silica gel, zeolite, or carbon, 

refrigerant vapor, usually water. Then solar heating creates cycles in the solid adsorbent 

enabling cooling production without mechanical compression This was improved by Restuccia 

et al. [30] with the application of innovative heat transfer technologies, exchangers, thus leading 

to more efficient and lighter/weight designs. Anyanwu [31] studied combinations of activated 

carbon and methanol for different solar radiation rates, including their flexibility to adjust the 

changing circumstances. Besides, adsorption systems are known for their high reliability and 

low maintenance needs, although these are constrained by their low COP (0.3-0.6) and long 

cycle durations. 

 (c) Desiccant based solar cooling 

Desiccant systems regenerate materials that dehumidify the air by means of solar heat. These 

materials can be either solid (usually desiccant wheels) or liquid (silica gel, such as LiCl or Ca 

Cl₂ solutions). This regeneration is coupled with a process of moisture removal, where, after 

the removal of moisture, evaporative cooling or indirect cooling takes place. Fig.1.11, Hürner 

et al.[32], investigate how varying regeneration temperatures influence the efficiency of the 

desiccant wheel, and point to ways of optimizing the use of regeneration energy. Ge et al. [33], 

on the other hand, analyzed hybrid systems combining desiccant dehumidification with 

evaporative cooling and attained better performance in humid climates. Zhou and Zhang [34] 

also proposed the use of low temperature solar collectors for liquid desiccant regeneration, 

enhancing the feasibility under moderate solar conditions. 

 

 

 

  
 
 

Fig.1.11. Solar regenerated desiccant cooling system [32]. 
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4.3 PV Solar driven compression systems 

 Fig.1.12 presents a solar photovoltaic panel that generate electricity to power a conventional 

vapor compression air conditioner (VCAC). The system is often connected to the grid (or 

batteries) to ensure continuous operation. 

 

 

 

 

                                                                                                                                                             

                                                                                                                             

 

Fig.1.12. Solar PV compression cooling system [35]. 
 

Tian and Chai [35] modeled grid connected PV–VC systems with performance tracking. 

Radermacher and Hwang [36] assessed the seasonal efficiency of off grid PV cooling in remote 

zones. Belayachi et al. [37] integrated maximum power point tracking (MPPT) and energy 

storage to improve continuity. PV driven AC systems are modular, scalable, and benefit from 

declining PV costs. However, they remain sensitive to solar intermittency, require energy 

storage, and lack thermal inertia. 

4.4 Comparative summary and research trends 

Solar assisted systems offer promising solutions for reducing peak grid loads and integrating 

renewable energy. Table 1.3 compares key solar cooling technologies by energy source, COP, 

operating complexity, and climate suitability. 
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Table 1.3. Comparison of Solar assisted cooling technologies. 

Technology 
Energy 
Source 

COP 
Climate 

Suitability 
Maturity Key Limitation [Ref] 

Solar 
Absorption 

Thermal (hot 
water) 

0.7–1.2 
Sunny, dry 

climates 
High 

Bulky, slow 
dynamics 

[25] 

Solar 
Adsorption 

Thermal (low 
temp) 

0.3–0.6 
Hot and 
humid 

Medium Low efficiency [29] 

Desiccant 
Cooling 

Thermal (low 
temp) 

– 
Humid 

climates 
Medium 

Regeneration 
complexity 

[32] 

PV–
Compression 

PV electricity 2.5–4.5 All climates High 
Needs 

batteries/grid 
[35] 

 

4.5. Solar variable refrigerant flow systems 

In recent years, a few research initiatives have explored the integration of solar energy with 

VRF systems (Fig.1.13). The objective of these hybrid configurations is to reduce grid 

dependency while maintaining the zoning flexibility and efficiency of VRF technology. 

Kim et al. [38] developed a grid connected PV VRF system for a medium sized office building 

in South Korea. The solar PV panels supplied part of the electricity to the outdoor VRF unit, 

while the rest was supplemented by the grid. The study reported up to 18% energy savings 

annually. However, the system remained vulnerable to solar intermittency, and its economic 

performance relied heavily on local electricity tariffs and feed in policies. Another method 

proposed in a study by Karagiorgas et al. [39] involved a solar assisted VRF system with a flat 

plate solar collector and a thermal buffer tank. This study demonstrated minimal energy savings 

(3-5%) but introduced difficulties with the cooling load ratio not matching the thermal load 

ratio. 
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Fig.1.13. PV–VRF and thermal–VRF hybrid systems [38]. 

Despite their potential, the above SOLAR VRF systems have some significant limitations: 

 They are still dependent on the electrical grid to function continually, 

 Solar PV integration does not solve the problem of the lack of thermal storage capacity 

of VRF systems, 

 could still work, is technically challenging, and not scalable, 

 There is no passive modulation capability in these systems. They cannot be used in 

autonomous or off-grid systems. 

These findings tend to prove that the mere integration of solar inputs and VRF technology alone 

will not prove adequate to transcend the limitations posed by traditional air conditioners. The 

existing gap opens avenues for innovative ideas based on passive cooling and storage systems, 

which will be explored throughout the dissertation 

 

5. Variable refrigerant flow- air conditioning systems 

5.1 Historical background and principle of operation 

VRF technology was originated in Japan, in the early 1980s, primarily developed by Daikin 

industries. It was introduced as an evolution of multi split systems, offering enhanced zoning, 

better part load performance, and reduced energy consumption. Since then, VRF systems have 

gained widespread use in Asia, Europe, and North America, particularly in commercial 

buildings, hotels [40]. VRF systems operate on the vapor compression principle but allow the 
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refrigerant flow rate to vary according to real time thermal demand in different zones. This is 

achieved through inverter driven compressors and electronic expansion valves (EEVs) that 

regulate the flow to multiple indoor units (Fig 1.14) 

 

 

 

 

 

 

Fig.1.14. Basic architecture of a VRF system with multiple indoor units [40]. 
 

Unlike traditional direct expansion systems, VRF systems can operate in cooling, heating, or 

simultaneous cooling/heating modes using heat recovery configurations. The refrigerant piping 

network can extend over large distances, making the system flexible for complex building 

layouts. 

5.2 Types of VRF configurations 

VRF systems are available in different configurations based on energy source and heat 

distribution (Fig.1.15): 

 Air to air VRF: Most common type, where both condenser and evaporator circuits use 

air as the medium heat exchanger, 

 Water-cooled VRF: The outdoor unit rejects heat to a water loop, allowing indoor units 

to function independently of outdoor air conditions, 

 Heat pump VRF: Provides either heating or cooling to all zones simultaneously, 

 Heat recovery VRF: Allows different zones to be heated or cooled at the same time by 

transferring internal energy between zones. 
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The dynamic performance of air-to-air VRF air conditioners, in a subtropical climate, has also 

been analyzed by Yang et al. [41]. Zhou et al. studied water cooled VRF systems in high rise 

office buildings. They proved the increased efficiency and compactness of these systems in 

high environments [42]. Jeong and Kim reported that a simulation model for three-pipe heat 

recovery VRF systems has been developed for the purpose of optimizing performance and 

designing controls during partial loads [43]. 

 

 

 

 

 

 

Fig.1.15.VRF types: heat pump and heat recovery [43]. 
 

5.3 Control and performance advantages strategies 

VRF systems are renowned for their efficiency, especially when working under partial loads, 

where they are more effective compared to constant speed compression systems. The use of 

variable speed drives in these systems, along with zonal temperature control, results in energy 

savings that are often over 30% compared to traditional multi-split systems (Fig1.16). 

Li and Wu have proved the significance of the need for advanced control algorithms, such as 

fuzzy logic and model predictive control, for the optimal operation of VRF [44]. Katsura et al., 

in their study, observed a long-term energy saving of 25-35% in educational buildings equipped 

with centralized VRF air-conditioning systems [45]. In addition, it should be pointed out that 

the VRF system has the ability to reduce the losses associated with the ducts to a negligible 

extent, work silently, and provide thermal comfort inside the space with a minimal temperature 

difference. 
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Fig. 1.16: Seasonal COP variation of VRF [45] . 

5.4 Environmental and operational limitations 

Despite VRF advantages, those systems present several critical limitations: 

 Dependence on electricity: They rely entirely on electrical energy, often from 

nonrenewable sources, 

 Use of high GWP refrigerants: Common refrigerants include R410A and R407C, which 

have significant environmental impact, 

 High initial cost and installation complexity: The system requires precise refrigerant 

charge calculation, specialized installation, and advanced diagnostics, 

 Control sensitivity: Performance can degrade without proper zoning, control logic, or 

maintenance. 

Hwang and Radermacher [36] emphasized the importance of refrigerant charge management in 

large VRF systems, underlining its role in maintaining optimal performance and safety. 

Whereas Rasti and Amidpour [46], have modeled the effects of partial refrigerant leakage on 

system efficiency and reliability, highlighting the necessity of regular monitoring and leakage 

detection. 

5.5 Summary and comparative insights 

Table 1.4 present a comparison between VRF systems and other conventional air conditioning 

systems in terms of flexibility, energy performance, environmental impact, and maintenance 

requirements. 



25 
 

Table 1.4: Comparison between VRF and conventional air conditioning systems 

Feature VRF Systems Split Systems 
Chilled Water 

Systems 
[Ref] 

Load Modulation Inverter-based Limited 
Good with VFD 

pumps 
[41] 

Zonal Control Excellent Limited (by unit) Moderate [44] 

Energy Efficiency 
(SEER/COP) 

High (up to 6) Medium (3–4) Medium [45] 

GWP of  Refrigerant 
High (R-410A, R-

407C) 
High Low (water circuit) [46] 

Installation Complexity High Low High [47] 

Maintenance requirement High Low Medium to High [46] 

  

Although VRF systems are being widely used in large and complex buildings because of their 

performance, their environmental impact, high cost, and dependence on electronic control 

systems are some drawbacks that restrict their use in low resourcing or off grid settings. It is 

because of these limitations and taking into consideration future sustainability requirements that 

the use of VRF systems cannot be considered as the final solution. 

6. Solar VRF hybrid systems: attempts and limitations 

Recently, there have been attempts to integrate solar energy with Variable Refrigerant Flow 

(VRF) systems to enhance the energy autonomy and environmental characteristics of the latter. 

Such hybrid systems are, in most cases, based on photovoltaic VRF systems or, to a lesser 

extent, solar thermal assisted VRF units. Nevertheless, available literature suggests that these 

configurations provide minimal gains, particularly in relation to energy independence and 

efficiency. 
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Figs 1.17 and 1.19 are from selected case studies and scientific literature. Every 

figure shows a typical problem or outcome that frequently occurs in PV-VRF hybrid systems, 

but they do not originate from the same experimental arrangement. Their use is, accordingly, 

representative. and comparative, with the purpose of emphasizing the general limitations found 

in the literature. 

 

 

 

 

 

 

Fig.1.17:  Annual contribution of PV electricity to meet the VRF demand [38] 

In a case study conducted by Kim et al. [38], it was found that in a PV/powered VRF system, 

only 18% of solar irradiation was achieved on an annual basis. Similarly, in a study carried out 

by Karagiorgas et al. [39], it was found that in a solar/assisted VRF system, with thermal 

preheating, there were marginal efficiency gains (below 5%). 

Fig.1.18 represent the effect of outdoor temperature on performance of a conventional ACMV 

system and the VRF system. In both configurations, the cooling capacity decreases as the 

ambient temperature rises, while the power input increases. Within this context, the VRF system 

shows a remarkable cooling output compared with the conventional system with better 

adaptability to outdoor temperature fluctuations. This proved performance under partial loads, 

and the superior energy management of VRF technology. Such systems still remain much 

dependent on the electrical grid, do not offer inertial thermal, and does not provide load 

modulation at thermal levels. Moreover, increased complexity of control and installation costs 

often exceeds the benefits derived from such systems. 
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Fig. 1.18. Daily mismatch for solar irradiance and cooling load [38] 

These limitations clearly indicate that adding solar input to the VRF systems does not solve the 

problem of structural constraints in conventional air conditioning. This logically leads to the 

motivation for a fundamentally different approach that allows for passive flow regulation, 

thermal storage, and autonomous operation, as it is introduced in this work 
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Fig.1.19. COP variation for VRF and standard solar assisted AC [39] 

7. Analysis and research motivation 

The review of conventional, solar assisted, and VRF air conditioning systems reveals significant 

advances in cooling technologies, but also exposes persistent technical and environmental 

limitations (Table 1.5). 

Table.1.5: Summary of advantages and limitations of existing cooling technologies 

Technology Advantages Limitations [Ref] 

Vapor 
Compression 

High COP, compact, well-
known 

High electricity use, GWP, poor 
part load performance  

[6] 

Absorption 
Cooling 

Renewable driven, GWP-free 
refrigerants  

Bulky, low COP, slow response [25] 

Adsorption 
Cooling 

Low temperature heat use, no 
moving parts  

Low efficiency, long cycle time [29] 

Desiccant 
Systems 

Effective in humid climates 
Complex control, need for 
continuous regeneration  

[32] 

Evaporative 
Cooling 

Low-cost, passive Limited to dry climates [20] 

Thermoelectric Compact, silent Very low efficiency  [23] 

PV–VRF 
Renewable-powered, 

modular 
Grid-dependent, needs storage, no 

thermal buffering  
[38] 

Thermal–VRF 
Some energy savings 

possible 
Technically complex, marginal 

efficiency gain  
[39] 
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From this comparative analysis, several key research gaps emerge: 

 None of the systems analyzed offer simultaneous energy autonomy, flow modulation 

and thermal storage, 

 VRF systems are efficient but fully grid dependent, and solar coupling has shown 

limited benefit without buffering, 

 Solar thermal systems can store heat, but respond slowly and require large equipment. 

 Passive regulation and load adaptive operation remain underexplored. 

These gaps justify the need for a new generation of hybrid systems capable of: 

 Operating without electrical compressors ; 

 Ensuring passive flow regulation according to thermal demand; 

 Storing thermal energy to bridge solar availability and load mismatch; 

 Providing a compact and efficient solution suitable for hot climates with limited 

infrastructure. 

The following chapters will detail the development, modeling, and performance analysis for an 

integrated system incorporating Solar Double Porous Heat Exchanger, energy storage, and 

Multi-layer Passive Heat Exchanger to accomplish above stated aims. 

8. Conclusion  

This chapter offers a comprehensive review of air conditioning technologies, their diversity, 

and the limitations intrinsic to all available methods. Vapor compression systems are currently 

the most popular and extensively used technologies across the global marketplace, but they 

have critical environmental impacts associated with their use. Solar assisted air conditioning 

technologies have the potential but pose challenges related to efficiency and control. VRF air 

conditioning technologies have the most advanced modulation but are anticipated to have 

critical energy consumption impacts and associated challenges of decarbonizing. 

Attempts at combining VRF with solar energy have been of limited success, thus emphasizing 

the need for more innovative solutions. This study argues in favor of the need for passive 

autonomous cooling systems. 
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The research proposed in this thesis has been aimed at meeting this challenge with a novel 

hybrid design of the proposed system that incorporates and use porous media, solar thermal 

energy, and passive flow control in order to provide efficient and autonomous cooling. 
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Chapter 2 

Analyses and modeling of the SDPHEX–MPHEX system 

 

 

1. Introduction 

Energy system modeling is an important task in the assessment of theoretical performance, 

optimal design, and prediction of the behavior of the system under a set of practical operating 

conditions.  In this chapter, there is a detailed mathematical model of the hybrid solar cooling 

system. This is accomplished by starting with a description of the system in order to obtain the 

model equations according to the laws of thermodynamics in porous media. Special focus will 

be put on the Lattice Boltzmann Method, which is used due to its stability in simulating coupled 

heat and mass transport in porous media. 

 

2. Description of the system 

The cooling system design integrates two kinds of porous heat exchangers namely, Solar 

Double Porosity Heat Exchanger (SDPHEX) and Multi Porosity Heat Exchanger (MPHEX) to 

give a passive and solar-powered variable refrigerant flow system. The hybrid design allows it 

to operate without using control devices like electronic expansion valves and variable-speed 

compressors. This offers it the ability to operate independently and, in an energy, saving way, 

especially in remote or hot zones (Fig. 2.1). 

The system consists of the following functional units:  

a. Solar energy input and thermal storage (SDPHEX):  

This particular system functions on the platform of the first energy interface. This process 

absorbs sunlight and then saves the generated thermal energy through a solid porous medium. 

The energy exchanger has two parts: 

 An upper porous layer designed to optimize solar absorption and storage properties, 

commonly consisting of high-specific-heat-materials of high surface area, 

 A lower porous zone through which a heat transfer fluid (HTF) passes in order to 

harvest the stored energy through the process of conduction as well as convection. 
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The design enables the system to operate during the solar charging process and the subsequent 

phases after irradiation, thus serving as a heat buffer. 

b. Refrigerant circulation and modulation (MPHEX): 

After the thermal input part, it passively controls the refrigerant flow according to the system 

pressures and temperature differences. It is made up of a number of layers, which are either 

porous with different permeability and porosity to ensure that the system is capable of: 

 Adapt flow rate dynamically without sensors or control logic, 

 Provide efficient heat transfer between the refrigerant and the environment or working 

fluid, 

 Stabilize flow velocity profiles to prevent flow oscillations 

Loop configuration and working principle: 

The two exchangers are connected in a loop which includes a compressor substitute or 

pressure-driving mechanism and this may be powered intermittently eg solar powered pump 

or gravity feed. Energy is absorbed by the working fluid or refrigerant from the SDPHEX and 

is conducted through the MPHEX to complete the thermal cycle. 

The system can be configured as: 

 A DX refers to a direct expansion cycle where the refrigerant acts directly. 

 Secondary loop system: A heat transfer fluid, circulating among components coupled 

through thermal interfaces. 

Auxiliary components (Minimal): 

Because this system uses embedded storage and relies on passive modulation, it keeps auxiliary 

parts like sensors, controllers, and actuators to a minimum. Inlet and outlet manifolds, flow 

direction check valves, and insulation layers are included only for maintaining structural 

integrity and thermal efficiency. 

 

Operation modes:  

The system works in two different yet interconnected phases: 

 The solar collection and charging phase in which the solar energy will be harnessed 

and stored in the SDPHEX. 

 Cooling phase: a phase during which the refrigerant flow is passively modulated 

through the MPHEX and thermal energy is delivered to the conditioned space or load. 
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This will, therefore, be a dual-functionality system that provides both, hence allowing precise 

temperature control with minimum energy input. The module can be designed for deployment 

in compact form and is therefore quite apt for applications related to remote areas, mobile 

units, or energy-autonomous buildings 

 

3. SDPHEX System 

The Solar Double-Porosity Heat Exchanger (SDPHEX) integrates solar absorption, thermal 

storage, and heat transfer into a unified porous structure. To accurately model its performance, 

it is necessary to represent the energy transport within the dual-porosity medium, the fluid-solid 

interactions, and the transient thermal behavior due to solar radiation variability. 

3.1 Geometrical and physical configuration 

A porous exchanger, a compressor, a solar panel, an evaporator, a condenser and a thermostatic 

expansion valve are the main components of the considered system: SDPHEX : Solar AC with 

double Porous Heat Exchanger.  

 

 

 

 

 

 

 

 

 

(a) 
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(b) 

Fig.2.1. Physical model of the solar air conditioner (a: General system; b: Double porous heat 

exchanger). 

The fluid flow in DPHEX is controlled by a 4-way solenoid valve placed just upstream of 

the exchanger. To transfer solar energy to the solid phase up to a high-pressure HP, the valve 

slide swings between two positions. In the first position, the fluid from the solar panel passes 

through the heat exchanger; this is the storage circuit. The second position: allows the fluid 

from the evaporator to pass through the DPHEX and absorb the previously stored solar 

energy up to a low-pressure LP, along this last circuit the enthalpy of the refrigerant varies 

(H1,H2…H8); this is the transfer circuit. 

 

The technical function of each component is described in follow table: 

 

Table.2.1. Technical function of components 

Component Technical Function 

Evaporator 
Absorbs ambient heat at low temperature and pressure. The 
refrigerant evaporates (liquid → vapor). 

Thermostatic Expansion 
Valve (TXV) 

Reduces pressure and temperature of the refrigerant before 
entering the evaporator. 

Condenser 
Rejects heat to the ambient; refrigerant condenses (vapor → 
liquid). 

 

Solar energy heat 
transfer fluid 

Energy recovery 
fluid 
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Compressor 
Compresses low-pressure refrigerant vapor to high pressure and 
temperature for recirculation. 

Solar Thermal Collector 
Converts solar energy into thermal energy; heats the fluid before 
it enters the DPHEX. 

 
Double Porous Heat 
Exchanger) 

Dual-purpose unit: (1) stores thermal energy in its porous solid 
matrix, and (2) transfers stored heat to the refrigerant. 

4-Way Solenoid Valve 
Switches between storage mode (solar loop) and transfer mode 
(refrigeration loop). 

 

The proposed solar-assisted cooling system consists of three interconnected subsystems, 

each represented by a distinct circuit: the conventional refrigeration loop (black, Fig2.2), 

the solar thermal storage loop (red, Fig2.3), and the thermal energy transfer loop (blue, 

Fig2.4). 

 

The refrigerant is compressed, 

condensed, expanded, and 

evaporated. This loop provides 

conventional cooling. 

 

 

 

 

Fig2.2. Main vapor compression refrigeration cycle of the SDPHEX AC system. 
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Hot fluid from the solar 

collector enters the DPHEX 

(T₀, U₀) to store energy in the 

porous solid. No phase change 

occurs; energy is stored in the 

matrix. 

 

Fig2.3. Solar thermal storage circuit of the SDPHEX AC system.   

 

 

 

 

  Cold refrigerant passes through the 

DPHEX and absorbs stored heat 

before compression. This improves 

system performance. 

 

        

 

Fig 2.4 Thermal transfer circuit via DPHEX of the SDPHEX AC system 

 

 3.2 Governing equations 

The following theories are presented to appropriately characterize the problem's 

mathematical formulation: the flow is thought to be laminar, incompressible, and viscous. 

Additionally, the solid and fluid phases are in local thermal equilibrium condition. The 

homogeneity and isotropy of the porous matrix's thermo-physical characteristics are 

unaffected by temperature.  Furthermore, the homogenization of the governing equations in 

the REV approach reflects the porous media impact. Thus, the Navier-Stokes equations in 

the fluid domain and the Darcy-Brinkman- Forchheimer equations in the porous medium 

model the flow. 
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According to the abovementioned assumptions, the transient macroscopic governing equations 

at the REV scale, can be recast using the canonical dimensional form that follows. For more 

details, one can refer to Dhahri, [1-3]. 

∇.uሬԦ=0                                                                                                                                    (1) 

∂uሬԦ

∂t
+(uሬԦ.∇)(εk

-1uሬԦ)=-∇(P)+vf∇2uሬԦ+εkFሬԦk                                                                          (2)    

[εk൫ρCp൯ + ൫1 − εk)൫ρCp൯൧ 
∂T

∂t
+ ൫ρCp൯uሬԦ.∇T=∇.(λeff,f∇T)                                                  (3)                                                                                         

The velocity vector, porosity, pressure, porous medium temperatures, density, kinematic 

viscosity, thermal capacity, and equivalent thermal conductivity are represented by the variable 

uሬԦ, Ɛk  P, Tf, ρ,vf, Cpand λeff,f, respectively. The solid and fluid phases are indicated by subscripts 

s and f, respectively. k designates 1 if the sold point belongs to porous media 1 and 2 if the solid 

point belongs to porous media 2. 

The total body force caused by the presence of porous media is indicated byFሬԦk(Eq. (2)) and it 

can be written as [4]: 

FሬԦk=-(
Vf

Kk
+

Fεk

୏ౡ
|uԦ|)uԦ                                                                                                            (4) 

The permeability and the Forchheimer' s form coefficient K୩and Fε୩, are often not universal. 

They are stated here as [5]: 

Kk=εk
3dpk

2(150(1-εk)2)-1                                                                                                   (5) 

Fεk =
1.75

√ଵହ଴ఌయ                                                                                                                         (6) 

 

 Boundary and initial conditions 

The following are the related initial conditions (IC) and boundary conditions (BCs) required 

for the process to finish the issue formulation: 

ݑ = ଴; 0vݑ  

; ௙ܶ = ଴ܶ, at 0x   and 0 y H   (left boundary); 

 0xu  ; 0v ;  at x L  and 0 y H   (right boundary); 

 0u ; 0v  and 0y f y sT T   (perfect-insulated) at 0 x L   and y H  (upper boundary); 
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 0u ; 0v   and 0y f y sT T   (perfect-insulated) at 0 X L   and 0y   (lower 

boundary); 

 0u ; 0v ௙ܶ = ଴ܶand at 0t   for 0 x L   and 0 y H   

 0u ; 0v  and 0y f y sT T   (perfect-insulated) at 0 x L   and ݕ =
ଵ

ଶ
ܪ  (interface 

between two porous mediums) 

The following are the main dimensionless variables and parameters: 

xത=
x

H
,   yത=

y

H
,     uത=

u

U0
 ,    vത=

v

U0
,   τ =

୲୳బ

ୌ
 ;     θf,s=

Tf,s

T0
 , 

Rc,k=
ρCps,k

ρCpf
, Rk,k=

λs,k

λf
   Re=

ρfU0

μfு
         Pr=

μfCPf

λf
       Dak=

Kk

H²
    P=

p

ρU0²
 

Then,  Eqs. (1) - (3) are transformed into a dimensionless format as 

∂U

∂X
+

∂V

∂Y
=0                                                                                                                                (7) 

∂U

∂τ
+

1

εk
ቀ∂U2

∂X
+

∂UV

∂Y
ቁ =-

∂εkP

∂X
+

1

Re
൤∂2U

∂X2 +
∂2U

∂Y2൨ -εk(
ଵ

ୖୣୈୟౡ
+

Fεk

ඥୈୟౡ
|U|)U                                      (8)                              

∂V

∂τ
+

1

εk
ቀ

∂UV

∂X
+

∂V²

∂Y
ቁ =-

∂εkP

∂Y
+

1

Re
ቂ

∂²V

∂X2 +
∂²V

∂Y2ቃ -εk(
1

ReDak
+

Fεk

√Dak
|U|)V                                 (9)                         

൫εk+(1-εk)RC,k൯
∂θf

∂τ
+ ቀU

∂θf

∂X
+V

∂θf

∂Y
ቁ =

1

RePr
൫εk+(1-εk)Rk,k൯ ቀ

∂²θf

∂X²
+

∂²θf

∂Y²
ቁ                                    (10)                                                                             

The corresponding dimensionless BC and IC are converted as follows: 
 1U ; 0V ௙ߠ; = 1, at 0X   and 0 1Y  ; 

 0XU  ; 0V ;  at /X L H  and 0 1Y  ; 

 0U  ; 0V and߲௬݂ߠ = 0 at 0 /X L H   and 1Y ; 

 0U  ; 0V and     ߲௬݂ߠ = 0 at 0 /X L H   and 0Y ; 

 0U  ; 0V and߲௬݂ߠ = 0 at 0 /X L H  andY=1/2; 

4. Thermodynamic model of the MPHEX 

4.1 Geometrical and physical configuration 

The Multi-Porous Heat Exchanger (MPHEX) introduced in this work is a novel thermal 

distribution system composed of two vertically arranged porous layers.  The lower layer 

consists of multiple horizontal branches each characterized by a distinct Darcy number while 

the upper layer is a common porous domain through which the refrigerant flows (Fig.2.5). 

When a specific branch in the lower porous layer is selected via an electronic distributor, the 
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permeability associated with that path directly governs the velocity and heat transfer in the 

upper layer. As a result, the thermal output to the corresponding indoor zone is passively 

adjusted, without mechanical regulation or variable-speed components. This passive tuning of 

refrigerant velocity and cooling capacity offers a robust, modular, and low-energy alternative 

to conventional electronically controlled system. 

  

 

 

 

 

 

 
Fig.2.5. Schematic of the multi-porous heat exchanger (MPHEX). 

Where : 

M1, M2, M3… Mn:  Medium1, Medium 2, Medium 3…Medium  n   

Da1, Da2, Da3… Dan:   Darcy Number for Medium1, Medium2, Medium 3…Medium n   

V1, V2, V3… Vn: Velocity of refrigerant flow at outlet of Medium1, Medium2, Medium 

3…Medium n   

The associated permeability is able to adjust flow and heat transfer in the upper layer. To 

illustrate the relevance of the MPHEX to general cooling systems, the functional relationship 

between the MPHEX and the VRF system is provided below in Fig.2.6:   

 

 

 

(a) 

 
Fig.2.6. Analogy between   MPHEX and VRF. 
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Whereas VRF controls the flow of the refrigerant actively using variable speed compressors 

and expansion valves, the MPHEX does so passively by varying the permeability values of the 

branches. In the MPHEX, the VRF functionality is replicated by using the porous branches 

aligned in parallel within the lower porous sub-layer. Every branch is supposed to represent the 

space, as well as have a unique permeability factor (Da1, Da2, ., Dan), which enables the 

selective control of the fluid speed and the heat transfer. This fluid is supplied to one branch 

using a low-power electronic distributor depending on the feedback information from the indoor 

temperature sensors. 

This helps to improve robustness and reliability, especially when working offline, and becomes 

an alternative for sustainable and economical air-conditioning systems. Comparison between 

traditional VRF systems and MPHEX designs has been provided in Table 2.1, which highlights 

various differences between these two systems based upon control, complexity, requirement for 

energy, and suitability. 

 

Tab2.1: Comparison analysis between VRF and MPHEX. 
 

VRF System MPHEX  

Flow Control Active control using electronic 
expansion valves and variable-
speed compressors 

Passive control via permeability 
variation (Darcy number) in the porous 
medium 

Electrical 
Consumption 

Significant due to electronics, 
sensors, and continuous regulation 

Very low; flow is regulated structurally, 
without electronics. 

System 
Complexity 

High: requires advanced 
algorithms, multiple sensors, and 
electronic actuators 

Simplified architecture: relies on 
geometric and material configuration for 
flow regulation 

Installation Cost High initial cost due to electronic 
components and control systems 

Lower investment: reduced number of 
active components, passive design 
adaptable to solar systems 
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Maintenance 
Requirements 

Requires specialized technicians, 
frequent calibration, sensitive to 
electronic failures 

Minimal maintenance: mechanically 
robust with no active control parts 

Reliability & 
Robustness 

Generally reliable but susceptible 
to electronic failures  

Highly robust and durable, less sensitive 
to environmental and operational 
conditions 

Suitability for 
Remote Areas 

Limited applicability in off-grid 
or resource-constrained 
environments 

Ideal for off-grid use: passive, low-
energy, solar-compatible. 

 

This thermodynamic model of the MPHEX thus provides the basic platform for simulating 

refrigerant dynamics within the context of passive flow regulation. Fig.2.7: Conceptual 

representation of the dual paradigms of flow regulation: Electronic regulation in existing VRF 

technology vs Permeability-based passive regulation in the MPHEX design. This representation 

conceptually highlights radical divergences in the strategies of the two paradigms. While in the 

existing technology based on VRF architecture, compressors, inverter drives, or so-called 

electronic expansion valves play a critical dynamic feedback role in regulating target state flow 

regimes in accordance with system requirements, in the innovative MPHEX architecture, all 

these regulatory strategies rely solely on material resistance inherent in inherent geometric 

properties of the setup. This representation metaphorically captures the dematerialized 

reasoning of the MPHEX design by emphasizing the dematerialized philosophy behind its 

design: eliminating all electromechanical elements in favor of more intrinsic reasoning 

strategies based solely on spatial geometry. While in the existing setup dynamic flux regulation 

strategies dynamically modify the flow rates based on system feedback in accordance with 

predefined requirements, in the MPHEX design strategy spatial properties based on inherent 

permeability modify the dynamics of the existing flow rates in accordance with predefined 

spatial requirements. This theoretical representation thus captures the genius of an innovative 

design approach dematerializing existing approaches by relying solely on intrinsic spatial 

properties to accomplish design requirements. 
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Fig.2.7. Comparison of flow control strategies: active regulation in VRF vs passive permeability-

driven control in MPHEX. 

4.2 Boundary and initial conditions 

Same boundary conditions, used for SDPHEX mentioned in section 3.2, are used for MPHEX 

and added this condition between Lateral walls of PM1 branches:  

0u ; 0v  and 0y f y sT T   (perfect-insulated) at 0 x L   . 

5. System modeling using the lattice Boltzmann method (LBM) 

The complexity of the proposed system comes not only from the need to deal with flow, energy 

storage, and thermal exchange within such as heterogeneous and anisotropic environment but 

also because it proposes an SDPHEX coupled to an MPHEX. These challenges are difficult to 

overcome using conventional numerical methods such as finite difference or finite volume 

methods. Thus, LBM is considered in this work to simulate such coupled flow and heat transfer 

phenomena in porous exchangers. The thermal and hydrodynamic behavior of MPHEX is 

investigated by using the LBM, a computational technique that already proved its efficiency in 

simulating flows in complex geometries such as porous media [6,7]. It can perform many 

calculations at the same time, which makes it particularly suitable for large-scale simulations. 

In addition, it handles boundary conditions easily, without the need for complex mathematical 
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treatment. These advantages make it a practical and reliable tool for modeling flow and heat 

transfer in the MPHEX configuration. [8]. 

The density's distribution equation for incompressible flow is as follows: 

fi(x+ci∆t,t+∆t)-fi(x,t)=-
1

τe
[fi(x,t)-fi

eq(x,t)]+∆tFei                                                                 (11) 

Where ߬௘ is the dimensionless relaxation time defined by:  ν=∆tc²s (τe-0.5)              (12) and 

 fi
eq(x,t), the distribution function is given by:

2u seq i i i
i i 2 4

s s

c uu : (e e c I)
f w 1

c 2 c

 
    
      

(13) 

while ߩ is the average density of the fluid, u is the average velocity of the fluid, s
c

c
3


 

The arrangement we will use is D2Q9 (2D and 9 lattice-velocities), in this case, the discrete 

velocities and their weights are: 

݅ܥ = ൞

(0,0)                                                                                            ݅ = 0
(cosൣ݅ − ߨ

2ൗ ൧, sin[݅ − ߨ
2ൗ ])ܿ                                    ݅ = 1,2,3,4

(cosൣ2݅ − ߨ9
4ൗ ൧, sin[2݅ − ߨ9

4ൗ ])√2ܿ                    ݅ = 5,6,7,8
                                 (14) 

ܹ݅ =

ە
۔

ۓ
4

9ൗ                                                                                             ݅ = 0
1

9ൗ                                                                                   ݅ = 1,2,3,4
1

36ൗ                                                                                ݅ = 5,6,7,8

 

Finally, the viscosity is expressed using the following relation: 

                                                ρu= ∑ cifi+
∆t

2
ρF                                                      (15) 

5.1. LBM formulation for temperature 

The Boltzmann equation linked to the thermal quantity is 

gi(x+ci∆t, t+∆t)-gi(x, t)=-
1

τe
[gi(x, t)-gi

eq(x, t)]                                                           (16) 

Where ig (x, t) is the temperature distribution function at point i, 
eq
ig (x, t) is the local equilibrium 

temperature distribution function, g is the dimensionless relaxation time taken for energy 

transport 

τg=3 Pr(τe-0.5)C+0.5   , C=
εk+(1-εk)Rk,k

εk+(1-εk)RC,k
                                                                                  (17) 
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As for velocity, a local equilibrium appears at the point i and it is determined by Zhao (2005) 

[9]: 

gi
eq=wiT ቀ1+

ciu

cs²
+

uu:(eiei-c²sI)

2c4
s

ቁ                                                                                       (18) 

 

For D2Q9, the discrete temperatures and their weights are:  

 

݅ܥ = ൞

(0,0)                                                                                            ݅ = 0
(cosൣ݅ − ߨ

2ൗ ൧, sin[݅ − ߨ
2ൗ ])ܿ                                    ݅ = 1,2,3,4

(cosൣ2݅ − ߨ9
4ൗ ൧, sin[2݅ − ߨ9

4ൗ ])√2ܿ                    ݅ = 5,6,7,8
                                  (19) 

ܹ݅

ە
۔

ۓ
2

3ൗ                                                                                             ݅ = 0
1

9ൗ                                                                                   ݅ = 1,2,3,4
1

36ൗ                                                                                ݅ = 5,6,7,8

 

Finally, the thermal expression is as follows 

σTf,s= ∑ gif,s   i σ=ε+(1-ε)RC                                                                                        (20) 

5.2 Implementation of LBM boundary conditions 

For the dynamic boundary conditions, the input velocity is known so the unknown distribution 

functions (Fig.2.8) are deduced from the known ones (input) Zou and He, 1997[10]: 

 

 

 

 

 

 

Fig.2.8. D2Q9 velocity and temperature lattice layout within and at domain boundaries. 

 

ρcal= ∑ fi=f0+8
i=0 f1+f2+f3+f4+f5+f6+f7+f8(20) The projection of eq (25) gives:  

 

 x-axis ρcaluin= ∑ cixfi
8
i=0 = ∑ ceixfi= ∑ eixfi  ;    

8
i=0 c=18

i=0                                           (21) 
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 y-axis (At input, vin= 0) 

ρcalvin=f2-f4+f5+f6-f7-f8  so f4-f2-f6+f7=f5-f8                                                            (22)  

                           

The final equation is,  

f1=f3+
2

3
ρcaluin 

f5=f7-
1

2
f2-f4+

1

6
ρcalu+

1

2
ρcalv 

f଼ = f଺ −
ଵ

ଶ
fଶ − fସ +

ଵ

଺
ρୡୟ୪u +

ଵ

ଶ
ρୡୟ୪v                                                                          (23) 

 

Besides at the fluid solid boundary, the distribution velocity functions (Fig.2.9) belonging to 

the solid phase are unknown (Bounce Back)[11] the velocity distribution functions after contact 

are reversed in the same direction but in the opposite direction, thus in contact with a solid, the 

distribution functions of the fluid phase take the values of the distribution functions of the solid 

phase. 

 

 
 

 
 
 
 
 
 

Fig.2.9. Density distribution function at the solid-fluid interface. 
 

So at the lower interface we have:f2=f4;    f5=f7;    f6=f8 and at the Eastern interface we will 

have:f1=f3;f6=f8;f5=f7 

While temperature at the inlet of the heat exchanger is known: g1,g5,g8  known so 

g5=w5+w7-g7                                                                                                               (24) 

At the interface of two porous mediums (superimposed vertically or horizontally 

 inside the exchanger) we have; f2=f4;    f5=f7;    f6=f8 

And g2=w2+w4-g4                                                                                                       (25)       

g6=w6+w8-g8 
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g5=w5+w7-g7 

5.3 Validation  

To ensure the physical accuracy of the LBM model, simulation results are validated against: 

 Analytical solutions for benchmark porous media problems. 

 Finite volume simulations from literature for equivalent boundary conditions. 

 Experimental results from passive heat exchangers (where available). 

Mesh independence, time step sensitivity, and relaxation time tuning are all conducted during 

a preliminary calibration phase to optimize stability and convergence.  

6. Conclusion 

This chapter presented a complete mathematical and numerical model of the proposed 

SDPHEX–MPHEX system. The model integrates porous flow theory, transient thermal storage 

dynamics, and advanced simulation tools such as the Lattice Boltzmann Method to accurately 

capture the physical behavior of the hybrid exchanger. 

Beginning with a structural and functional description of each component, detailed 

thermodynamic equations were derived for both the solid and fluid domains. Specific 

formulations were developed for each exchanger type: LTE   modeling for the SDPHEX and 

MPHEX. A specialized LBM implementation was introduced to handle flow and heat transfer 

in porous media with varying properties. 
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Chapter 3 

Improving Solar Air Conditioning efficiency through Double-Porosity Heat 

Exchanger design: Numerical Insights 

 

 

1. Introduction 

The need for comfort has grown in recent years due to climate change. Consequently, increased 

productivity and air conditioner use lead to increased energy and financial expenses. [1] In 

2020, About 226000 GWh of cooling energy were needed globally in the residential sector [2], 

and by 2030, it is expected that this demand would increase by 72% in Europe [3]. 

Unfortunately, traditional air conditioners present two problems: bad impact on the 

environment and important energy consumption. The first problem is the use of CFCs and HFCs 

as refrigerants. Although HFCs have less impact on the ozone layer than CFCs, they are 

however, causing the ozone layer [4]. On the other hand, at least 97% of its energy source comes 

from fossil fuels [5]. This leads to significant environmental contamination and numerous 

phenomena like global warming [6]. Thus, since the need for air conditioning rises every year 

fossil fuels' source is decreasing consequently. That is why switch to renewable energy sources 

from fossil fuels seems imminent [7]. The sun is the main and most accessible renewable energy 

source[8], and devices that can use solar electricity have been the subject of numerous 

studies[9]. In fact, the daily energy produced by the sun is 1.1kJ while, annual energy consumed 

by humans is 4.7kJ [10]. Various investigations have been carried out to provide solutions where 

renewable power from solar light contributes significantly to air conditioning [11]. These 

reviews have mostly concentrated on the economic evaluation, optimal design, and energy 

assessment of different solar systems [12], and a variety of solar thermal collector types [13] 

for air conditioning production. Numerous studies have contrasted solar and conventional air 

conditioners in this regard; (Chuang Chen et al.2024) [14] develop a desiccant air conditioner 

that is driven by solar energy. They show that the system's monthly average coefficient of 

performance is 5.1 in June, 5.6 in August, 5.5 in September, and 4.8 in July. The new system 

has a 6.6-year payback period and a 58.4% lower operating cost than the traditional air 

conditioning system. The new system's CO2 emission reduction rate is at its lowest in 

September (62.9%), however, it can rise to 65.1% in August and 65.2% in July. Likewise 



52 
 

(Rebelo et al 2024) [15] compared the conventional air conditioner with the one using 

renewable energy sources and they prove that the solar photovoltaic air conditioner used 

roughly 342 kWh during the 30-day experiment. The PV system can save roughly $700.00 on 

energy costs, and it will pay for itself in 3.7 years.  

A long way from using energy, (Adam.et al.2023) [16] focused on the refrigerant fluid type to 

avoid conventional refrigerant (HFC and HCFC) bad impact on the environment. The system's 

COP increased by 2.42% when R290 refrigerant was used. This enhancement was supported 

by a 2.31% reduction in input work and a 2.37% rise in energetic efficiency when a renewable 

energy source and an eco-friendly air-conditioning cycle were combined. This offers a great 

way to address the very real issues of high energy use in warm nations. However, (Mukhtar et 

al. (2022) [17] sought to improve energy efficiency and concentrate on absorption solar air 

conditioning system design, modeling, and simulation. They indicated that when average heater 

temperatures rose to 25, energy savings increase. Solar air conditioning is not limited to hot 

areas, even in countries where it is cold; a lot of research has been done on solar air conditioning. 

In this framework, (Liu et al., 2020) [18] proposed and evaluated the performance of a solar/air-

dual source heat pump system on the Tibetan Plateau, in Qingha. They demonstrated that the 

system could efficiently provide indoor comfort in extremely cold climates while utilizing all 

available renewable energy. In the same instance, they created a heat pump using an air-type 

solar collector with a change phase material that can achieve efficient heating in all weather 

conditions through the cascading use of thermal energy and developed a vapor injection heat 

pump that may minimize ventilation heat loss with a waste heat recovery ratio greater than 

100% by recovering heat from building exhaust air.  While (Shi et al., 2019) [19] studied DX-

SAHP (direct expansion solar heat pump) and demonstrated that although it can function 

effectively in environments with high levels of sun radiation, its effectiveness is inconsistent 

since sunlight varies. Recent inquiries have besides focused on integrating porous media heat 

exchangers into solar cooling applications to enhance energy storage and improve heat transfer 

efficiency. Those findings studied solar energy storage systems, yet no previous theoretical 

research has been done on the effect of the use of two or more porous mediums for heat 

exchanger in solar air conditioner [20]. 

The objective of this chapter is to develop a numerical model to analyze thermal and dynamic 

behaviors of a double porosity heat exchanger, DPHEX, in a solar air conditioning system. It 
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investigates the effects of parameters such as Darcy number, thermal conductivity ratio and 

thermal capacities ratio on heat transfer and energy storage using the lattice Boltzmann Method 

(LBM). It concluded that high permeability and low thermo-physical characteristics promote 

heat storage which contributes to the development of more efficient and sustainable cooling 

technologies, aligning with global efforts to reduce energy consumption and environmental 

impact. The format of this document is as follows: Section 2 describes the problem governing 

equations and the details of the numerical solution. Section 3 is devoted to discussing the 

numerical results. Lastly, we finish this investigation and give a summary of the results. 

2. System and mathematical formulation 

This section provides a concise description of the solar heat exchanger performance as a storage 

energy material and meanwhile a heat transfer medium in the solar air-conditioner system. The 

same fluid under some approximation and the interface between the two media is adiabatic. The 

fluid flow equations and boundary conditions that describe this working are represented in what 

follows. 

2.1. Physical model  

A porous exchanger, a compressor, a solar panel, an evaporator, a condenser and a thermostatic 

expansion valve are the main components of the considered system (SDPHEX): Solar AC with 

double Porous Heat Exchanger. The two-dimensional heat exchanger filled with two porous 

mediums is the interest component and the computational domain for this study (as shown in 

Fig.1). The exchanger of length L and height H is composed of two porous mediums with 

different characteristics (porosity, thermal conductivity, permeability, etc.). The problem 

should be 2D since the outlet conditions are completely developed. Note that, to start the first 

procedure, exchanger is passed through by the fluid coming from the solar collector at an initial 

temperature T0, and an initial velocity of component U0 
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Fig1. Physical model of the solar Double porous heat exchanger (DPHEX). 

The fluid flow in DPHEX is controlled by a 4-way solenoid valve placed just upstream of the 

exchanger as illustrated in Fig.1.To transfer solar energy to the solid phase up to a high-pressure 

HP, the valve slide swings between two positions. In the first position, the fluid from the solar 

panel passes through the heat exchanger; this is the storage circuit. The second position: allows 

the fluid from the evaporator to pass through the DPHEX and absorb the previously stored solar 

energy up to a low-pressure LP, along this last circuit the enthalpy of the refrigerant varies 

(H1,H2…H8); this is the transfer circuit. 
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2.2. COP (performance coefficient) of SDPHEX 

The Performance coefficient (COP) of the air conditioning system represents the ratio of the 

cooling output to the electrical energy input [26]. Typically, AC systems rely entirely on 

electricity to power the compressor and maintain cooling, resulting in COP equal to ratio of the 

cooling output to the electrical compressor input [27].In order to compare efficiency of 

conventional AC and SDPHEX, we need to evaluate the COP of each system respectively 

COP1 and COP2according to system illustrated in Figure 1 (in the case of conventional AC, 

we eliminate the solar part; solar panel – four-way valve and DPHEX) and then, the 

Performance coefficient (COP1) can be given by the following expression:  

૚ࡼࡻ࡯ = ሶ݉ ݔ 
4ܪ − 1ܪ
ݒ݊݋ܹܿ

= ሶ݉ ௣ܥݔ
ܶ4 − ܶ1
ݒ݊݋ܹܿ

 

Where 

ݒ݊݋ܹܿ = ሶ݉ ܲܯܱܥܪ∆ ݔ  = ሶ݉ 6ܪ) ݔ  − (4ܪ = ሶ݉ 6ܶ)݌ܥ ݔ  − ܶ4) 

૚ࡼࡻ࡯ =
்ସି்ଵ

்଺ି்ସ
                                                                                                                       (1) 

The same coefficient, COP2, in the case of SDPHEX is given by: 

૛ࡼࡻ࡯ = ሶ݉ ݔ 
ுସିுଵ

ௐೄವುಹಶ೉
= ሶ݉ ௣ܥݔ

்ସି்ଵ

௠ሶ  ௫ (ு଺ିுହ)
=

்ସି்ଵ

 (்଺ି்ହ)
                                                        (2) 

Where 

 mሶ : mass flow 

 H1, T1: enthalpy at evaporator inlet respectively 

 H4, T4: enthalpy at evaporator outlet respectively 

 H5,T5: enthalpy at compressor inlet respectively 

 H6,T6: enthalpy at compressor outlet respectively 

 Wୗୈ୔ୌ୉ଡ଼: Electrical compressor input for SDPHEX 

 
 

3. Grid check and numerical model validation 

3.1. Grid check 

Trial calculations have been carried out using several mesh sizes, including 80x80, 90x100, 

100x100, 110x125, 110x130, and 120x140, to guarantee the grid independence of the answers. 
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The meshes of 100 100× and 110×125 were found to differ by a maximum of 0.6%. 

Additionally, we observed that the U-component velocity is independent of grid size beyond 

the 110x125 grid. In order to achieve the optimal balance between accuracy and computation 

time, a uniform grid consisting of 110x125 elements was selected for all of the calculations 

shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

                
 
 

Fig.2.Test mesh independency  for Re=70, Pr=0.7. 
 

3.2. Validation of numerical models 

Initially, pertinent limiting cases from literature must be used to validate the mathematical 

model and the numerical approach. The projected velocity profiles from the current study are 

compared with those of (Kim et al) [33] for various Da numbers, in Fig.3, to illustrate this 

validity (Da=1e-4, Da=0.024 and Da=0.1). The result reveals the effect of Reynolds number on 

the axial velocity profile. The parabolic velocity profile is clearly visible; Due to the significant 

viscosity effect, the velocity is zero close to the walls. It peaks at the center of the channel and 

less important, farther away from the walls. It portrays that this velocity is strongly affected by 

Reynolds numbers. The velocity profiles acquired by numerical analysis for various Darcy 

numbers are compared in Figure 5. It is clear from this figure that the fluid moves through the 

medium more slowly when the Darcy number is low than when it is high. Similarly, Fig.4, 

presents the axial variation of temperature (Y=0.6 and Y=0.76) obtained by our developed code 

and the same obtained by A. Mohamed (2007 and 2011) [34]. It is interesting to note that the 

temperature passes from a maximum value to zero following a hyperbolic profile. The trend expects a 
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sharp temperature drop because the heat is being rapidly transferred into the medium. The 

temperature drop would be steeper for smaller media (with a smaller dimension Y) and more 

gradual for larger media (larger Y), as the heat spreads out over a longer distance. Examining 

these numbers closely reveals that all our results demonstrate a high degree of agreement with published 

results for both dynamic and thermal cases. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.Velocity profile in the fully developed region porous medium for Re=70. 
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Fig.4. Temperature profile in a saturated and isotropic porous mediumRe=70, Pr=0.7. 
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4. Results and discussion 

This section investigates the influence of emerging parameters on DPHEX. Some parameters 

are chosen to be constant such as Re=70 and Prandtl number Pr =0.7. The first porous medium 

of the DPHEX is between Y=0 and Y=1/2, the second middle is above. Governing equations of 

flow inside DPHEX have been presented in chapter 2 sections 3 and resolved using the 

numerical method of LBM detailed in chapter 2 sections 5.  

4.1 Dynamic and thermal behaviors: case of one porous medium, SPHEX 

The analysis of the heat exchanger with just one porous material inside reveals key insights into 

fluid dynamics and thermal behavior. Transverse velocity variation (Fig.5.a) shows fluid 

acceleration in the center and deceleration near the walls, with a dynamic boundary layer 

forming shortly after the inlet. As the fluid progresses, the velocity profile becomes fully 

developed, indicating stagnant flow. The temperature variation is shown in Fig.5.b. It is 

interesting to observe that the heat loss develops along with the fluid movement to the outlet 

due to the adiabatic boundary conditions. Such a trend finds confirmation in Nield and Bejan 

(2017) [35], which underline the key role of permeability in modulating the efficiency of the 

heat transport mechanism in a porous media. asymptotically decreases the temperature along 

the channel with a stabilization of the fixed value induced by the transverse position (Y). The 

temperature variation follows a parabolic profile, with the highest value in the center and a 

decrease toward the adiabatic walls.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                                            -a-  
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                                                                        -b- 

 
Fig.5. Effect of X position for Da=0.02 (a: velocity and b: temperature) 

 

4.2. Dynamic and thermal behavior: two porous mediums case of DPHEX 

Despite similar velocity profiles, the second medium (Da2=0.01) exhibits a slower flow (Fig.6). 

A dynamic boundary layer forms, accelerate flow in the center and slowing it near the walls. At 

the channel inlet, the fluid moves at the same velocity in both porous media as it flows, the 

velocity in the first medium increases due to its higher Darcy number (2ܽܦ< 1ܽܦ)   The velocity 

is reduced when one porous media is layered over another, leading to the formation of a dynamic 

boundary layer in both cases.  The velocity profile is reduced for the porous medium with a 

Darcy number (Da2 = 0.01compared to the one with Da1 = 0.1), can be interpreted as a result 

of the smaller Darcy number corresponding to a lower permeability and, consequently, higher 

flow resistance within the porous medium. As permeability decreases, the fluid encounters more 

resistance to flow, leading to a reduction in the velocity across the medium. Thus, the velocity 

is significantly lower in the medium with Da = 0.01, since the flow is more restricted. This 

demonstrates how permeability plays a crucial part in defining the dynamic fluid flow behavior, 

with lower permeability resulting in more significant velocity dips within the medium. Thermal 

effect is shown in Fig.7, the second porous medium retains more heat due to its lower Darcy 

number (Da2=0.01,Da1=0.1) which reduces the heat transfer. Similarly, Mahdi et al. (2020) [36] 
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demonstrated that a lower Darcy number leads to increased thermal resistance, reducing heat 

dissipation and prolonging heat retention within the media.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. Effect of Darcy number on velocity profile for Re=70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Effect of Darcy number on temperature profile for Pr = 0.7;Rc= 5  and Rk=10. 
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4.2.1 Dynamic Study 

Figs 8 and 9 present the effect of the Darcy number of both used porous mediums on the 

velocity; higher1ܽܦ results in a parabolic velocity distribution similar to Poiseuille flow, while 

lower Darcy numbers cause a flatter profile due to increased flow resistance. Large value of2ܽܦ 

allows to an acceleration of the fluid in the second medium without impacting the first (Fig.10). 

When the Darcy numbers of the two media are swapped (Fig.9), the velocity profiles change, 

reflecting the contrasting hydrodynamic properties of the porous materials. This trend was 

presented by Wang et al., (2021) [37]. As shown for dynamic behavior Figs (8, 9 and 10), 

velocity is proportional to the permeability and it is independent of the number of porous media. 

The velocity distribution in a system composed of two superimposed porous media with distinct 

Darcy numbers (Da₁ and Da₂) demonstrates a strong sensitivity to permeability variations. As 

the importance of permeability to the effect of viscosity is reflected in the Darcy number, the 

greater the value of the Darcy number, the less the resistance to the passage of the fluid through 

the medium. In the case where Da₁ > Da₂, the medium with the higher permeability allows a 

greater rate of acceleration of the fluid with a greater gradient of the velocity profile especially 

around the inlet and the boundary of the flow. 

On the other hand, when the Darcy number is smaller (Da2), traversing the second medium, 

where permeability is smaller, increases the fluid flow resistance in that medium. As a result, 

fluid flows slowly since it is impeded by the reduced pore space and tortuous path offered by 

the porous medium, hence a lower velocity profile. The fluid flow behavior in the second 

medium is therefore more dominated by viscosity, and consequently, the fluid velocity is 

greatly reduced as it moves through the smaller pores. In addition, the interaction between the 

two mediums is affected by their permeability, hence creating a discontinuity of the velocity 

profile at the interface. This illustrates how the permeability contrast between two mediums 

affects fluid flow dynamics and the location of the velocity profile, where the medium that has 

greater permeability (Da1) controls fluid flow behavior. 

This concludes that the role of the Darcy number is important as a tool that determines how 

fluid flow is affected by medium properties, as illustrated when two superimposed porous media 
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Fig.8.Effect of Da1 on velocity profile for Da2=0.01. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9.Effect of porous medium location: (case 1: medium with Da =0.1above medium with Da=0.01) - 
(case2: medium with Da =0.1 below medium with Da=0.01). 
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Fig.10.Effect of Da2 on the velocity profile for Da1=0.1. 

4.2.2 Thermal Study 

The thermal behavior in DPHEX is characterized by a nonlinear interaction between 

permeability identified as Darcy number (Da), solid to fluid thermal conductivity ratios 

identified with Rk, and thermal resistance ratios identified with Rc. As highlighted in Figure 

11, a high Darcy number significantly improves convective transport, which in turn favors fluid 

flow in the more permeable region. As a result, there is greater heat transport in the axial 

direction, and consequently, there is a relatively even temperature distribution. The system 

changes from diffusion control to advection-dominated transport, where the influence of the 

fluid inertia begins to dominate the viscous forces, especially in the vicinity of the inlet. Fig. 12 

portrays the influence of the ratio parameters Rk1 and Rk2, representing the ratio of the solid 

matrix to the fluid phase in each porous medium of the DPHEX on the axial heat conduction in 

the porous media. A higher value of Rk represents higher solid-phase conduction, enabling the 

porous medium to act as a heat bridge. The results signify that the higher the solid-phase 

conduction, the higher the heat transport through the porous media along the axial direction. 

The results validate the principles of the effective thermal conductivity concept for the porous 

composites, where the increase in the solid-phase conduction results in the enhancement of the 

heat transport. Figs 13 portrays the influence of the heat capacity ratio, Rc, on the heat transport 

in the double porous heat exchanger. The variation in the ratio parameter Rc1 produces 
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substantial influence on both porous media. The increase in the ratio parameter Rc1 increases 

the interaction between the solid and fluids in the first porous medium, thus increasing the effect 

on the fluids entering the second porous medium. As such, the initial condition generated in the 

first medium varies due to the increase in heat transport due to the increase in solid-fluid 

interaction in the first medium. On the contrary, the influence brought by the variation in the 

ratio parameter Rc2 on the first porous medium remains negligible due to the unidirectional 

flow and adiabatic interface, thus preventing the reverse effect of the heat transport due to the 

heat exchanger. All of these observations clearly indicate a very strong coupled thermal 

phenomenon between the two porous media, wherein the properties of one layer are actually 

influencing the other (Tab1). Such a scenario clearly does not comprise two separate mediums 

but rather functions as a combined unit with a thermal connection, wherein the associated 

boundary conditions and characteristics influence the temperature distribution at a local as well 

as a global level. This basic principle lays the foundation for new and innovative designs 

wherein the characteristics of the first layer influence and optimize the performance 

characteristics of the second layer containing the heat exchanger system with layered porous 

structures. 

 

Effect of Da1, Rc1, Rk1  on Thermal Behavior of the Second Medium 

 

When there is a change in either the Darcy number, heat capacity ratio, or the thermal 

conductivity ratio in the first porous medium, this greatly affects the second medium's thermal 

response since there is fluid and thermal current continuity. As Da1 increases, there is greater 

fluid velocity and greater convective heating transfer, resulting in a better thermally equilibrated 

fluid that enters the second medium. As Rc1 changes, it affects how well there is energy 

interaction between or within the solid and fluid phases in the first medium, with greater Rc1 

meaning less interaction, and therefore a less thermally equilibrated fluid that enters the second 

medium. As Rk1 also increases, there are better conductive qualities in the solid phase, and this 

aids in better heat distribution and greater thermal conditioning of the fluid before it enters the 

second medium. Such conditions in the second medium are solely dependent on the temperature 

and heat transfer properties set by these conditions before their initial flow and heating transfer. 
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Effect of Da2, Rc2, Rk2 on Thermal Behavior of the First Medium 

 

Conversely, variation in any one of the parameters Da2, Rc2, or Rk2 in the second porous 

medium does not affect or only slightly affects the behavior of the first porous medium. The 

lack of effect of the second porous medium on the heat behavior in the first porous medium can 

be attributed to the one-way nature of the flow of the fluid between the porous media. Because 

no heat is transferred back to the media in the interface, and the flow is from the first to the 

second porous media, the heat memory moves forward but not backward. A one-way heat 

interaction is thus experienced, whereby downstream conditions influence upstream 

performance but not otherwise. The layout is meant to provide an effective heat conditioning 

in the first media, which is then responded to in the second media.  

In summary, these experiments demonstrate well the significance of modeling flow dynamics 

in parallel with thermal transport in composite porous media. The flexibility afforded by 

adjusting parameters such as Da, Rk, and Rc allows for specific thermal functionality to be 

achieved, either for insulation function, rapid spreading, or specific resistance. This allows for 

the development of porous heat transfer surfaces in innovative ways that go beyond traditional 

porous media-based approaches 

Optimal Parameter Combinations for Enhanced Heat Transfer 

In such heat exchangers filled with two porous mediums, a proper selection of the interaction 

of the upstream and downstream parameters becomes important for optimal thermal 

performance. For instance, high permeability large Da1 and solid-phase conductivity high Rk1 

of the first medium ensure effective energy transport and fluid thermal conditioning before 

entering the second medium. It is advisable that Rc1 take a moderate value for a proper fluid-

solid energy exchange. The properties of the second medium, Da2, Rc2, and Rk2, may be 

optimized for enhancements in local heat transfer, yet its effect remains confined to the second 

medium due to the absence of thermal feedback. Therefore, designing the first porous medium 

as a highly conductive and convectively active zone is critical for improving the overall 

performance of the exchanger, while the second medium should be tailored to exploit the pre-

conditioned thermal field for maximum localized heat transfer. 
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(a)                                                                         (b) 
 

Fig.11.Effect of the Darcy number on the temperature profile for Rc1=5, Rc2=10, Rk1=5, Rk2=10, 
Pr =0.7 (a: Da2 fixed and Da1 changes, b: Da1 fixed and Da2 changes) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                                                                       (b                                   

Fig.12.Effect of Thermal conductivity ratio (Rk) on the temperature profile for Pr = 0.7; Da1=0.1; 

Da2=0.01; Rc1=5; Rc2=10. 

(a: Rk2 fixed and Rk1 changes, b: Rk1 fixed and Rk2 changes) 
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(a)                                                                    (b) 

 

Fig.13.Effect of the Heat capacity ratio (RC) on the temperature profile for Pr = 0.7; Da1= 0.1; Da2= 
0.01; Rk1=5; Rk2=10 

(a: Rc2 fixed and Rc1 changes, b: Rc1 fixed and Rc2 changes) 

 
Table 1: Thermal Effect of Da, Rc and Rk 

Parameter Affects  
Medium 1 

Affects 
Medium 2 

Explanation 

Da1 ✅ Yes ✅ Yes Strength convective and thermal transport in 
second medium 

Rc1 ✅ Yes ✅ Yes Modifies thermal coupling and output fluid 
temperature 

Rk1 ✅ Yes ✅ Yes Influences thermal diffusion upstream and 
affects thermal behavior in second fluid 

Da2 ❌ No ✅ Yes Downstream permeability does not influence 
upstream flow or temperature 

Rc2 ❌ No ✅ Yes Changes in second medium’s convection 
resistance only affect itself 

Rk2 ❌ No ✅ Yes Downstream thermal conductivity doesn't 
influence upstream due to adiabatic 
boundary 
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4.2.3. Energy storage 

We consider a DPHEX made up of two porous media with Da1=0.1 and Da2=0.01.  The hot 

fluid enters the DPHEX; a quantity of heat is transmitted to the solid matrix by sensitive 

transfer. The quantity of energy stored is given by the expression next (Singh et al.2008) [38]. 

ௌ௧௢௥௘ௗܧ = ௜௡ܧ −  ௢௨௧ܧ

ௌ௧௢௥௘ௗܧ = ඵ ሶ݉ )௉ܥ ௜ܶ௡ − ௢ܶ௨௧)݀ܵ௠ 

ௌ௧௢௥௘ௗܧ = ඵ ߩ ௜௡(ܶݑ))௉ܥ +  (௢௨௧(ܶݑ)

 

The hot fluid transfer heat to the solid matrix, with the stored energy decreasing over time as 

the temperature gradient decreases, leading to system homogenization.  The stored energy 

inside the DPHEX is higher compared to a single media, with a Darcy number of 0.01, 

emphasizing the importance of permeability and porosity for better energy storage as illustrated 

in Fig.14: In DPHEX, the hot fluid transfers heat to the solid structure, and as the temperature 

difference diminishes over time, the system gradually reaches thermal balance.  When two 

different porous used ( Da1 = 0.1 and Da2 = 0.01): The medium of higher Da1, will conduct 

the fluid to flow fast, hence energy stored is released sooner. While the medium with lower 

Da2, reduces the velocity of flow, allowing it to retain energy longer and release more slowly. 

This combination provides a layered energy dissipation profile: a fast release of energy in the 

more permeable region and extended storage in the less permeable one, enhancing overall 

system performance compared to a single porous medium. 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 

Fig.14. Temporal energy storage for   Rc1=5, Rc2=10, Rk1=5, Rk2=10 
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The energy profile (Fig15), in the DPHEX has a nonlinear curve with the inflection point: 

Critical point.  

Initial Phase (Decreasing Energy with Higher Rk and Lower RC): In the initial phase, energy 

remains decreasing as a result of an increase in Rk, or the ratio of thermal conductivity, and a 

decrease in RC, or the ratio of heat capacity. The increase in Rk enhances conductive transfer, 

resulting in faster dissipation of heat energy from the porous medium. As a result, since it is 

able to conduct heat energy better, it also qualifies as a medium that is able to lose energy faster 

as it rapidly decreases its energy due to efficient dissipation. The decrease in RC causes a 

reduction in energy ability, as it decreases the ability to store a certain amount of heat energy 

corresponding to a unit temperature variation. As a result, it also qualifies as a medium that is 

less capable as it absorbs minimal energy, hence decreasing the energy. 

Critical Point: This is the point at which the trend will reverse. Prior to this critical point, 

because of the increase in Rk while simultaneously reducing RC, there is a net decrease in the 

stored energy. After the critical point: An increase in Rk values may no longer cause an increase 

in the heat loss rate. In fact, beyond a critical point, instead of relying on the efficient heat loss, 

the capability to conduct heat may cause the uniform spreading of energy in the medium, 

eventually increasing the efficiency of the energy-storing process. An increase in RC values 

may make the medium less efficient in storing energy; however, beyond a critical point, this 

may help in effectively storing the energy as the medium will attain a balanced state in 

managing heat flow as well as storing heat. 

Post-Inflection Phase (Increasing Energy with Higher Rk and Lower Rc): After the inflection 

point, there is an increase in the energy being stored because of the increase in the value of the 

thermal conductivity ratio (Rk) and the subsequent reduction of the heat capacity ratio (Rc). A 

higher value of Rk, which indicates stronger heat conductivity properties, may notably increase 

the rate of heat transfer, which enables the energy to be transmitted through the medium more 

efficiently. Rather than there being too much heat being lost, there is an increase in the rate of 

energy being stored. A low value of Rc would increase the efficiency of energy being stored 

because the medium would readily take the heat, which would not overload the medium.
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Fig.15. Temporal energy stored (a: different Rc1 value; b: different Rc2 value; c: different Rk1 value; 
d: different Rk2 value) 
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4.2.4. Performance study  

The solar SDPHEX assist the refrigeration cycle by reducing compressor work great design for 

energy efficiency and performance improvement. The heat exchanger attributed to the system, 

the ability to use solar radiation to preheat the working fluid, thereby reducing the electrical 

load on the compressor. In what follows, we will study the performance of our system 

(illustrated in Fig.1) and compare it to the conventional model of air conditioner (eliminate 

porous heat exchanger, the expansion valve and the solar panel from system).  

In this section we use RETSCREEN SOFTWARE to visualize the performance of air 

conditioner’s systems. 

Considering solar radiation data in Tunisia (Marsa, North of Tunisia) (Fig.16), results clearly 

prove that the solar AC system with a porous heat exchanger outperforms the conventional AC 

system in terms of efficiency, especially during months with high solar radiation. The monthly 

solar radiation peaks during the summer, enabling the solar-assisted system to store more 

thermal energy and operate at a higher COP (Coefficient of Performance). This stored energy 

enhances system autonomy and reduces dependence on external power sources. In comparison, 

the conventional AC system maintains a relatively constant but lower COP throughout the year, 

as it lacks the benefit of renewable energy input and advanced heat exchange. Notably, while 

both systems experience reduced performance in winter due to lower solar availability, the solar 

AC system still maintains competitive efficiency. Fig 17 and 18. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Fig.16. Variation of solar radiation (kWh/m²) in Marsa region-Tunisia [40] 
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Fig.17. Monthly variation of air conditioning performance coefficient according to type of system and 
location (North or south) in Tunisia. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Fig.18. Average (North or south) variation of air conditioning performance coefficient in Tunisia 

Based on a monthly comparative analysis using climatic data sourced from NASA Surface 

Meteorology and Solar Energy database [41], the Solar AC system integrated with a porous heat 

exchanger (PHX) demonstrated a significant energy advantage over the conventional air 

conditioning system Fig 19 and 20. The study revealed that the Solar AC with PHX achieved 

an average energy savings rate of 4–13% depending on the season, with the highest gains 
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observed during peak solar months such as June to August. In terms of Energy gain, the solar-

assisted system consistently outperformed the conventional AC across all months, particularly 

in summer, with COP values improving. These results highlight the efficiency and sustainability 

of the Solar AC system, confirming its suitability as a cleaner and more energy-gain (up to 

20%) alternative to conventional cooling technologies, especially in regions with high solar 

availability like Tunisia (in south). Overall, the solar AC system with PHX shows superior 

seasonal adaptability, greater energy savings, and improved performance compared to the 

conventional AC system 

 

 

 

 

 

 

 

 

Fig.19. Average contribution of solar energy to total air conditioning consumption - solar 
AC with PHX in Tunisia (Marsa) 

 
 
 

 

 

 

 

 

 

 
 

 
 

Fig.20. Energy consumption- Conventional air conditioning Vs Solar AC with PHX- Marsa-Tunisia. 
Cooling capacity 3.5kW 
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The proposed solar air conditioning system, apart from its performance in terms of energy 

consumed, presents positive effects on the environment when compared to the conventional 

solar system as presented in TAB2.  

Tab2. Environmental effect of conventional AC vs solar SDPHEX 

Coolin

g 

capaci

ty 

(kW) 

Refrigeran

t Used(kg) 

Conventio

nal AC 

GWP 

Conventio

nal AC 

GWP 

Impact(kgC

O2-eq) 

Conventiona

l AC 

Refrigera

nt 

Used(kg) 

SDPHEX 

GWP 

SDPHE

X 

GWP 

Impact(kgC

O2-eq)  

SDPHEX 

2 0.6 2088 1252.8 0.4 2088 835.2 

4 1.2 2088 2505.6 0.8 2088 1670.4 

6 1.8 2088 3758.4 1.2 2088 2505.6 

8 2.4 2088 5011.2 1.6 2088 3340.8 

10 3.0 2088 6264.0 2.0 2088 4176 

 

In solar-assisted air conditioning system, the quantity of refrigerant used is reduced compared 

to a conventional system because the refrigerant is preheated using solar energy before entering 

the compressor. This reduces the work the compressor needs to do in raising the refrigerant's 

pressure and temperature, as it starts at a higher temperature thanks to the solar heat stored in 

the heat exchanger. As a result (Tab.2), the system requires less refrigerant to achieve the same 

cooling capacity because the refrigerant is already closer to the desired thermodynamic 

conditions. This leads to a more efficient use of refrigerant, lowering the overall mass needed 

while maintaining effective cooling performance and reducing GWP [42] impact. 

Figs 21-23, presenting environmental impact, clearly shows that the solar AC system with 

porous heat exchanger significantly outperforms the conventional AC system in terms of 

sustainability. By utilizing solar thermal energy and improving heat transfer efficiency, the 

system reduces reliance on electrical power, leading to a notable decrease in CO₂ emissions up 

to 20% less across various cooling capacities. Additionally, since the solar-assisted design 

reduces compressor workload, the required refrigerant mass is also lower compared to 

conventional systems. This not only minimizes the environmental risks associated with 
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refrigerant leaks (which contribute to global warming and ozone depletion) but also enhances 

the system’s overall eco-friendliness. Together, these factors make the system a cleaner, more 

energy efficient solution with a smaller carbon footprint, aligning better with global 

environmental goals. 

 

 

 

 

 

 

 

 

 

                               Fig.21. Amount of refrigerant quantity used per system type based on cooling power 
 

 
 
 

 

 

 

 

 

 

 

 
             Fig.22. Amount of quantity of CO2 emitted by type of system depending on the cooling power 

per system type based on cooling power 
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             Fig.23. Amount of quantity of CO2 emitted by type of system depending on the cooling power 

per system type based on cooling power 
 

5. Conclusion 

In the present study, a numerical simulation was performed for fluid flow and heat transfer 

phenomenon of a solar heat exchanger involving two porous mediums, SDPHEX. This paper 

focuses on the effect of variables like Darcy number, thermal conductivity ratio, and thermal 

capacities ratio. The behavior will be examined using the thermal Lattice Boltzmann approach. 

The following are the most important conclusions of the present study as have been obtained 

by the numerical solutions: 

• The use of two porous media of different permeability (Darcy numbers) results in a dynamic 

system where the quicker fluid flow in the porous medium (higher Darcy number) can be 

controlled or retarded by the other porous medium with lower Darcy numbers. This multi-

medium system enables the efficient flow regulation of fluid flow, thus improving the efficiency 

of fluid flow. The quicker fluid flow in the porous medium is easily controllable by the other 

fluid flow. 

• For optimal performance of a heat exchanger involving two superposed porous media, it is 

critical to optimize both downstream and upstream conditions. Higher permeability (Da1) and 

solid conductivity (Rk1) of the first medium aid convective transport and pre-condition the fluid 

going into medium 2. Moderately large convective resistance (Rc1) is also desirable to facilitate 

efficient energy transfer between the fluid and solids, where there is no delay in temperature 

variations. Even though parameters Da2, Rc2, and Rk2 in medium 2 influence local temperature 
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distributions, they do not contribute to upstream conditions, as medium 2 is adiabatically 

contacted, and fluid flow is unidirectional. The first medium is, therefore, dominant in global 

heat transfer, and medium 2 optimizes local heat transfer performance. Optimization of the first 

medium’s ability to pre-condition temperature is, therefore, critical for efficient global 

performance. 

• The use of multiple media allows for better thermal management, thereby improving 

performance in air conditioning. Through the selection of porous media with diverse properties, 

our design is capable of meeting particular needs. This is because it strives to create an ideal 

balance in terms of storage of energy, transfer of heat, and regulation of fluids. 

• For Energy saving, the performance of the solar-assisted system was invariably greater than 

that of the conventional AC, and this was evident in all months of the year, especially during 

the summers, with a marked improvement in the COP values. The results obtained showcased 

the effectiveness and sustainable aspects of the Solar AC, which may be an ideal and energy-

saving solution by up to 20% even to the conventional cooling systems. 

• Increased solar energy application and enhanced cooling through the porous heat exchanger 

improve the entire setup and even increase the cooling ability of the setup by as much as 33% 

while requiring only less refrigerant. This is crucial since the environment is protected from the 

refrigerant. 

• The SDPHEX reduces CO₂ equivalent emissions by 20-33% compared to all other tested 

cooling capacities. The reduced mass of the refrigerants coupled with the minimized electrically 

driven compression usage make the technology more environmentally friendly, in line with 

global sustainability goals. 

Future research avenues include the experimental validation of the proposed model in a real 

working environment, optimizing the configurations of the porous media, and testing the 

reliability of the system. The applicability of the technology of solar-assisted cooling can be 

extended by expanding the concept to hybrid renewable energy systems. 
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Chapter 4 

A Numerical Case Study on the Design of a Multi-Porosity Heat Exchanger 

for VRF Air Conditioning Applications 

 

1. Introduction 

The global cooling requirement has been increasing steadily due to increasing temperatures and 

urbanization. This sharp growth in cooling demand has become a principal source for the 

overall growth in global electricity demand, making up nearly 20% of total building sector 

consumption. This, combined with global warming, has reinforced a pressing need for 

development in utmost energy efficiency and sustainable, eco-friendly techniques for air-

conditioning systems [1, 2]. The Variable Refrigerant Flow (VRF) systems are quite popular 

and generally applied in contemporary HVAC systems as a result of notable flow regulation 

capabilities to offer numerous indoor units, which create utmost efficiency and thermal comfort. 

Nonetheless, these systems are still heavily dependent on active, complex electronic systems, 

significantly increasing system complexity and maintenance costs to a considerable extent. The 

innovative MPHEX technology module strives to succeed as a novel, pioneering work by 

mimicking a VRF system by aiming to achieve analogous flow regulation abilities by a passive, 

porous medium structure, eliminating all complications involved in active regulation. 

Nonetheless, these systems are heavily dependent on complex, intricate, and advanced 

electronic systems, namely, "Electronic expansion valves, and inverter driven compressors." 

These systems are likely to significantly increase system complexity, costs, as well as 

malfunctions to a considerable extent due to complexity involved [3, 4]. More recent research 

studies further document that "The overall efficiency of VRF systems is largely dependent on 

that of its control algorithm and number of indoor units connected." These systems are also 

likely to display a sharp reduction during part-load conditions, and they are still likely to create 

higher power consumption, which largely hampers its applicability to other advanced, distant, 

and isolated applications, as these systems are likely to create system complexity, costs, as well 

as malfunctions to a considerable extent due to its likely higher complexity involved as 

mentioned above, which are likely to hamper system effectiveness to a significant extent by a 

number of recent research studies that document these systems are likely to display 

corresponding malfunctions during isolated, distant applications as mentioned above, which are 
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likely to hamper system effectiveness to a significant extent due to complexity involved as 

mentioned above, which are likely to hamper system effectiveness to a significant extent by a 

number of research studies that document electrical malfunctions, costs, and complexity to a 

considerable extent as mentioned above, which are likely to hamper system effectiveness to a 

significant extent by a number of research studies that document these malfunctions to a 

considerable extent as mentioned above, which are likely to hamper system effectiveness to a 

significant extent by a number of research studies that document these malfunctions as 

mentioned above, which are likely to ham Although porous media can control the transfer of 

heat and fluids from the structural property of the media without the need for active control or 

energy inputs [9], there have been recent developments in the modeling of the flow of fluids 

through porous media, thus increasing understanding of the ability of the media to control flows 

passively [10]. In addition to this, research on the convective mixing in porous media has been 

able to show the ability of the media to passively improve thermal efficiency [11]. The ability 

of the media to control flows through internal resistance or permeability variations makes the 

media highly acceptable for the development of passive systems with fewer mechanical 

components [12]. Several recent studies have dealt with the additional capabilities of porous 

mediums with regards to thermal management. Ilg [13] showed the feasibility of active 

manipulation of fluid flow as well as the relevant permeability within ferrofluidic porous 

mediums. Additionally, Genc and Karadeniz [14] dealt with porous mediums, focusing on the 

potential benefits arising primarily from the geometric complexity that might increase 

convective heat transfer. Nevertheless, the specific study remains the first one attempting the 

implementation of multi-porosity patterns in the passive simulation of flow changes according 

to VRF technologies, thereby constituting the originality of the specific theme. 

The one by Bahrami and Sharifi [15] has the characteristics of being mainly driven by the needs 

of optimization, using effectively the most sophisticated algorithms (Genetic Algorithm, 

NSGA-II) and machine learning (neural network) methods for the maximum enhancement of 

the compound Performance Evaluation Criterion (PEC). Although this method is extremely 

useful in the field of engineering design and demonstrated remarkably well the improvement in 

the magnitude of 2.5 to 3 orders of magnitude in the value of the enhanced PEC, there could 

exist circumstances wherein the "what" could supersede the "why," lacking sufficient validation 

and understanding regarding the "why," such as the kind of flow restructuring or the processes 

involving homogeneous heat distribution. A highly authoritative supplementary work has been 

provided by the one from Zolfagharnasab et al. [16], where they could provide truly expert 
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analyses relating the principles connected with the "mechanisms that manipulated the flow 

structures," by concentrating their efforts on the manipulation principles relating to the 

reduction of interfacial heat disparities and providing successful substantial links with the idea 

of homogeneous heat distribution. A deep comprehension based upon the principles above has 

been essential in the way they provided expert approaches to the efficient "intelligent design" 

of the systems. The glaring shortcoming in all the above studies has been that they were mainly 

focused on the principles based on single-phase liquid cooling, using nanofluids based on water. 

There has been little scope to generalize the results to the existing facilities involving air 

conditioners and refrigerator applications that function based on the principles involving the 

phase-change characteristic of the substances concerned and the liquid–vapor flow 

characteristics. The first challenge would obviously involve the efficient "intelligent design" of 

the passive systems that have the feasibility to dynamically alter the flow characteristics and 

heat transfer rates by manipulating their configuration. Moving on the basis of the research 

conducted to enhance the passive approaches, the works done by Liaw et al. [17], Mezaache et 

al. [18]) are a major step ahead in that they focus on the complementary effect of a combination 

of different approaches, rather than focusing solely on individual elements. The pore-scale, 

high-fidelity model of a boiling process in a helical coil containing metal foam, done by Liaw 

et al., is particularly praiseworthy because it directly targets the most crucial gap related to two-

phase flow, identified in the earlier review. The indication that the total heat transfer area has a 

more significant effect compared to operating conditions, provided by their research, provides 

a critical guideline for designing a porous medium. Similarly, the comparative study conducted 

by Mezaache et al. regarding the effect of different porous configurations (granular vs. foam 

material in a wavy channel, quantitatively illustrates that the primary cause of the thermo-

hydraulic efficiency can be directly attributed to the porous medium used. A critical constraint, 

however, exists in that the involved computational cost, associated particularly with 3D detailed 

simulations, can significantly affect the optimization procedure. It is at this point that a critical 

review by Riyadi et al. [19]) becomes extremely useful, because they discuss the necessity of a 

paradigm shift, where the focus shifts to the fusion of machine learning (ML) and computational 

fluid dynamics. The new proposed methodology, based on the use of ML algorithms as ANNs, 

trained based on the data obtained from detailed CFD simulations, promises the potential to 

effectively counter the high computational cost involved in the simulations, similar to the ones 

conducted by Liaw et al., and provide rapid multi-objective optimization, where the resulting 

design would considerably differ from human intuition. Hence, the direction expressed by all 
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these efforts collectively tends to a basic necessity of desired future research, namely, the 

development of ML-assisted, multi-physics frameworks. These frameworks will successfully 

integrate the physical accuracy of pore-scale simulation of two-phase flow processes along with 

the advantage of machine learning techniques, to effectively span the vast design space of the 

combinational approaches of different enhancement techniques, namely, porous medium, 

nanofluid, and geometry, according to the desired application, thus accelerating the procedure 

of designing next-generation, highly-efficient thermal energy conversion systems. Given the 

urgent demand for more energy-efficient, less complicated, and thus more effective alternatives 

to circulating hot water-based VRFs, this research is intended to fill an essential research gap 

at the transition between passive porous media research and active cooling technology. 

Although the use of porous media in heat transfer augmentation in single-phase liquids in VRFs 

is a domain that has received extensive attention in past studies, the current research illustrates 

an appreciable research gap at the transition between passive porous media investigations and 

active cooling technology, particularly regarding the utilization of an intelligently designed 

multi porosity layout to passively copy the primary behavior of VRFs, which is the adaptive 

control of refrigerant flow rates without using any active control elements. The majority of past 

investigations are targeted either at optimizing their performance regarding single-phase 

liquids, which is not relevant to vapor-compression refrigerators, or at conducting an analysis 

on two-phase media in standalone investigations without appropriately structuring their 

designed media to control refrigerant flow rates. In addition to that, another major research gap 

includes an exploratory study on using a layered layout for porous media designed to have its 

permeability controlling the behavior of an extra layer in a passive way to copy an adaptive 

refrigerant flow variation in VRFs. 

On this basis, this paper presents a novel multi porosity heat exchanger (MPHEX) that is 

expected to model the behavior of a VRF system in a passive way. The MPHEX is made up of 

multiple porous media laid on top of each other in a vertical fashion, in which the variation of 

the Darcy number in the first porous medium indirectly controls the flow rate of the refrigerant 

in the second porous medium without the need for any electronic valves. This is a completely 

passive method of thermal control, which is a departure from traditional VRF technology in 

that a significant portion of contemporary VRF technology is dependent on inverter-driven 

compressor units and electronic expansion valves in order to control the flow rate of the 

refrigerant in a deliberate way. Thus, this work fills a gap between active VRF technology and 

porous designs that is in line with contemporary efforts to make a sustainable and maintenance-
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free means of cooling a reality. The proposed work aims to numerically investigate the thermo-

hydraulic performance of the MPHEX by using the Lattice Boltzmann Method. The effect of 

the Darcy numbers in the cooling porous medium on the flow and temperature of the refrigerant 

passing through the porous medium is also investigated. The work verifies the possibility of 

passive management of the flow using the porous structure. It also provides a basic approach to 

the design of smart cooling systems 

.2. Methodology 

2.1. Schematic Description of the MPHEX 

In MPHEX, there are two layers of porous substances stacked vertically with a conductive 

interface between them (Fig.1). In the lower layer of MPHEX, there are horizontal branches 

with various Darcy numbers, implying differing permeabilities, and the top layer is 

homogeneous with a vertical passage of the refrigerant through it. Permeability in the lower 

layers can control the speed of the refrigerant in the top layers without an active control 

mechanism for simulating VRF. 

 

 

 

 

 

 

 

 

 

Fig1. Schematic of the Multi-Porous Heat Exchanger (MPHEX): The system consists of two porous 

layers: the lower layer (PM₁) acts as a flow distributor with variable permeability branches (Da₁ → 

Daₙ), while the upper layer (PM₂) serves as the main heat-exchange zone. The conductive interface 

between the two ensures thermal coupling and hydraulic separation. Arrows indicate refrigerant flow 

direction and local velocity variation (V₁, V₂ … Vₙ). 

Fig.2 offers a highly influential conceptual comparison between the active flow control in the 

conventional Variable Refrigerant Flow (VRF) setup and the passive, permeability-based 

control in this new design of the Multi-Porous Heat Exchanger (MPHEX). While the 
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conventional VRF setup uses an active energy- intensive loop involving a variable-speed 

compressor and an Electronic Expansion Valve (EEV) in an active process to produce varying 

refrigerant velocities (V1, V2...), the MPHEX accomplishes the same by design: it uses a first 

porous section with a spatially varied permeability distribution (k1, k2...), which passively 

controls the flowing refrigerant with a control vector (Vp) to prescriptively determine the 

varying velocities (V1, V2...) in a subsequent porous section. This passes judgment on an 

entirely new concept based on an all-critical paradigm shift from active temporal processing to 

passive spatial processing in smart design. 

 

 

 

 

 

 

Fig.2. Conceptual comparison between a conventional   Variable Refrigerant Flow (VRF)  system and 

the proposed MPHEX. The VRF uses a variable-speed compressor and electronic expansion valves for 

active velocity control, whereas the MPHEX reproduces the same functionality passively through 

permeability gradients in the lower porous layer (PM₁), achieving variable outlet flows (V₁, V₂ … Vₙ) 

without moving parts. 

This makes the approach robust and reliable, especially in off-grid or resource-limited 

environments, hence becoming a viable solution for sustainable and economic air conditioning 

applications. The comparison in Table 1 provides a systematic quantification of the 

transformational advantages of the MPHEX over conventional VRF systems in key operational 

metrics. In doing so, it reveals a fundamental trade-off wherein VRF systems achieve flow 

control through complex, energy-intensive active components-translating to high electrical 

consumption, significant maintenance, and substantial installation costs-whereas MPHEX 

replaces this whole active paradigm through passive regulation by varying the Darcy number. 

This replacement is associated with very low electrical demand, minimal maintenance due to 

the absence of moving parts and electronic control, reduced installation costs, and consequently 
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superior robustness and reliability. More importantly, these features make the MPHEX 

uniquely adapted to sustainable and off-grid applications where VRF systems are impracticable. 

It therefore places MPHEX as a resilient, low-complexity alternative for future cooling needs. 

Table 1: Comparative analysis of conventional VRF systems and the proposed MPHEX 

configuration 

 VRF System MPHEX  

Flow Control Active control using 

electronic expansion valves 

and variable-speed 

compressors 

Passive control via permeability 

variation (Darcy number) in the 

porous medium 

Electrical 

Consumption 

Significant due to electronics, 

sensors, and continuous 

regulation 

Very low; flow is regulated 

structurally, without electronics. 

System Complexity High: requires advanced 

algorithms, multiple sensors, 

and electronic actuators 

Simplified architecture: relies on 

geometric and material 

configuration for flow regulation 

Installation Cost High initial cost due to 

electronic components and 

control systems 

Lower investment: reduced number 

of active components, passive 

design adaptable to solar systems 

Maintenance 

Requirements 

Requires specialized 

technicians, frequent 

calibration, sensitive to 

electronic failures 

Minimal maintenance: 

mechanically robust with no active 

control parts 

Reliability & 

Robustness 

Generally reliable but 

susceptible to electronic 

failures  

Highly robust and durable, less 

sensitive to environmental and 

operational conditions 

Suitability for 

Remote Areas 

Limited applicability in off-

grid or resource-constrained 

environments 

Ideal for off-grid use: passive, 

low-energy, solar-compatible. 
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2.2. Main Assumptions 

Numerical Analysis The numerical simulations were performed with the transient two-

dimensional Lattice Boltzmann Method to simulate the conjugate heat transfer inside the 

MPHEX structure. The model embodies the Brinkman–Forchheimer–Darcy formulation. It was 

performed with serious attention to boundary conditions, computational setup and validation 

steps to predict velocity and temperature distribution for a wide range of Darcy. 

The following assumptions are considered for modeling the Multi-Porous Heat Exchanger 

(MPHEX): 

 

•    Flow Characteristics: The fluid flow was simulated considering a two-dimensional,    

incompressible, and laminar regime. This simplification is justified for the expected low 

flow velocities and for the geometric configuration of the system, which will minimize 

three-dimensional effects and turbulence. 

 Porous media properties: Porous media in both upper and lower layers were assumed 

to be isotropic and homogeneous. This means that their intrinsic properties, for 

example, permeability and porosity, are uniform in all directions and constant 

throughout the volume of each respective layer. 

 Thermal model: The LTE condition was imposed. That is, for any location and time, 

the solid matrix and fluid in a representative elementary volume of the porous media 

are at the same temperature. Therefore, one energy equation would be sufficient to 

solve such problems. It is valid for porous media that exhibit high rates of interstitial 

heat transfer. 

Momentum transport: Momentum conservation in the porous domains was simulated 

using the Brinkman–Forchheimer–Darcy formulation. This general model 

incorporates viscous diffusion-i.e., the Brinkman term-validation of Darcy drag, and 

inertial effects represented by the Forchheimer term that serves to allow for an accurate 

modeling of flow over a wide range of Reynolds numbers at the pore scale. 

 Thermal boundary conditions:The lateral (side) walls of both the lower and upper 

porous media were defined as thermally insulated so that any lateral heat loss or gain 

from the surroundings would be precluded. Only the conductive heat transfer was 
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permitted between the two porous layers in the vertical direction at their internal 

interface. 

 Fluidic boundary conditions: One of the major hydraulic assumptions is made with 

respect to no lateral flow exchange from and to the adjacent parallel branches of the 

lower porous layer. This guarantees that the flow inside each branch is hydraulically 

independent, and the designed flow distribution is maintained. 

2.3. Numerical Method: Lattice Boltzmann Method  

Besides at the fluid solid boundary, the distribution velocity functions belonging to the solid 

phase are unknown (BBC) the velocity distribution functions after contact are reversed in the 

same direction but in the opposite, thus in contact with a solid, the distribution functions of the 

fluid phase take the values of the distribution functions of the solid phase. All numerical 

simulations were performed using FORTRAN 95 for the implementation of the Lattice 

Boltzmann Method (LBM) presented in chapter 2 section 5. The environmental and energetic 

assessment of the MPHEX system was carried out using RETScreen Expert (Version 9.0), 

which provided climatic and solar input data representative of Tunisian conditions. 

3. Results and Discussion 

This section presents a comprehensive analysis of the MPHEX system performance under 

climatic conditions representative of Tunisia, characterized by high solar irradiance and 

moderate ambient temperatures. Governing equations of flow inside MPHEX have been 

presented in chapter 2 sections 3 and resolved using the numerical method of LBM detailed in 

chapter 2 sections 5. The results focus on the influence of the Darcy number on flow dynamics, 

thermal fields, and thermodynamic efficiency, as well as a comparative assessment with a 

conventional Variable Refrigerant Flow (VRF) system. The coefficient of performance (COP) 

is evaluated considering a VRF system with four indoor units, typical of residential or small 

commercial installations. 

3.1. Influence First Medium on Flow, Thermal, and Exergy Performance 

The effect of the Darcy number (Da1) of the primary porous medium on the MPHEX 

hydrodynamics and heat transfer is synthesized in Fig. 3. 

The figure reveals that, from a single fixed inlet velocity, varying the Darcy number in the first 

porous layer (Da₁) generates multiple distinct outlet velocities within the second layer of the 

MPHEX. The higher the values of Da₁, the lower the flow resistance, so that the flow velocity 
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will be transmitted to a greater extent, and the lower the values, the higher the viscous drag, 

resulting in the slowing down of the flow. The passive control function imitates the action of 

the Variable Refrigerant Flow. 

This phenomenon is a direct result of the influence of the viscous and pressure forces as dictated 

by the Darcy number. A large Da₁ indicates the presence of a permeable medium with less 

viscous resistance; thus, there is less resistance for the fluid to pass through, making it possible 

for the momentum from the inlet to easily propagate or pass through the first layer with higher 

velocities in the subsequent layers. On the other hand, a small Da₁ indicates a densely packed 

medium with a less permeable medium with a dominant viscous force effecting the dissipation 

of the velocity momentum of the fluid acting as a flow resistance with a slower and damped 

outflow rate. This natural passive control ability to naturally modulate the flow ratio and 

velocity profile with the mere adjustment of material permeability is the central mechanism 

employed and exploited by the MPHEX to artificially create or mimic an active Variable 

Refrigerant Flow system. 

These validation results have clearly established that permeability is a decisive factor in the 

transmission of momentum through the porous interface. The experimental observation is in 

sync with the outcome obtained by Cheng and Zhang [6], wherein higher values of the Darcy 

number facilitate smoother velocity distributions and decreased viscous drag forces in multi-

layered porous mediums. This demonstrates the MPHEX model’s ability to simulate VRF like 

variation of flows through passive control. 
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(c) 

Fig.3. Effect of Darcy number of first porous medium on flow behavior (a: velocity fields in second 

porous medium, b: velocity fields for low and high range of Darcy number, c: velocity profile in 

second porous medium). 

 

Fig.4 explains the effect of the Darcy number (Da1) on the temperature distribution in the 

MPHEX. As Da1 increases, the permeability increases, which favors convective transport and 

leads to more even temperature distribution. At lower Da1, conduction transport is more 

prevalent, resulting in high temperature gradients along the inlet area. It is observed that as Da1 

increases, the convective mixing increases, resulting in more even temperature distribution in 

the exchanger. This passive temperature regulation is in contrast to VRF systems, in which 

cooling flow rates are varied using external electronic controls. 
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The MPHEX, as a passive device, accomplishes dynamic temperature regulation and increased 

temperature uniformity. These thermal phenomena are the direct results of the hydrodynamic 

changes induced by the presence of Da₁. The conduction-to-convection transition is essentially 

governed by the flow velocity, which depends on the level of permeability. At smaller values 

of Da₁, the flow is constrained to the point that the convective force does not have the required 

"advection intensity" to properly diffuse through the porous medium; instead, conduction heat 

transport dominates the process, thus generating the high thermal gradients. However, at 

intermediate values of Da₁, the enhanced flow allows the suppression of fluid flow resistance, 

which results in enhanced advection. Consequently, the convective transport of thermal energy 

enhances the mixing within the domain, thus reducing the temperature gradients. Moreover, the 

presence of temperature homogeneity at larger Da₁ values is the result of the enhanced 

convective transport within the porous fluid. This phenomenon of temperature homogeneity at 

elevated Da₁ values has been shown to depend on the convective transport capabilities within 

the porous fluid. This trend was supported by previous works on conduction-to-convection 

transitions by Bejan [44], Kaviany [45], and Mahmud and Pop [46]. This temperature 

homogeneity is evidenced through the increase in the local Nusselt number with the increase in 

the values of Da₁. This increase in the Nusselt number justifies the intensity evolution of 

convective heat transport within the porous fluid. However, the calculated results are confirmed 

to remain within the correct range as documented within the literature on mixed convection 

heat transfer within highly porous media (Table 2). This shows that thermal performance and 

uniformity are neither controlled nor optimized but integrated into the structure of the system. 

The MPHEX passively controls its own thermal performance by adjusting Da₁ to attain the 

dynamic performance of a VRF system. 
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(d) 

Fig.4. Effect of Darcy number on heat transfer (a: temperature fields for Da1=10-4, b: temperature 
fields for Da1=10-2, c: thermal gradient magnitude d: temperature profile for different Darcy number). 
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Table.2: Reported Nu–Da ranges in porous media flows. 

Reference Configuration / Model 
Darcy 

Number 
Range (Da) 

Reported 
Average 

Nu̅ 

Present 
Study (Da 

range) 

Present 
Nu̅ 

Nield & 

Bejan[44]  

Analytical model for laminar 

natural convection in porous 

channels 

10⁻⁶–10⁻²    3.0–5.2 
 

10⁻⁶–10⁻² 3.4–5.0 

Kaviany[45]  

Empirical correlation for 

forced convection in porous 

structures 

10⁻⁵–10⁻³    2.8–4.6 
 

10⁻⁴–10⁻² 3.2–4.8 

Mahmud & 

Pop[46]  

Numerical analysis of mixed 

convection in a cavity 

(Darcy–Brinkman–

Forchheimer) 

10⁻⁵–10⁻³     3.1–4.9 
 

10⁻⁴–10⁻² 3.5–4.7 

Note; Present Nu values estimated using the correlation proposed by Mahmud and Pop [46]. 

 

Fig.5 presents exergy analysis and fundamental differences in thermodynamic irreversibility 

management between MPHEX and VRF systems. Local exergy destruction was calculated 

from the entropy generation rate based on local velocity and temperature gradients, following 

Bejan’s formulation [44].  

For the MPHEX system, the exergy distribution was obtained directly from the LBM-generated 

entropy field. For the VRF system, corresponding data were derived from equivalent 

operational conditions reported in Abdelrahman et al. [47] and Dongellini et al. [48]. In 

MPHEX, local exergy destruction peaks near the inlet due to steep velocity and temperature 

gradients, then declines downstream as conditions stabilize, reflecting passive structural 

control. The profile of exergy destruction follows Bejan's classical behavior of entropy 

generation [44], in which irreversibility tend to concentrate around high gradient zones; and the 

progressive reduction of total exergy destruction with increasing Da₁ is in accordance with the 

mechanism shown by De Paoli [11] where enhanced convective mixing reduces local entropy 

generation. The present result is also in agreement with the thermodynamic development 
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concerning the porous-flow of Mahmud and Pop [46]. The VRF system, on the other hand, 

presents a flatter profile due to active electronic regulation. MPHEX presents higher total 

exergy destruction at low Da, but enhancement of permeability from Da = 10⁻⁶ to 10⁻² gives 

more than 60% of reduction, while VRF remains constant. Increasing the number of porous 

layers in MPHEX allows improving flow distribution and thermal homogenization by yielding 

a reduction of total exergy destruction in excess of 70% from one to ten layers, with negligible 

gains after five or six layers. These results also allow demonstrating that a properly optimized 

MPHEX may approach the VRF efficiency based exclusively on passive design features. 

The data shows fundamental thermodynamic differences: MPHEX controls irreversibility by 

spatial design, while the VRF system uses temporal control. Furthermore, it can be seen from 

Figure 4a that the peaked exergy destruction profile of MPHEX is representative of a passive 

system where by irreversibility concentrate at positions where driving forces are strongest at 

the inlet. The subsequent decline represents a natural stabilization as the flow and thermal fields 

develop. Another important data point is the corresponding reduction in total exergy destruction 

by 60% for increasing Da from 10⁻⁶ to 10⁻². This shows that permeability optimization directly 

reduces viscous dissipation-frictional losses-and conductive thermal mixing, which are the 

leading contributors to irreversibility. In addition, Figure 4b presents data on layering and 

provides further evidence that system performance is scalable and optimizable: the 70% 

reduction from one to ten layers demonstrates the capability of architectural design to distribute 

driving forces effectively, but the asymptotic nature of the curve where negligible gains beyond 

five to six layers provides a data-driven guideline for a cost-effective optimization. This seals 

the proposition that a well-designed passive structure can match the thermodynamic 

performance of an actively controlled structure. 
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(c) 

Fig.5. Exergy and thermodynamic performance as a function of Da1 and number of layers (a: 
Total exergy destruction, b: local exergy destruction rate, c: effect of number of layers of 

porous medium 1). 

3.2. Comparison Between MPHEX and VRF Systems 

The comparative analysis presented here builds upon recent studies that evaluated the 

thermodynamic performance of active air conditioner systems under variable load and climatic 

conditions [47,48]. While those studies demonstrated that COP stability in VRF systems is 

achieved through compressor speed control and electronic expansion valves, the present results 

show that a similar adaptation of flow rate and temperature uniformity can be passively 

reproduced in the MPHEX by tuning the permeability distribution. In both cases, the 

improvement in COP and reduction in exergy destruction are driven by the same underlying 

0,1

0,057

0,041
0,033 0,029 0,027 0,026 0,025 0,025 0,025

y = -0,0061x + 0,0722

1 2 3 4 5 6 7 8 9 10

Number of layers of porous medium 1 

Total Exergy Destruction



97 
 

thermodynamic mechanism optimized refrigerant distribution and reduced thermal gradients 

but achieved here through material configuration rather than electronic control. This 

correspondence confirms that the MPHEX acts as a structural analogue to the VRF system, 

reproducing its dynamic regulation capability through passive means. 

Fig.6 MPHEX versus VRF in terms of operating, hydrodynamic, and thermal performance. 

Results of the multi criteria analysis indicate that although VRF has precise flow control with 

active devices, it consumes more energy with greater complexity and maintenance. On the 

contrary, MPHEX has similar and even better thermal performance with lower electrical 

demand, simpler systems, and elevated durability, making it profoundly applicable to 

sustainable and self-adequate systems. Velocity distributions indicate that MPHEX with porous 

media permeability has a perfect parabolic profile with natural flow regulation, while VRF with 

external actuators maintains a flat profile. Temperature distributions clearly show MPHEX’s 

natural gradual cooling with uniformities compared to sharp variations in VRF, which indicate 

hot spot thermal exchange. The apparatus-level outcome explicitly illustrates MPHEX’s 

prevailing characteristic: efficient thermal transition and flow control with passive regulation, 

which definitely deserves profound research interest. The two systems explicitly exhibit a trade-

off in terms of active versus passive flow control. Whereas VRF has precise flow control with 

electronics [47, 48], MPHEX with structural adaptation has similar thermal performance. 

This multi-criteria performance analysis offers a quantitative proof of the existence of the active 

complexity and passive resilience trade-off by data. The MPHEX system outperforms the VRF 

system by a large margin in respect to four out of the five performance metrics, and the largest 

difference lies in the energy savings of approximately 67% (score of 2 compared to the VRF 

system’s score of 6) and approximately 60% simplicity (score of 4 compared to the VRF 

system’s score of 10). These two scores are strictly interlinked because the simplicity of the 

porous structure fundamentally enables the MPHEX system to save energy by approximately 

67%. This simplicity is reflected by its higher robustness, as the MPHEX system outperforms 

the VRF system by 25% (score of 5 compared to the VRF system’s score of 4). More 

importantly, the MPHEX system leads the VRF system by a modest but significant margin of 

approximately 11% (score of 10 compared to the VRF system’s score of 9). This result 

unequivocally proves that the MPHEX system is thermodynamically and economically superior 

to the VRF system and can provide cool air without any energy-efficiency compromise. The 

final, and the most significant, parameter the MPHEX system trails behind the VRF system is 

related to the flow control functionality (with a score of 8 compared to the MPHEX system’s 
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score of 2). This is achieved by the VRF system through active and energy-wasting elements 

and active flow control functionality. In other words, the MPHEX system decisively covers the 

entire performance parameter set by trading one high-energy functionality or ability for a 

thermodynamic and economic and MPHEX system superiority, and it offers a sustainable 

cooling solution when maximum passive robustness is a consideration and a priority. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. Multi criteria performance analysis of MPHEX vs VRF systems. 

 

Fig.7 a-d This explains the impact of solar driven inlet temperature T0, and system design 

parameters on the performance of MPHEX. Higher T0, which could be realized by solar 

preheating of the fluid in similar climatic conditions prevalent in Tunisia, Morocco, Southern 

Spain, California, and Australia, would reduce the fluid viscosity and improve the flow rate in 

the porous medium. The direct relation of the inlet temperature T0 and the COP also verifies 

the fact that solar preheating increases the overall efficiency of the process by decreasing the 

fluid viscosity of the fluid flow. Climate-assisted increases in the COP of similar VRFS systems 

are also observed in the work of Gilani et al. [49] and Hasan et al. [50]. 

 

This results in increased velocities and efficient heat transfer, causing a direct increase in the 

value of the COP with T0. On the other hand, the dynamic changes of the COP along the flow 

process (5.e) indicate that, unlike MPHEX, the VRFS system provides a constant value of the 

COP by utilizing more power with the help of active controls. On the other hand, the MPHEX 

system provides a continuously improving performance because of the passive adjustments of 
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the porous structure according to the dynamic changes. It may be noted here for the sake of 

clarity that the performance improvement of MPHEX is purely self-made, unlike the VRFS, 

which requires more power. This seems to indicate that a suitable inlet temperature environment 

would make MPHEX's performance comparable to, or even better than, the performance of the 

VRFS system. It also seems to indicate that the combined effect of preheating and adjustments 

according to the porous structure makes the MPHEX a sound, less expensive, and more robust 

alternative of the VRFS technique for sustainable cooling systems in sun-rich environments. 

The integrated analysis made here makes it clear that it is the passive architectural intelligence 

of the MPHEX, which is completely different from the active control of VRF systems, that 

ensures the performance of MPHEX. The smooth hydrodynamic and thermal performance 

profiles are a characteristic of the porous medium, which inherently links fluid and heat transfer 

with the minimization of driving forces and exergy destruction. This makes it possible for the 

COP of the MPHEX to increase passively with the progress of fluid flow. The essential coupling 

with the solar preheating effect proves that an increase in the inlet temperature (T0) has an 

optimal effect of adding energy to the fluid, besides reducing its viscosity, which helps to 

enhance the permeability flow and establishes a positive feedback loop for performance 

improvement. This allows a linear increase in the COP with no supplementary energy input. 

Hence, it is established that the MPHEX works on a principle of matching thermodynamics 

with environmental conditions and using freely available solar energy and intelligent material 

structures to make it a sustainable cooling solution 

 

 

 

 

 

 

 

 

 

 

 

 

a- Velocity comparison: MPHEX vs VRF 
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b-Temperature comparison: MPHEX vs VRF 

 

 

 

 

 

 

 

 

 

 

c- Effect of Solar Heating on MPHEX Performance (velocity profile in porous medium 2 and 

Coefficient of Performance). 

 

 

 

 

 

 

d- COP Evolution – MPHEX vs VRF. 

Fig.7. Comparison between MPHEX and VRF Systems :( a: Velocity profile comparison: MPHEX vs 
VRF; b: Temperature profile comparison: MPHEX vs VRF; c: Effect of Solar Heating on MPHEX 

Performance; d: COP Evolution – MPHEX vs VRF). 
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These observations are consistent with those made by Gilani et al. [49] and Hasan et al. [50], 

who noted analogous trade-offs between energy efficiency and control accuracy in VRF 

systems. While MPHEX represents a promising alternative, traditional VRF systems are still 

superior to MPHEX as to quick thermal response, multi-zone temperature regulation, and 

complex electronic controls. MPHEX mitigates these drawbacks by its easier system, which 

requires less energy and maintenance, suitable for applications that are tolerant to moderate 

thermal response time and a uniform temperature distribution. 

4. Conclusion 

The increased environmental burden of space cooling motivated this study as a critical need for 

passive, low-exergy alternatives, such as Variable Refrigerant Flow (VRF), these conventional 

energy-intensive systems. The main objective of the study focused on carrying out a numerical 

investigation of the viability using the Lattice Boltzmann Method (LBM) of a novel Multi-

Porous Heat Exchanger (MPHEX) architecture because it has high fidelity in coupled heat and 

fluid flow simulations within complex porous geometries. Such data is conclusively validating 

this objective and has demonstrated that through strategic structural optimization-over 60% 

reduction in exergy destruction via permeability tuning (Da₁=10⁻⁶ to 10⁻²) and an improvement 

of more than 70% with multi-layer design-the MPHEX rivals the thermodynamic performance 

of active VRF systems.  

 Crucially, the LBM simulations further revealed that this performance intrinsically 

becomes amplified by climate synergy-under solar preheating (T₀=290 K to 330 K), the 

MPHEX exhibits a near-linear COP gain, thereby operating without any active 

regulatory energy penalty. The perspective offered is that sustainable cooling needs to 

pivot towards passive, material-led design. High-fidelity LBM results also offer a robust 

foundation for experimental prototyping, positioning MPHEX as a scalable, low-

maintenance solution with an immediate potential to decarbonize cooling in sun-rich 

regions around the world. Besides, it should be mentioned that the present investigation 

is purely numerical in nature. No laboratory-scale prototype has ever been fabricated; 

however, the validated model offers a robust theoretical framework that can guide future 

experimental development and system integration. 

These promising results from this numerical study have pointed out that several key 

areas should be pursued in future work to advance the MPHEX toward practical 

implementation: 

 Experimental validation: The very first priority should be to fabricate a laboratory-
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scale prototype and experimentally validate the same. This is crucial to validate the 

predictions through LBM under realistic conditions and confirm passive flow and 

thermal homogenization. The latter two are essential to quantify the exact exergy 

destruction and COP gains. 

 Material Science and Fabrication: Investigations are needed for finding, characterizing, 

and fabricating appropriate isotropic, homogeneous porous materials that achieve the 

optimal Darcy numbers identified by this study, Da~10⁻² to 10⁻⁴. Several options could 

involve inexpensive and large-scale use of sintered metals, ceramics, or advanced 

foams. 

 System integration and optimization: The MPHEX should be integrated into a holistic 

solar-assisted cooling system for further research studies; this may involve optimization 

of the solar thermal collector loop, dynamic response of the system to diurnal and 

seasonal weather changes, and logic development for control strategies for the few 

active components present, which include circulation pumps. 

 Scalability and Economic Analysis: Designs and modeling are required for scalable 

MPHEX configurations for applications at the building scale. This needs to be coupled 

with a detailed techno-economic analysis that compares lifecycle costs-including initial 

investment, maintenance, and energy savings-of an MPHEX system with conventional 

VRF systems to establish economic viability. 

 Advanced Numerical Models: Although the LBM model with LTE worked well in this 

proof-of-concept study, future numerical studies will adopt the LTNE models to explore 

performance limits at much higher heat flux and more challenging geometries of porous 

materials for deeper physical insight. 

It is important to underline that the present analysis focuses on steady-state operation, targeting 

the definition of the basic passive flow and heat transfer behavior of MPHEX. The model will 

be extended in the future to transient regimes, in order to assess its response against fluctuating 

thermal loads and ambient variations, so as to fully prove its dynamic equivalence with the VRF 

systems. Let me emphasize that the results presented in this paper were obtained by using 

numerical simulations; therefore, the equivalence between MPHEX and VRF systems is 

theoretical and cannot be confirmed until experimental investigations are performed. Current 

activity is targeted at the realization of a laboratory prototype that can validate, in actual 

operation conditions, the simulated thermal and hydrodynamic behavior of MPHEX. 

The scaling of MPHEX configurations towards multi-zone and large-format buildings in future 
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studies will also be tested for hydraulic distribution, flow uniformity, and heat transfer at the 

system level. Economic and integration analyses will also be performed regarding retrofitting 

potential, cost implications, and compatibility with existing HVAC infrastructures in an effort 

to help enable practical realization of the proposed passive technology. 
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General conclusion 

 

The goal of this thesis is the development and analysis of the performance of a solar powered 

air conditioning system using only passive technologies of porous media. Traditional models 

of the air conditioning unit are known to consume a large amount of electricity due to their 

reliance on electricity in order to run compressors, Electronic Expansion Valves (EEV), in 

addition to their reliance on external storage units. 

For these reasons, a novel dual component system has been proposed to remove any need for 

traditional control systems: (1) Solar Double Porosity Heat Exchanger (SDPHEX), which 

integrated thermal storage media directly into heat exchanger components via a dual porosity 

system, and (2) Multi Porosity Heat Exchanger (MPHEX), which passively alters refrigerant 

flow via a porous medium as an alternative to traditional VRF systems.  

For SDPHEX model, the combination of the two porous media with different permeabilities 

resulted in the formation of a dynamical and thermally efficient configuration. In the 

downstream medium (high Darcy number and solid state thermal conductivity), the convective 

heat transfer and conditioning of the working fluid are achieved before entering the upstream 

part of the SDPHEX configuration. In this regard, the SDPHEX unit functions as both a solar 

energy transfer system and an energy storage unit because of this thermal configuration. In the 

complementarily working downstream medium with lower permeability and thermal 

conductivity values, heat retention for a longer period occurs. 

In this setup, the efficiency of thermal storage and control is promoted without needing any 

additional control system. The simulation experiment demonstrated that in the SDPHEX 

system, there is a significant efficiency in the use of thermal energy; this is because there is less 

dependence on the traditional storage means like the tank or the phase change materials. There 

is an improvement in the COP of up to 20% compared to a standard air conditioner. The amount 

of refrigerant is lowered by a third (33%), which has various implications. 

The value of CO2 equivalents given out by the solar assisted SDPHEX system demonstrated a 

considerable reduction (20-33%) for different loading conditions. This occurred due to the 

combined effect of the use of solar energy for preheating and reduced energy losses. This 

system looks more promising when implemented in highly solar intense locations where the 

solar radiation is steady throughout the cooling season. 
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Concurrently, the MPHEX solution provided a solution to the problem of flow regulation with 

neither electronically controlled expansion valves nor compressors. Its design, which consists 

of layers of porous media with variable permeability, was found to be capable of either passive 

flow or passive pressure gradient regulation. As the permeability in the porous media structure 

enhances, it significantly enhances flow rates to higher values (65%) with a corresponding 

reduction in outlet temperatures to 30%. The velocity profiles in the MPHEX arrangement were 

also smoother and more stable, unlike those in the conventional VRF systems. In contrast to the 

conventional VRF systems that use inverter compressors and EEVs to control the flow rates, 

the MPHEX achieves stability based solely on the resistance offered by the materials. The 

results of the exergy analysis showed that the entropy generation rate around the inlet, where 

the entropy generation rate was highest, was reduced by up to 90% in a well-designed MPHEX. 

Furthermore, the effect of varying the number of porous layers showed saturation of 

performance improvement after four layers. This information can act as an indicator in 

designing future MPHEX systems. Also, in terms of system comparison, it was found that the 

MPHEX system was better than the VRF system regarding ease of use, passive energy 

conservation, and support for autonomous operation. 

The combination of SDPHEX and MPHEX showcased the complementary roles of the two 

systems in a unified passive cooling system. SDPHEX was responsible for the solar thermal 

absorption and the storage, while the MPHEX offered the passive flow controlling mechanism. 

The combination of the two allows for the construction of a highly efficient and mechanically 

simple solar air conditioning system, which relies less on electronics and storage tanks, making 

it applicable for sustainable building concepts, especially in developing nations. 

Limitations and Recommendations 

Although these systems provide considerable numerical potential, there are some limitations 

that should be acknowledged. The systems were designed in steady state and optimal 

conditions. The transient processes, weather changes, and material degradation in real life were 

not taken into account in greater detail. Besides, the feasibility of production and economics of 

the porous systems were not considered in this work. 

Recommendations 

It is advised that experimental validation should also include dynamic tests as well as solar 

radiation profiles. Cost analysis may also add insight into the economic feasibility of these 
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proposed systems, particularly in developing countries. Additional tests and optimization 

attempt on materials regarding porous distributions and thickness may provide improvements. 

Future perspectives 

Several potential avenues for further research emerge from this thesis. Firstly, the geometry 

parameter optimization in porous exchangers could make use of algorithms and methods for 

the achievement of the optimal compromise between performance and manufacturability. 

Secondly, the use of the SDPHEX-MPHEX system in hybrid configurations 

(solar+PV+storage+passive cooling systems) could provide robustness to buildings even in off-

grid or intermittently powered sites. Additionally, incorporating such systems with weather 

forecasting systems, or even with adaptive control systems, might improve their response to the 

seasons of the year positively despite their passivity. New materials, such as metal foam, 

ceramic, and biologically derived composites with different thermal and fluid characteristics, 

may also offer a broader suitability for such systems. 

Lastly, this thesis marks the beginning of a new era among self-regulating cooling systems that 

are in line with the vision of the energy transition. 
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