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Recently, energy efficient solutions to conventional cooling methods were provided by 
the utilization of Phase Change Materials (PCMs). PCMs exploit the latent heat 
properties to absorb and release thermal energy during phase transitions, thus being 
good heat affecters in terms of temperature control in numerous applications. This 
paper investigates the possible integration of PCMs in cooling systems that have the 

potential to reduce energy consumption in buildings, electronic devices, and industrial 
process, as well as increase heat storage energy and reduce temperature fluctuation. A 
range of types of PCMs, including organic, inorganic, and eutectic, is explored with 
regard to their thermal properties, their advantages, and their challenges in applied 
systems. In this study, the principles of thermal management in regard to PCM, 
conduction, convection, and radiation mechanisms that determine the performance of 
PCM are elaborated. Discussion of the benefits of PCMs in active and passive cooling 
systems are provided, and attention is placed on reducing the reliance on mechanical 

cooling and on reducing carbon footprints. Low thermal conductivity, stability 
concerns and cost implications of a PCM are analyzed, an introduction to new 
solutions like nano enhanced PCMs and composite materials, is provided. Examples of 
PCM application in building cooling, battery thermal management and electronic 
cooling show huge efficiency improvement, especially in operations. Research 
directions for future are suggested to be advances in material science, machine 
learning based optimization, and the hybrid cooling technologies to achieve better 
performance of PCM. Proper addressing of existing limitations and utilizing 

innovative engineering strategies, PCMs can make a significant contribution to energy 
efficient cooling solutions in realizing global sustainability goals, and mitigation of 
climate change.   
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1. Introduction  

1.1. Definition and Characteristics of Phase 

Change Materials 

Phase Change Materials (PCMs) are special 

substances that accumulate and also discharge 

considerable thermal power whilst in transition 

from solid to liquid state. At some temperatures 

known as phase-change temperatures, such 

materials exchange energy and store or release 

latent heat with little change in temperature. 

For example, when a solid PCM goes above its 

melting point, it absorbs heat and becomes 

liquid; in other words, latent heat. On the other 

hand, temperature drop causes the PCM to 

solidify and transfer back the stored heat to the 

environment surrounding the PCM. 

The main advantage of PCMs is their very high 

latent heat capacity compared to other inherent 

sensible heat storage materials. Unlike sensible 

heat storage, where you heat water, PCM 

storage does not involve temperature changes 

during energy retention (since it will be 

something near constant as it transitions 

between phases). Their unique feature has high 

https://rjes.iq/index.php/rjes


 

 

Hussein Jassim Akeiber/ Al-Rafidain Journal of Engineering Sciences Vol. 3, Issue 1 , 2025: 503-529 

504 

 

usefulness in applications where stability in 

temperature is required. 

Organic materials (paraffin waxes, fatty acids 

etc), inorganic materials (salt hydrates etc) and 

eutectic mixtures of one of the two types can 

be classified into 3 main groups of PCMs. The 

thermal properties, stability, and non toxic 

nature make organic PCM to be often preferred 

for applications. Meanwhile, latent heat 

capacities and thermal conductivity in salt 

hydrates may be higher, yet they can suffer 

problems such as supercooling and long term 

stability. 

Performance of PCM depends on several 

critical factors, which include latent heat 

capacity, thermal conductivity, specific heat 

capacity, freezing and melting points, long 

term stability, cost effectiveness and also 

include considerations of safety such as 

flammability and toxicity. These materials have 

a large latent heat capacity that results in them 

having large energy storing capacity in small 

volume space, which is very useful in 

applications where space is limited such as in 

climate control systems. 

PCM’s also has a very important property that 

is the thermal conductivity, as it controls how 

quickly the PCM can absorb or release energy 

during its phase changes. Fast charging and 

discharging rates of stored thermal energy 

result from improved thermal conductivity are 

key to increasing system efficiency in cooling 

applications. The thermal conductivity of 

organic PCMs has been enhanced by 

encapsulating PCMs inside metallic foams or 

with the use of nanoparticles. 

PCMs are integrated into building element such 

as drywall or insulating panels to maintain well 

indoor comfort levels in practical applications, 

typically within building cooling systems. The 

use of PCMs would help occupants keep their 

home temperatures more stable from day to 

day, and from one season to the next, while 

significantly reducing their dependence on the 

heating and cooling requirements by HVAC 

systems. 

In addition to optimizing energy consumption 

use, PCMs also assist in achieving 

sustainability goals by substituting 

conventional mechanical cooling approaches 

that draw power; especially when they are 

large. PCM implementation helps enhance the 

usage of PCM across various sectors such as 

residential buildings, commercial spaces, 

electronic device cooling solutions and 

refrigerators, to mitigate carbon footprints 

associated with the use of the traditional 

cooling technologies. 

However, it is challenging to real world 

applications with PCMs. One disadvantage of 

organic phase change materials is that their low 

thermal conductivity makes them less 

conductive and is reflected in longer times 

needed to reach a desired temperature change 

reaction. Moreover, the implementation of 

large scale would have financial factors that 

might hinder the acceptance in a broader level, 

especially on long-term benefits against the 

investments required. 

These PCM properties need to be improved by 

innovations such as hybrid systems integrating 

existing technologies like thermoelectric 

devices or advanced composites to maximize 

Performance yet address existing limitations. 

In a modern era of engineering that strives to 

develop sustainable solutions for thermal 

management through all branches of industries, 

including construction and electronics, one 

must have a comprehensive knowledge about 

phase change materials. As the advancements 

in material science aim to increase the 

efficiency and diminish the impact on the 

environment, a great benefit in already existent 

strong global focus on sustainable practices [1], 

[2], [3], [4], [5], [6], and [7]. 

 

1.2. Importance of Thermal Management in 

Mechanical Engineering 

Effective thermal management is very 

important in the field of mechanical 

engineering since these systems can be 

adversely affected by temperature changes, and 
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need to ensure that these systems can operate in 

a safe and effective way. As high performance 

devices and systems such as lithium ion 

batteries, electronic equipment and even 

advanced cooling technologies grow in their 

use, the role of skilled thermal management 

becomes more and more critical. Thermal 

management has notably received growing 

attention, particularly as the energy 

consumption savings afforded by energy 

efficient solutions become now increasingly 

sought in military, consumer and large 

industrial applications. 

The energy efficiency aspect of thermal 

management is one of the most important 

things. In light of the growing demands for 

energy, energy reduction strategies aiming to 

achieve optimal energy consumption and 

operating temperatures are more critical than 

ever before. Poor heat management increases 

energy usage and makes waste heat generation 

one of the major environmental problems, 

including greenhouse gas and the climatic 

changes. What engineers here are doing is 

using phase change materials (PCMs) to 

convert cooling systems into storage systems 

for thermal energy during off peak hours, but 

releasing it when needed. Not only does this 

capability make energy more efficient, but it 

also decreases power demands from reliance on 

traditional cooling that is notoriously power 

hungry. 

Additionally, heating the system is to be done 

properly, which enhances the reliability and 

longevity of the system. Components are 

subjected to improper temperature levels and 

therefore prone to early degradation or 

performance loss by material deterioration. For 

example, uncontrolled temperature rise in 

electronic devices can result in circuit failures, 

and reduce the service life of the equipment; 

therefore, we need to keep electrical equipment 

at optimal temperature range by implementing 

efficient thermal management techniques. The 

advantage of PCMs is in the fact, that they 

stabilize temperature changes: they absorb heat 

during power peaks and release it during 

temperature drops, but without additional 

external energy use. A natural function helps 

components and increases the lifespan of 

mechanical systems as a whole. 

Robust thermal management solutions are 

further required for the growth of renewable 

energy technologies. Indeed, as societies shift 

away from dirty energy sources, thermal 

storage is becoming foundational in matching 

supply with the unpredictable patterns of 

demand of these technologies: solar and wind. 

In this capacity, PCMs function as buffers that 

can store surplus energy produced when output 

is above demand during peak production times 

for later use when output cannot meet demand. 

This feature not only improves the reliability of 

renewable energy sources, but also helps to 

stabilize the grid by keeping the power 

continuously supplied to it at an even level. 

In addition, machine learning is becoming a 

critical element of developing thermal 

management ways for different sectors of 

mechanical engineering. Data obtained from 

operational conditions can be fed into machine 

learning algorithms in order for them to adjust 

dynamically the cooling strategies according to 

real time requirements and not to static 

parameters fixed at the design stage. Such 

intelligent control systems allow for more 

flexible thermal management options, which 

are able to quickly react to changes in the 

ambient or operational load conditions, for 

more sustainable applications in engineering. 

The specific use for thermal management 

systems that take into account the 

environmental goals of sustainability can also 

be seen in the construction industry. Based on 

buildings contributing a large fraction of global 

energy use where much of that energy is 

consumed for heating, ventilation and air 

conditioning (HVAC), and as solutions to save 

energy and improve comfort, integration of 

advanced materials as if PCMs provide a 

significant opportunity to reduce total energy 

use. Architects and engineers can use PCMs in 

building designs or in HVAC systems to make 

structures that keep environments comfortable 

without putting heavy stress on the power grid. 
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Besides these benefits regarding the 

mechanical operations and efficiencies, the 

thermal management is also very important in 

many industries for safety. Accidents or 

catastrophic failures that occur due to the 

uncontrolled heating of hazardous materials or 

processes, which are sensitive to temperature 

changes (e.g. battery technology or chemical 

manufacturing), are not just an issue; they are 

necessary caused by the absence of precise 

control over the temperature profiles. 

Ultimately, recognizing the importance of 

comprehensive thermal management principles 

establishes the foundation upon which future 

innovations can be built within mechanical 

engineering domains. Advancements like 

PCMs represent ongoing efforts aimed at 

maximizing performance while closely 

aligning with broader sustainability objectives 

geared towards environmental stewardship 

amid escalating global challenges associated 

with climate change, [8], [9], [10], [11], [12], 

[13], [14], [15], [16], [17], [18], [19], [20], 

[21], and [22]. 

 

 

Figure 1: A classification of energy storage types, [11]. 

 

2. Principles of Thermal Management 

2.1. Heat Transfer Mechanisms 

2.1.1. Conduction 

Heat conduction plays an important role in heat 

transfer and has an important effect on the 

performance of phase change materials (PCMs) 

in cooling system. The process of thermal 

energy transportation from hotter to cooler 

areas presented is a molecular and atomic 

interaction and vibration in solid structure. 

Depending on thermal conductivity, specific 

heat capacity and latent heat, the efficiency of 

conduction in PCMs is determined. Therefore, 

thermal conductivity plays an important role in 

determining how quickly heat within a PCM 
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moves through during phase changes. 

However, many traditional PCMs have low 

thermal conductivity that influences their 

effectiveness in rapid cooling applications. 

Technologies that store substantial latent heat 

include paraffins and salt hydrates but, if their 

conductivity is not improved, they are unlikely 

to dissipate or absorb heat adequately. 

Improving the cooling performance of PCMs 

requires them to enhance the thermal 

conductivity. There are various methods 

engineered to increase conduction rates. The 

way to improve the effective thermal 

conductivity for PCM composites is to add the 

conductive fillers like aluminum foams and 

graphite, which can substantially increase the 

effective thermal conductivity. For instance, 

the presence of aluminum foam creates a 

network that improves the thermal pathways 

from one PCM particle to the other thereby 

accelerating melting and subsequent 

solidification during operation. Results from 

such research indicate that the combination of 

aluminum foams and high melting point salts 

(NaCl and KNO3) leads to higher energy 

storage efficiency and system responsiveness. 

The second strategy to enhance heat transfer is 

to embed nanoparticles or nanostructure into 

the PCM matrix. The metallic nanoparticles 

such as copper or silver suffer high thermal 

conductivities, which could be combined with 

the PCM to strengthen the heat conduction 

performance of the hybrid material. In addition 

to increasing conduction rates, it increases 

mechanical stability under displaced 

operational conditions. 

In phase change transitions, the material passes 

through solid to liquid or liquid to solid with 

absorption or release of latent heat, without 

large temperature changes. One characteristic 

of PCMs that makes them favorable for 

maintaining stable temperatures in cooling 

applications is that they can be used to absorb a 

great deal of energy during melting while 

staying at a constant temperature until fully 

transitioned. 

Convection currents caused by density changes 

due to temperature fluctuations occur as a 

challenge during solidification but conduction 

is the predominant mechanism until the PCM 

totally reverts to its solid state. Engineers have 

designed fins to assist in conductive pathways 

in the PCM containers to give engineers more 

control of these processes. Embodiments of 

fins increase surface area contact with both 

phases and allow for optimized energy transfer 

through convection channel, when needed, 

during heating and cooling cycles. Fin designs 

that are well designed can dramatically reduce 

melt times from those systems without such 

fins. 

High transient loads and practical applications 

make effective conduction crucial, in 

particular, for electronic systems or battery 

management systems (BMS). In devices in 

which PCM technology is used for thermal 

regulation, operational integrity is dependent 

upon optimal design considerations. 

The role of computational simulations in 

examining heat conduction through different 

cooling systems with complex PCM 

geometries has recently been stressed. The 

passive systems are free convection, natural 

airflow types, while the active deals with the 

forced convection techniques with pumps that 

circulate specially engineered coolants to 

optimize performance in specific 

configurations. 

Research ongoing is attempting to combine 

empirical validation with numerical analysis in 

order to understand what changes input 

variables have on output, e.g. peak temperature 

reduction under dynamic load. Such insights 

enable the development of future innovations 

to address the integration of various phase 

change techniques with standard conductive 

cooling systems in industrial chillers with 

sustainability features that aim to minimize 

energy consumption, and lessen the 

environmental effects that are relevant to 

ordinary course cooling actions. 

The development of adaptive solutions to meet 

demands that change with technological trends 
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represents an exhilarating frontier in thermal 

engineering, where the advancement of 

conduction efficiency in phase change 

materials through novel composite designs 

with state-of-the-art fillers enables the design 

of such solutions. This investment in terms of 

sustainability in line with the global 

developments of reducing carbon footprints 

and improving safety standards across the 

industries practicing thermal management 

strategies [5], [6], [11] as well as [23]. 

 

2.1.2. Convection 

A major mode of heat transfer, convection, and 

plays an important role in both the operation of 

such phase change material (PCM) based 

cooling systems. There are two main types of 

what is known as this process that can be 

broken down into natural convection and 

forced convection. However, there are different 

implications for thermal management based on 

different principles and principles of operation 

for each type. 

This natural convection occurs due to 

temperature and density differences in a fluid 

thereby causing fluid parcels to move on their 

own. Buoyancy induced flow occurs due to 

thermal gradients arises in PCM when it 

changes from solid to liquid or perhaps vice 

versa. In PCMs used in such systems, melting 

and solidification rates can be greatly 

influenced by this convection. To provide an 

example, as a PCM melts the less dense liquid 

will rise, and denser solid will sink. This 

movement improves heat transfer by bringing 

warmer areas to acquire the ambient cooler 

fluid around the PCM so that they can have 

main temperature distribution uniformly. 

Design innovations, such as fins or structured 

geometries, also lead to increased thermal 

performance due to their effect on improving 

natural convection. Fins placed in a PCM 

storage unit increase the surface area that 

makes contact on the PCM and the heat 

transfer fluid (HTF), leading to more efficient 

convective heat transfer. As many studies 

exploring different fin arrangement, ones in 

which fins are put at a certain angle or length 

give notable improvements to melting rates. 

Fins are included in order to enlarge the surface 

area as well as influence the flow to better 

dynamics around the PCM increasing the 

overall energy absorption efficiency. 

On the other hand, forced convection relies on 

external mechanisms, e.g. fans, pumps to push 

the fluid over the surfaces that control 

temperature. Reliable operation of this method 

is demonstrated in cooling systems using 

rapidly moving large volumes of fluid and 

combined with PCMs, it proves to have 

significant advantages in thermal management. 

Researchers have previously investigated 

different configurations for forced convection 

with PCMs in order to optimize airflow paths 

and velocities for highest exchange 

effectiveness among others. 

Miss the benefits of forced convection as 

compared to natural convection – the latter 

being dependent upon temperature differences 

and buoyancy forces – forced convection 

allows for finer control on the heat transfer 

rates, independent of surrounding conditions. 

These studies for example demonstrate the 

ability of increasing the airflow velocity to 

considerably decrease the thermal gradients 

across battery cells upon operation, vital to 

parts like thermal management systems of 

electric vehicle batteries. 

One interesting point about combining PCMs 

in forced convective systems is that they have 

synergistic properties. PCMs absorb large 

amount of energy stored in phase change 

cycles over small temperature fluctuations 

(stabilization), but usually possess low thermal 

conductivity that preludes fast heat transfer 

during charging or discharging phases. This 

limitation is addressed by the incorporation of 

forced convection to enhance transfer of energy 

to or from the PCM much more efficiently than 

conduction can alone. 

In addition, hybrid designs that utilize natural 

and forced convective methods may be 

employed for maximizing heat transfer in such 
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a variety of applications as cooling electronics 

and residential HVAC systems employing PV 

layered PCM systems for enhanced efficiency 

during peak loads. 

To design an effective cooling system 

incorporating PCM, it is important to 

understand Nusselt number correlations of 

natural and forced convective scope. The 

Nusselt number represents the capability of 

convection compared to the pure conduction 

and is therefore a good indicator for 

performance evaluation under different 

operating conditions, for example for Reynolds 

numbers corresponding to laminar versus 

turbulent flows. 

In summary, both convection modes have an 

important role in the cooling applications with 

phase change materials, but they have different 

regime and each has pros for a range of 

applications. This also includes scalability in 

terms of limiting spatial dimensions versus 

respective response times during transients 

occurring for the dynamic loads present in 

these systems. 

Further research is necessary to further 

improve hybrid approaches that together with 

traditional HTFs incorporate nanofluids, that 

will be benchmarked over time against such 

objectives based on rigorous empirical data 

collected from a wide range of operational 

environments with which industries are 

currently dealing with contemporary cooling 

tasks they face, [5], [24], [21] and [25]. 

 

2.1.3. Radiation 

Radiation is an important heat transfer 

mechanism used in thermal management 

system (TMS) particularly for cooling 

applications of phase change materials (PCMs). 

Unlike conduction and convection, the method 

by which radiation conducts heat is unique: 

radiation transfers heat by means of 

electromagnetic waves (waves seen by the 

human eye). It works irrespective of the 

medium since it does not depend on anything. 

Thermal radiation generally lies within the 

spectrum of from a few tenths to a few hundred 

micrometers, that is, in the infrared. Therefore, 

the knowledge of the principles of radiation is 

crucial for improving the cooling system 

performance based PCM. 

Radiative heat transfer can lead to significantly 

lower efficiency of PCMs when they are 

considered for use in cooling systems. The 

ability of a material to absorb and emit thermal 

radiation depends upon the surface and 

absolute temperature of the material. As the 

materials are more effective at dissipating heat 

from surfaces, they are easier to keep these 

surfaces at lower temperatures in different 

situations. For instance, emissivity of a 

common construction material varies from 0 

(perfect reflector) to 1 (perfect emitter) and 

thus, can influence the performance of the 

radiative cooling strategies. 

In PCMs enhanced cooling systems, when a 

PCM used to absorb energy from solid to 

liquid, it will use some heat transfer 

mechanisms that will help to remove the excess 

thermal energy efficiently. At night or during 

lower times of the day when the ambient 

temperature drops and the surroundings 

eventually come to thermal equilibrium, 

radiative heat loss becomes quite important. 

PCMs can help keep the buildings thermally 

balanced without counting on additional energy 

input if they can be optimized to radiate stored 

heat at night. 

The surfaces designed for optimal radiative 

cooling often pick particular coating materials 

or finishes that enhance the emissive properties 

and decrease reflectance. The research has 

shown that using coatings with high emissivity 

can make the overall system more effective due 

to greater thermal exchange through radiation. 

Furthermore, knowledge regarding how 

photovoltaic panels coupled with PCMs 

interact with solar radiation during the daylight 

will also help in developing such proactive 

strategies. Solar panels do transfer sunlight into 

electricity, yet at the same time, they produce 

excess heat that needs to be closely handled. 

However, by including PCMs, the overheating 
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is prevented as the excess heat is absorbed by 

the PCMs during the peak sunlight periods and 

utilized when needed, during peak energy 

demand times or when ambient temperatures 

drop at night. 

It has been shown that further refinements to 

the advantages of radiative cooling are possible 

in environments of high solar gain when 

reflector surfaces are combined with high 

emissivity materials. Reflective surfaces, which 

aid in reducing the total absorbed solar energy 

and as a result increase the possibility of 

emitting thermal radiation from PCMs into the 

surrounding environment. 

Additionally, the researchers are also trying to 

develop innovative ways to boost radiative 

efficiency with nanomaterials and sophisticated 

coatings for different thermal management 

issues in different applications ranging from 

cooling electronics to regulating temperatures 

of buildings. 

Passive designs that involve PCMs coupled 

with active ones employing effective radiation 

principles have produced promising results for 

a number of sectors. For instance, inventive 

ventilation designs utilizing natural airflow 

along with the PCM properties can decrease 

reliance on traditional mechanical cooling 

approach. 

However, there are still challenges related to 

material stability in terms of varying 

operational conditions and exposure given 

continued heating and cooling cycles of PCMs. 

Since material durability and therefore their 

radiant properties change with time, 

researchers seek to develop formulations or 

composites specifically engineered to be more 

resilient to changing with time (i.e., longer 

lasting) while still performing as expected 

under operating stress. 

Advancements in understanding heating and 

cooling dynamics through radiative 

mechanisms significantly enhance both 

existing systems and new designs employing 

phase change materials as viable solutions for 

future sustainable practices across various 

sectors. From residential air conditioning 

options exploring passive strategies to 

commercial applications requiring robust 

management frameworks capable of 

responding dynamically to real-time 

environmental conditions, [11], [12], [15], [16], 

[26], and [27]. 

 

3. Overview of Cooling Systems 

3.1. Types of Cooling Systems Used in Industry 

3.1.1. Active Cooling Systems 

In many applications where heat generation can 

be significant, heat in such systems is actively 

cooled. Mechanical components such as 

pumps, fans and chillers are used in these 

systems to transfer heat away from the sources. 

Liquid cooling has outstanding thermally 

compared to active cooling, as air-based 

systems. 

Based on two primary categories, liquid 

cooling techniques are direct and indirect. In 

the direct cooling, components are immersed 

into coolant that takes heat directly in order to 

get effective heat dissipation with lowest 

thermal resistance as well as the quickening 

temperature. Coolant selection is important; 

usually, water or specially developed oils are 

used which have to have high thermal 

conductivity, low viscosity and stability under 

operational conditions. 

Indirect cooling systems instead use their 

coolant, which is circulated through a closed 

loop system without direct contact, and the heat 

is transported. Thus, for instance, liquid can 

flow over cold plates or through channels next 

to heated parts. As can be seen, this method of 

improving heat transfer efficiency most 

commonly includes design modifications — 

such as higher surface area or multiple flow 

pathways. 

Integrating Phase Change Materials (PCMs) 

into liquid cooled systems constitutes a notable 

advancement in the applied active cooling 

strategies. Although hybrid systems involving 
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liquid cooling and PCMs have demonstrated 

promising results in improving temperature 

uniformity and thermal management, their 

thermal analysis is quite complicated. PCMs 

serve as thermal buffers; they absorb excess 

heat at peak loads and dissipate it when the 

temperature drops, which helps to stabilize 

temperatures and reduces the energetic demand 

by allowing components or components to act 

only at smaller or at less frequents times. 

Consequently, research has shown that a hybrid 

Battery Thermal Management System (BTMS) 

consisting of a PCM bank along with an active 

liquid cooling will significantly reduce battery 

module temperatures during high discharge yet 

prevent bang as if temperature drops in colder 

climates. PCM integrated cooling plates 

provide innovative designs that improve the 

thermal performance while maintaining weight 

and volume. 

Active liquid cooled BTMS have found 

applications in industries such as electric 

vehicles (EVs) which opportunistically use 

lithium ion batteries for the purpose behind 

high power load inserts and effectively manage 

the elevated temperature generated by the 

bibliography battery. Some applications may 

be able to use conventional air-cooling 

methods, but these methods are generally 

unable to meet the high performance 

requirements of today’s modern EVs, and 

especially when rapid temperature fluctuations 

are present, that can hurt the battery and reduce 

efficiency. 

Despite these liquid cooled BTMS, engineers 

are working on refining these cold plates by 

refining the thermal conductivity of the 

materials, as well as fluid dynamics in well-

designed channels, to boost the overall system 

efficiency. Spider web inspired channel designs 

are presented as creativity leads to more 

efficient thermal management solution. 

Although active cooling technology has 

numerous benefits, power consumption related 

to mechanical components, as well as the need 

for maintenance at some point in time, remains 

challenging. Furthermore, minimum 

dependence on external energy sources was 

confirmed in PCMs with their role in passive 

elements that contribute to the enhancement of 

performance and fulfilling sustainability goals 

by curbing energy demand during peak hours. 

Future work on acquiring the final set of hybrid 

models involves refining them further, 

optimizing the coolant type, flow rate, and 

PCM selection criteria for different application 

specific melting points. In addition, their 

effectiveness on other cases of interest beyond 

battery management or HVAC solutions are 

investigated. 

Positive impacts to the active cooling system 

design are happening now due to the 

introduction of nano enhanced phase change 

materials that can greatly improve 

responsiveness. While keeping the energy 

consumption very low, which is a critical 

component of future invention efforts where 

we are striving to reduce environmental 

impacts but still generate excellent 

performance metrics for sectors that need to 

have excellent levels of thermal management. 

Research continues to investigate the best 

active cooling methodologies and benefits are 

not only of interest to automotive industries, 

but also send to cooling data centers, requiring 

extreme temperature control during the critical 

tasks. Such an innovation is critical for 

achieving the correct balance between the 

operational efficiency and performance, which 

makes software continual development in this 

important engineering disciplines imperative, 

[9], [13], [17], [24], [28]. 
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Figure 2: (a) Illustration of TE device; (b) Mechanisms 

Seebeck effect and (c) Peltier effect, [17]. 

 

 

Figure 3: Methods for thermal energy storage, [11]. 

 

 

 

Figure 4: Installation of thermal storage for free cooling 

reproduced with permission of, Elsevier, 2013, [6]. 

 

3.1.2. Passive Cooling Systems 

Natural process based passive cooling systems 

do not use external energy for temperature 

regulation, so they can be applied to buildings 

and for electronic thermos. Phase Change 

Materials (PCMs) play a key role in these 

systems since they can absorb and release 

thermal energy during phase transition in order 

to stabilize temperature fluctuations. 

Integration of PCMs into the structure can 

substantially reduce mechanical cooling 

requirement in building design. Embedding 

these materials into walls, roofs, floors and 

windows offers an opportunity to capture 

excess heat during daylight hours and release it 

at night to improve indoor climate control and 

reduce the energy costs associated with 

traditional air conditioning. Aspects like 

climate, the melting point of a particular PCM, 

and the occupant behavior, affect the 

performance of passive cooling with PCM. 

Results of research have demonstrated that 

embedding PCMs into wall assemblies can 

yield significant reduction of indoor 

temperatures during peak heat periods when 

the PCMs’ melting point is appropriately 

selected based on local conditions. Through 

storing the latent heat in these materials, the 

need for active cooling solutions is reduced, 

making occupant comfort become even better. 

Throughout the encapsulation of PCMs, 

efficacy in passive cooling is crucial. Since 

they facilitate integration with several building 

materials, macro-encapsulation techniques are 

favored. PCMs can be encapsulated into 

plasterboards or similar construction materials 

so they may be employed in modern 

architecture. 

PCMs are also now recognized for their control 

of heat outside buildings where it is important 

to control temperature spikes to ensure 

performance and longevity of electronic 

devices. PCM based thermal management 

solutions are excellent for compact electronics 

that utilize highly dense processing chips such 

that size and weight remain critical 

characteristics, which can incur undesired 

overheating without additional power penalties 

associated with active cooling strategies such 

as fans or liquid coolants. 
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Aspects of the ability of PCMs to absorb 

substantial heat while being small makes them 

desirable for compact designs, in particular for 

portable electronics. According to research, 

paraffin wax or eutectic alloys can be used as 

PCMs for those mobile devices to keep them at 

a stable operating temperature, thus avoiding 

overheating during high usage. 

The performance of conventional PCMs are 

enhanced with the advancements of PCNCMs. 

For faster charging and discharging during 

phase changes, researchers increased thermal 

conductivity of PCM matrices by adding 

nanomaterials. In other words, such systems 

utilize nanocomposite PCMs more efficiently 

in controlling thermal loads and respond to 

changing thermal needs more rapidly. 

Passive cooling strategies with PCMs are 

becoming more popular in photovoltaic (PV) 

applications because they can maintain 

temperature levels without any additional 

energy costs demanded by the active cooling 

methods. By positioning the PCM behind the 

PV panels where outside airflow is not limited, 

the PCM can collect the excess heat generated 

by peak sunlight hours, and is heated gradually 

as temperatures cool, improving efficiency and 

extending the life span of the panels. 

Indeed, there are still challenges to the practical 

use of PCMs in passive cooling systems. 

Organic polymers as additives are not material 

stable; repeatedly, organic PCMs may degrade 

or may incur problems with supercooling and 

thus not work for long periods. Poor integration 

due to poor contact between PCM materials 

and substrates can also hinder efficiency since 

poor integration results in lower heat transfer. 

Therefore, achieving optimal heat transfer 

through the PCM materials and substrates is 

also necessary. 

However, cost considerations are important for 

the large-scale adoption of PCM technologies 

in the industry. However, while operational 

savings may be seen through decreased 

reliance on mechanical cooling, initial material 

costs are unlikely to encourage widespread 

implementation, especially for budget sensitive 

sectors such as residential construction. 

Research still continues by refining 

encapsulation techniques to make 

encapsulation systems with higher latent heats 

while limiting degradation for greater adoption 

beyond present uses in building design and 

electronic device management. Overall, PCMs 

based cooling, particularly when combined 

with other cooling strategies, have a promise in 

reaching at least partly the sustainability goals 

and in providing comfort capabilities that take 

into account the turbulent climate of today, [6] 

and [9], [11] and [29]. 

 

 

Figure 5: Comparison of temperature response of a heat 

dissipating system with and without PCM, [9]. 

 

4. Integration of Phase Change Materials in 

Cooling Systems 

4.1. Mechanisms for Incorporating PCMs into 

Existing Systems 

A large improvement in thermal management 

efficiency is achievable through the integration 

of phase change materials (PCMs) with 

existing cooling systems. Incorporating PCMs 

into cooling is a success if all the different 

mechanisms and strategies can work within the 

peculiar behaviors of these materials and their 

particular requirement by the variety of cooling 

scenarios. 
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PCMs are within a one foundational strategy of 

using PCMs within thermal energy storage 

systems. These systems are created to store, 

release heat during low demand periods, and 

shift the peak loads to less peak times. In air 

conditioning applications, its applicability is 

particularly good since demand varies through 

the day. Including PCMs in buildings allows to 

reduce the overall dependency of buildings 

from standard cooling means by placement of 

PCMs (if the volume of the structure is viable) 

to strategic building parts—ceiling or wall, for 

example. The choosing of these PCM materials 

is very dependent on their melting points being 

close to internal temperature profiles of the  

Should PCMs be chosen that have melting 

points near internal temperature profiles of the  

. 

Hybrid cooling systems constitute another 

promising perspective in PCM integration. 

Usually classified as active and passive, these 

configurations utilize a blend between the 

active and passive approach by utilizing PCM 

technology merged with water or refrigerants. 

For instance, the admittance of liquid cooling 

combined with PCM technology is quick at 

transferring heat and gives in thermal buffering 

when there is a high calling for items. During 

peak operational hours, the PCM helps temper 

the resulting spikes by absorbing heat and 

going through phase changes. It not only 

enhances the efficiency of the entire system but 

also prolongs equipment life through reduced 

thermal stress. 

For incorporating PCMs into existing systems, 

another crucial tactic is as improving the 

thermal conductivity of PCMs. In conventional 

paraffin based PCMs, the thermal conductivity 

is widely low; the inconveniences of low 

thermal conductivity include uneven melting 

and inadequate heat transfer rates. In order to 

overcome this issue, researchers are looking 

into composite phase change materials 

(CPCMs) consisting of common PCMs with 

thermally conductive fillers such as expanded 

graphite or metal foams. These composites are 

very effective in dissipating heat, maintaining 

the same behavior at the same and at different 

operating conditions. 

In addition, the use of porous materials has 

been developed as a potential improvement of 

CPCMs to maximize the surface area contact 

between the PCM and its environment (or 

between different layers in multi-layer 

systems) for enhancing more efficient heat 

transfer during phase transitions. For example, 

nanoparticles have also been found to add 

substantially, in theory and generally in 

practice, to thermal properties without 

negatively affecting mechanical integrity. 

Retrofitting buildings with embedded PCM 

components is an effective strategy to improve 

energy efficiency in HVAC systems, since the 

latter is practical for implementation within 

existing infrastructure. A careful design of 

these solutions is needed with respect to local 

placement and orientation within building 

structures or equipment layouts in order to 

fulfill minimum safety regulations. 

BTMS loads show particularly significant 

advantage of PCM integration versus primary 

method cooling resources of air or liquids, due 

to PCM’s capability to cool without growing 

actively cooled resources at the same rate as 

the heat density output. In such cases, the best 

liquid circulation channel and PCM layers 

hybrid design is a one that ensures dissipation 

of excess heat arising during the charging cycle 

without compromising stable operational 

temperatures throughout all cells. 

In addition, nanotechnology offers great 

advancement in making next generation PCMs 

that are specifically tailored for the specialized 

use in plethora of industries ranging from 

automotive to electronics manufacturing. They 

include not only the quest for better material 

properties but also ‘green’ approaches to 

enable environmentally friendly materials that 

comply with stringent sustainability goals and 

at the same time are able to match performance 

levels. 

Passive systems with phase change 

technologies offer convenience of less 

maintenance than their active counterparts, 

which require pumps or fans (thus having 

associated with little cost linked to the 
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collimate controls directly) in industrial 

environment. 

The synergy with such advanced components 

as the heat pipe further extends the potential 

application scope of PCMs into further 

enhanced latent heat storage while simplified 

system architecture through integrated 

solutions which are adaptable for various scales 

from compact electronic devices to extremely 

large commercial buildings. Which require 

robust climate control efforts of which solar 

heat gain optimization strategies through smart 

material integration techniques are an 

important subset. 

The need for incorporation of PCs calls for a 

multidisciplinary engineering approach that 

incorporates both mechanical engineering and 

innovative materials science techniques to 

maximize output and minimize input demands 

across a wide range of heating and cooling 

contexts. Tasks that lie at the forefront as 

industry strives to find sustainable alternatives 

among increased environmental awareness 

worldwide, [2], [3], [6], [8], [12], [13], [23], 

[24] and [28]. 

 

4.2. Comparisons with Traditional Coolants 

and Methods 

Phase change materials (PCMs) can be utilized 

as a transformational approach to cooling 

systems as opposed to conventional cooling 

methods. Specifically, each conventional 

technique, such as air cooling, liquid cooling 

and hybrid systems have some advantages and 

disadvantages. Compared to air-cooling, which 

is simple and cost effective, air-cooling’s heat 

dissipation is poor since air has low thermal 

diffusivity and hence air proves to have uneven 

temperature distribution in battery packs. 

Thermal management is better in liquid cooling 

due to its higher specific heat capacity and 

thermal conductivity. 

The direct and indirect liquid cooling systems 

can be classified. Thus, direct liquid cooling 

enables the coolant to deposit close to battery 

cells thus, improving heat transfer by 

convection. Nevertheless, this method relies on 

very strict sealing to avoid leaks that could lead 

to short circuits. The use of indirect cooling 

introduces more thermal resistance from 

avoiding direct contact. 

PCMs present distinct advantages over 

conventional coolants by being able to absorb 

large quantities of heat during phase transition 

without the need for external energy for 

processes that may be associated with fluid 

pumping. The second property of PCMs that 

make them attractive is that they permit passive 

stability of temperatures for long durations. For 

applications like electric vehicle (EV) batteries, 

it means better efficiency for an electric vehicle 

(EV) battery that is able to operate within 

optimal temperature ranges without the need 

for continuous energy input for active cooling. 

The performance of PCMs, when compared to 

traditional air and liquid cooling systems, in 

terms of efficiency and cost effectiveness need 

be assessed in the light of both thermal storage 

capabilities and operational conditions. 

Effective solutions that exploit strengths of 

both technologies include hybrid systems 

incorporating PCMs with other methods. 

Significantly, more performance metrics are 

enhanced in hybrid PCM-liquid cooling 

systems than are afforded by using either 

method alone. Enabling better use of peak 

thermal loads and temperature fluctuations of 

batteries or other components, these systems 

combine high conductive liquids with the latent 

heat properties of PCMs. Not only does this 

enhance reliability, it also extends the life of 

components by dealing a blow to overheating 

risks, key considerations for high-density 

applications like EV batteries. 

Furthermore, even with initially greater costs 

for such advanced materials, PCMs are long 

term cost effective, especially in hybrid 

configuration when integrated with nano 

enhanced phase change materials (NEPCMs). 

Conductive additives of carbon fibers or metal 

particles are used to address low thermal 

conductivity common with traditional paraffin-

based PCMs, but improve conductivity overall. 
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In addition to this, passive nature of PCMs 

extracts it from the constant adjustment of 

coolant options that require the flow rates to 

continuously change, to be adjusted as per real 

time demands, making the operation easy to 

handle. 

Though it is clear that incorporating PCMs in 

modern thermal management methods presents 

many benefits, there are also challenges such as 

the stability of the material through extended 

use time and potential volume changes based 

on phase transition that may require 

unconventional containment ideas. 

As sustainability and environmental impact 

become more important, paraffin based or 

composite PCMs are an ideal solution in terms 

of being green in nature and are efficient in 

meeting energy needs, which is of the utmost 

importance given the impact that global 

warming is making on building consumption of 

energy. 

Finally, though innovative phase change 

technologies are adopted, traditional coolants 

offer immediate results from continuous energy 

inputs and are a good example of adaptability 

and foresight for dealing with the demand of 

sophisticated battery management systems of 

the future. The latest PCBIM research is 

increasingly applicable to various application 

areas including industrial, automotive, 

residential, [2], [8], [13], [23], [28], [30], [31], 

and [32] that demonstrate that advancements in 

PCM research can drastically affect the designs 

of the next generation, which focus primarily 

on efficiency and sustainability in the 

thermoregulatory procedures. 

Table 1: Existing BTMS technologies, [13]. 

Cooling 

Method 
Advantages Limitations 

Air cooling 

1. Relatively simple structure, low cost 

and lightweight. 

1. Low heat conduction coefficient of the air, smaller that 
the heat capacity and weak temperature control capacity 

under high magnification. The battery pack temperature 
uniformity is not too good. 

2. The design is easy to realize and 

adaptable. 

2. The active cooling method is capable of satisfying the 

heat management requirements, but the power consumption 
is greater, the space needed for the system is larger, and the 

energy density of the battery pack is in general lower. 

3. However, there is relatively small potential for 
improvement and there is economically low temperature 

control limit. Basically, it is suitable for battery packs with 
small energy density and low charging rates. 

Liquid 

cooling 
(indirect) 

1. Cooling is normally better for the same 
power consumption because liquids have a 

specific heat capacity and thermal 
conductivity normally higher than that of 

air. 

1. It has more complex system structure, larger overall 
weight and higher cost. 

2. Coolant flow, channel design, and 

material properties help to improve 
coolant effectiveness very effectively. The 

amount of improvement is potentially 
high. 

2. To prevent leakage and short circuit between the battery 
cell and coolant, the coolant must be in indirect contact with 

battery cell and increases the thermal resistance than that of 
the cooling effect. 

3. Usually, the ducts or cooling plates in 
contact with the cell side provide better 

temperature uniformity. 

3. For this case, the thermal conductivity of the pipeline or 
the cooling plate is large, so that it is not conducive to 
suppressing the thermal runaway of the battery pack. 

Liquid 

cooling 
(direct) 

1. Simple and compact structure, 

lightweight and low cost. 

1. Conductive media cannot penetrate into the system for 

higher sealing requirements of the battery pack. 

2. Greater convection heat transfer and 

further cooled effect are realized due to 
direct contact of the coolant with battery 

cells. 

2. The coolant needs to be driven and the temperature of it 
reduced often with pumps and cooling systems. 

3. Short circuits can be avoided and 



 

 

Hussein Jassim Akeiber/ Al-Rafidain Journal of Engineering Sciences Vol. 3, Issue 1 , 2025: 503-529 

517 

 

thermal runaway spread can be inhibited if 
the coolant is used as a medium. 

Phase 
change 
material 

(PCM) 
cooling 

1. Without extra cooling system, PCM can 

absorb heat and reduce cooling down. 

1. Increase in the potential for leakage is because the 
volume of the PCM usually changes greatly after a phase 

change. 

2. Both the shape of PCM is easy to 
change, the system arrangement is simple, 

and the temperature uniformity is better. 

2. The thermal conductivity of most PCMs is low and they 
are insensitive to temperature changes. 

3. In PCM, insulation resistivity is usually 

good, and it can be used as insulation 
material to decrease the short circuit risk. 

3. For the case of continuous circulation, cooling effect will 

be lowered, and an additional cooling system is required to 
take away the heat absorbed by the PCM. 

Heat pipe 

cooling 

1. Excellent thermal conductivity, a wide 

range of applications. Although sensitive 
to temperature changes, it is able to use 

temperature changes to control the 
temperature in real time. 

1. Difficult to manufacture and complex system structure. 

2. Heat pipes do not require any additional 

operation and energy consumption. 

2. High cost and risk of leakage and small thermal capacity. 

3. Small contact area with battery usually requiring 
additional cooling plates to account for non-uniform 

temperature. 

Hybrid 

cooling 

1. The hybrid thermal management system 
can enhance and compensate its merits and 

demerits to contribute to the improvement 
of the entire system performance. 

1. Increased size and complexity of hybrid cooling system 
compared to single thermal management implementation 

with its associated cost of manufacturing and maintenance. 

2. To a certain extent, it can greatly reduce 
the system power consumption. 

2. The greater control difficulty of hybrid cooling systems. 

 

 

Figure 6: The battery pack cooling classification used in this study is based on the reviewed papers in this study, [28]. 

5. Performance Evaluation of PCM-

Enhanced Cooling Systems 

5.1. Efficiency Metrics: Energy Savings and 

Temperature Regulation 
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The Phase Change Materials (PCMs) give a 

superior enhancement to the cooling system in 

terms of improving the thermal management 

because of its specialty in keeping latent heat. 

Effective temperature can be regulated in these 

materials without continuous energy input 

through absorption, retention and release of 

large amounts of thermal energy during phase 

transitions. This capability is particularly 

important in conditions where it is critical to 

attain and sustain a stable operating 

temperature. 

It is worth mentioning that the energy 

efficiency is one of the important factors in 

analyzing the performance of PCM-augmented 

cooling systems. Improvements to the energy 

consumption of cooling involving PCMs 

compares very favorably to approaches that are 

more traditional. Currently, it is shown that 

under some temperature ranges, these systems 

can be as much as 12% energy savings and up 

to 80% decrease in cooling loads respectively. 

Such large decreases are because PCMs are so 

good at managing heat flow better than other 

coolants, the need for active cooling solutions 

such as refrigeration or air conditioning can be 

greatly reduced. 

Another important factor with which to 

consider functional performance of PCMs in 

cooling system is temperature control. PCMs 

have high latent heat capacities, resulting in 

almost constant temperatures at transitions, 

absorbing extra heat during peak thermal 

demands, and giving it back when conditions 

stabilize. This feature helps maintain the set 

temperatures even in the changing 

environmental conditions or under peak usages. 

Both active and passive thermal management 

strategies can provide benefits from PCMs. In 

passive systems, PCMs can be encapsulated in 

building materials or battery assemblies and, as 

a result, will naturally absorb and dissipate 

thermal energy without the use of external 

power sources. One example of such usage is 

the use of PCMs in conjunction with lithium-

ion batteries to stabilize the operating 

temperature and drastically improve both 

battery life and performance by eliminating the 

risk of overheating. 

In essence, active PCM systems often run 

alongside mechanical components, pumps, fans 

etc to achieve better heat transfer rates. Hybrid 

solutions incorporate the reliable features of 

passive PCM management as well as the 

response capabilities of active cooling 

technologies to integrate an improved overall 

system efficiency. As a particular example, 

configurations that merge liquid cooling 

together with PCM storage elements are able to 

enhance rather than restrict largely rapid 

temperature modulation while capitalizing 

upon the long-term thermal stability available 

with PCMs. 

Numerous case studies illustrate the success of 

PCM enhanced systems applications in various 

industries, more especially, in battery thermal 

management for electric vehicles (EVs), and 

solar thermal storage sectors, among others. 

Research has shown that in electric vehicles, 

PCMs can reduce maximum battery 

temperatures by as much as 55 percent by 

absorbing heat from charging cycle generated 

by excess heat. The reduction not only 

contributes to safer way of driving by reducing 

the number of cycles suffered by the cell, but 

also extends the lifetime of the battery as 

excessively cycled cells can wreck integrity of 

the cell over time. 

As solar applications, PCMs are great because 

they store surplus thermal energy collected 

during peak sunlight hours for use at a later 

time when solar output decreases (for example, 

at night). The output temperature from stored 

heat is consistently maintained in these systems 

and this in turn enhances the overall efficiency 

in renewable energy. 

Despite the obvious benefits offered by PCMs 

in cooling systems, research is still being 

conducted on new materials and configurations 

to determine whether we can continue to 

increase PCM efficiency. To address this, the 

use of innovative technique strives to develop 

composite PCMs with different material 

properties, chimeric organic and inorganic, that 
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enhance not only the latent heat capacity but 

also the thermal conductivity. Such 

advancements may bring about next generation 

PCM solutions to efficiently control larger 

thermal load. 

Utilizing phase change materials for thermal 

management not only offers an immediate 

return on energy but works towards fulfilling 

broader sustainability goals and environmental 

responsibility programs. The use of PCMs in 

optimization of heating and cooling processes 

of different applications such as waste heat 

recovery systems deployed in industry or smart 

fabrics that regulate human body temperature is 

a progressive thought for contemporary 

engineering. 

Overall, these changes ultimately represent a 

shift in how we deal with heating and cooling 

control today, which been put on efficiency, 

and take advantage of state of the art directions 

from material science, [1], [10], [27], [28] and 

[33]. 

 

5.2. Case Studies Demonstrating PCM 

Performance Improvements 

Many case studies have been undertaken with 

the aim of validating the efficacy of phase 

change materials (PCMs) in cooling 

application that show that PCMs are able to 

improve energy efficiency and thermal comfort 

in many different settings. Paraffin was one 

significant investigation of using it as a PCM in 

a thermal energy storage system designed to 

meet a building is cooling requirements. 

Nonetheless, it was demonstrated through this 

experimental investigation that room 

temperature fluctuations could be reduced by 

up to 50% with organic PCMs in compact 

thermal storage tanks. It stressed that the 

PCM’s cooling performance is driven by 

changes in the operational parameters (such as 

temperature and flow rate of the inlet heat 

transfer fluid (HTF)). Notably, during the 

charging phase where cold water circulation 

causes the PCM to solidify, and the discharging 

phase when it is heated under heating loads, 

there were demonstrated significant 

improvements of performance. 

In addition, another interesting case study was 

about PCM enhanced construction materials, 

especially gypsum boards. Reducing indoor 

temperature variability was achieved by 

incorporating paraffin based PCMs into wall 

panels. This advancement reduced dependence 

on conventional heating and heating and air 

conditioning systems, illustrating the potential 

transformation of PCMs in the energy 

management strategy of building designs. Not 

only did these materials have the effect of 

improving thermal comfort, they also helped 

save a major amount of energy in residential 

structures. 

A new HVAC system with PCM-based heat 

exchangers was assessed comprising of various 

configuration using a simulation-based 

assessment in industrial applications. It was 

found that such systems could cut down on 

annual primary energy consumption by an 

amount up to 67 percent, primarily when 

augmented with free cooling mechanisms that 

rely on PCM technologies. Later studies had 

found that integrating tube structured thermal 

energy storage using calcium chloride 

hexahydrate as a PCM could increase the 

overall cooling capacity of air conditioning 

units by about 34 percent during peak summer 

period. 

An active air-cooling using shell and tube 

latent heat storage system employing 

heptadecane as a phase change material was 

studied in an innovative way. The highest COP 

was achieved with an impressive performance 

with the findings that increasing inlet 

temperature reduced the efficiency without 

changing outlet temperatures, which indicates 

that sensible patterns in PCM systems can be 

optimized by appropriate design. 

In addition, studies on the free cooling systems 

of various PCMs were carried out and optimal 

configurations were identified with C.O.P. 

values of greater than seven under special 

conditions that are suitable for ideal cooling. 

Researchers also showed how substantial 
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progress can be made in optimizing output with 

respect to energy needs and maintaining 

comfortable environments by efficiently 

controlling airflow and plate thickness within 

these systems. 

Concerted investigations on hybrid battery 

thermal management systems have 

demonstrated significant merit in using PCMs 

complimented by ordinary liquid cooling 

techniques. Advanced composite phase change 

materials were studied resulting in reductions 

in battery temperatures of more than 55%, from 

both an enhanced heat transfer coefficient as 

well as an enhanced thermal conductivity 

design. Furthermore, this approach enhances 

battery's life and improves overall reliability of 

the system at high temperatures. 

A comprehensive review was provided for 

various passive wall systems incorporated with 

PCMs that effectively reduce temperature 

stratification in the rooms and shift heating and 

cooling loads over time. Building equipped 

with these technologies witnessed energy 

consumption decrease in the order of 20 to 30 

percent that validates the role of integrated 

PCMs in modern construction techniques that 

look for greater sustainability. 

Additionally, such studies showed promising 

results on the numerical analyses of plate type 

storage with PCMs; increasing the mass flow 

rates resulted in better cooling power 

capabilities. The results showed advanced heat 

transfer rates between air channels and PCM 

units with practical means to achieve greater 

efficiency. 

It is evident that, beyond being supplementary 

components to an otherwise passive heat 

transfer system, phase change materials 

(PCMs) are not only needed but also critical to 

obtaining substantially better performance 

across many thermal management domains: 

residential, commercial HVAC, industrial 

processing, and battery management, [1], [6], 

[12] and [32]. 

 

 

Figure 7: Concept of free-cooling PCM charging and 

discharging, reproduced with permission of, Elsevier, 

2014, [6]. 

 

 

Figure 8: Types of PCMs, [6]. 

 

 

6. Challenges and Limitations of Using 

PCMs in Cooling Applications 

6.1. Material Stability and Longevity Concerns 

Durability and reliability of phase change 

materials (PCMs) are critical factors affecting 

its effectiveness in using several thermal 

management applications. Performance of the 

material over time is influenced by many 

factors including: composition of the material, 

environmental conditions, and operation 

stresses. A major consideration is thermal 

cycling stability that dictates a P.C.M.s 

capability to retain its thermal properties after a 

repeated phase change. If degradation occurs at 

these cycles, the efficiency of efficient storage 

and transfer of the energy will be reduced and 
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hence the entire functionality of the cooling 

system will be decreased. 

Depending on the type of change (physical or 

chemical) that PCMs experience, stability 

issues can develop. For example, some organic 

PCMs suffer degradation in air or moisture 

exposure over time and will change melting 

point and latent heat capacity for poor 

performance. However, for inorganic PCMs 

there are other challenges: they may separate in 

phase during cycling and cause components to 

segregate or crystallize unevenly. The physical 

changes adversely influence the material’s 

ability to store energy well. 

Supercooling also poses another concern where 

a PCM remains liquid (below its solidification 

temperature) but remains in the liquid state. It 

affects energy storage capabilities and 

complicates heat transfer processes largely. 

Additives such as gelling agents or 

nanoparticles have recently been introduced 

with an aim to increase the nucleation rates 

within PCMs. The addition of these 

improvements goes further to reduce the 

energy barrier required for crystallization, 

making these phases transition faster. 

There is also a significant problem with 

corrosion in inorganic PCMs or any PCMs 

containing metal components, particularly. 

Some chemical compounds can have corrosive 

nature that can degrade the containment vessel 

as well as other system component making the 

vessel life and reliability short. Success in this 

will rely on finding materials for the containers 

that resist corrosion that are also cost effective. 

It is necessary to study long-term performance 

of long types of PCMs to understand their 

resilience under the real world conditions. In 

addition to thermal properties, this research 

looks at how thermal management systems that 

contain these materials will evolve over time. 

All of this should lead experts to suggest a 

game plan for standardized testing to yield 

reliable data on PCM characteristics during 

their lifespan. 

Although environmental conditions do not 

determine how long PCM will last, certain 

factors in an environment can accelerate such 

degradation. The encapsulation technique has 

proved to be an effective tool of stability 

enhancement by protecting PCM phases from 

external influences while maintaining thermal 

efficiency during phase changes. 

Decisions involving PCM selection for specific 

cooling application are also impacted by the 

cost consideration. Advanced formulations 

with PCM in Nano form or with gelling agent 

are found to enhance the stability and 

performance however, its high cost of 

production may hinder its wider adoption by 

budget unconducive industries. 

Consequently, in summary, complete strategies 

of chemical composition, environmental 

interactions and operational needs, along with 

economic feasibility are necessary to provide 

for material stability and longevity. Future 

advances should target developing improved 

PCM formulations through new techniques of 

encapsulation or additive integration as well as 

overcome inherent limitations of the PCM, 

such as supercooling and corrosion resistance, 

[1], [9], [10], [11], [15], [23], [34], [35] and 

[36]. 
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Figure 9: Approaches to mitigate drawbacks present in PCM battery applications, [10]. 

6.2. Cost Implications for Industrial 

Implementation 

The unpredictable nature of phase change 

materials (PCMs) in industrial cooling mean 

that it is a complex financial situation, 

including initial investments, operational costs 

and if there is a chance for a sustained 

economic benefit. Nevertheless, PCMs provide 

a number of advantages, such as effective 

thermal energy storage and a perfecting 

temperature regulation, but integrating them 

into existing infrastructures make financial 

challenges. 

There is a big consideration for adoption of 

PCM that is the initial cost. The price of PCMs 

differ dramatically from each other and can be 

relatively expensive compared to inorganic 

such as salt hydrates. Salt hydrates are cheaper 

is more practical since salt hydrate are cheaper 

to produce since on the other hand, organic 

materials may require specialised extraction 

methods which may be financially infeasible 

when an industry has a constrained budget. 

In addition, the modification of current cooling 

systems to accept PCMs should also be 

evaluated from an expense standpoint. These 

materials are often integrated into existing 

thermal management systems where 

improvements are often made with a new PCM 

by changing or redesigning already existing 

components to be compatible. Or use more 

advanced materials that resist chemical 

interactions with PCMs. Mods can cause 

additional expenses that will keep the 

industries from investing in the solutions 

whether it is beneficial for them or not. 

It is required to match particular applications 

with specific melting points and thermal 

properties. Because of the complexity and 

necessitates of custom PCM formulations 

tailored for exact specifications, production 

costs are driven up in industries when needed. 

Temperature or phase transition can be 

modified to improve thermal conductivity or 

adjust prices for end users with additives or 

nanoparticles. 
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Secondly, PCMs’ feasibility is lacking to some 

extent when considering the amount of 

operational costs. These materials however can 

help reduce energy consumption through 

reduced active cooling methods but total 

lifecycle costs must be taken into consideration 

when there is an economic analysis. Due to its 

dependence on external factors like ambient 

temperature fluctuations and operational 

pressure, the performance of a PCM can be 

affected and may require some additional 

monitoring or control systems to maintain 

optimal functioning. 

The challenge in justifying PCM is between 

initial costs and potential long-term savings. A 

number of studies indicate that improved heat 

management could give rise to energy bill 

savings that can offset contributing cost, albeit 

the distinctions over how to quantify these 

benefits continues with industry stakeholders. 

Case studies show considerable success and 

failure of PCM integration, with some showing 

great energy savings resulting in quick return 

on investment, and others display operational 

inefficiencies that prevent achieving 

performance expectations. 

Material selection and cost-effectiveness play 

crucial roles in this context. Maintenance needs 

or premature system failure can result if care is 

not taken to manage incompatibilities between 

some materials used with PCMs. However, this 

may require further investments in compatible 

materials or treatments to make stability, not to 

mention bring project costs out beyond 

estimated initial costs. 

In addition, favorable market conditions also 

greatly affect the economic environment of 

PCM technologies. Most organic phase change 

materials are based on petroleum feedstocks 

and thus are sensitive to rate of oil, making 

them more/lower as fuel costs rise. It also 

makes it an uncertain environment for 

companies trying to determine whether PCM 

will be used as part of their thermal 

management strategies. 

There are research gaps in the existing long-

term performance assessment research 

pertinent to PCM implementation decision 

making related to financial consequences 

affecting different industries. In particular, 

many companies do not have enough data on 

how the durability is expected to behave under 

many different operating conditions. 

Despite these costly financial consequences 

from PCMs deployments, such as employing 

them to manage battery temperatures—the 

advantages provided by strategic selection and 

engineering innovations make it worth 

investigating. However, continued research 

towards addressing these economic barriers 

appears promising, however, they need to 

conduct research with industry stakeholders 

where the information is transparent and the 

understanding is better about the affordability 

while addressing reliability and safety issues in 

a new set of technologies concerning future 

decisions, [10] and [35]. 

 

Figure 10: PCMs applications, [10]. 

 

7. Future Directions for PCM Research and 

Development in Thermal Management 

7.1. Emerging Materials and Technologies for 

Enhanced Performance 

Phase change materials (PCMs) are recent 

advanced technologies that have provided new 
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opportunities for improving thermal 

management applications, especially in cooling 

systems. There were key advanced topics such 

as material improvements through the 

implementation of nanotechnology, composite 

manufacturing techniques, and the search of 

sustainable alternatives. 

Incorporation of nanomaterials in PCMs as a 

significant breakthrough can enhance not only 

their thermal conductivity but also their 

stability. By integrating the carbon-based 

nanomaterials, metal foams or nanoparticles 

into conventional PCM structures, there have 

been remarkable improvements in heat transfer 

efficiency. For instance, it has been seen that 

aluminium oxide nanoparticles (Al2O3) mixed 

with paraffin wax raises the thermal 

conductivity without decreasing the latent heat 

storage capabilities. Such an improvement is 

crucial; enhanced thermal conductivity enables 

faster absorption and release of heat during 

phase transitions to improve system 

performance. 

In another innovative approach to PCMs 

composite, PCMs are developed where 

different kinds of materials are combined to 

make full use of their own specific advantages. 

Typically, organics PCMs are blended with 

inorganic substances such as salt hydrates to 

create a composite system having high latent 

heat and good thermal conductivity. In addition 

to refining energy storage capabilities, this 

combination augments the operational 

temperature range that is appropriate for a large 

variety of applications. 

The potential to reduce energy demand with 

bio-based and environmentally friendly PCMs 

from natural materials, such as fatty acids and 

plant derived waxes has broadened over the 

move towards sustainability. All these 

alternatives feature similar thermal properties 

to salt hydrate synthetic PCMs, and are at the 

same time biodegradable or non-toxic. 

Optimization of these ecofriendly options is an 

ongoing research to bring them close to or even 

beyond performance of the traditional 

materials. 

Advanced characterization techniques are also 

important to the progress of PCM research 

alongside material advancement. Differential 

scanning calorimetry (DSC), 

thermogravimetric analysis (TGA) and 

scanning electron microscopy (SEM) provide 

the microstructure and phase behavior of these 

materials as well as improved design and 

optimization strategies. 

Many industries are potential users of advanced 

PCMs. One example of construction products 

that are being developed to make them PCM 

enhanced in order to enhance their energy 

efficiency is drywall and insulation panels to 

effectively regulate indoor temperatures. In 

electronics cooling, or more specifically highly 

demanded efficient thermal management 

solutions, PCMs are being integrated into 

devices to absorb excessive heat that is 

produced during operation. 

Another exciting development to come in this 

regard would be the integration of smart 

technology with PCM systems. Machine 

learning algorithms to optimize deplogenm of 

PCM can use the real time data regarding 

environmental conditions and real energy 

demand of the site. This dynamic monitoring is 

helpful in improving PCM system reliability 

and efficiency by reducing PCM charging and 

discharging cycles in accordance to the 

temperature variations. 

Researchers are also studying PCMs that are 

multi-functional and can have or provide some 

electrical or magnetic functions in addition to 

their thermal duties, thus possibly enabling the 

development of advanced applications in the 

realms of electronics or energy generation 

through renewables. 

PCM integration has great potential in the 

automotive industry because EVs can be 

effectively managed using their technology to 

manage battery temperatures. PCMs’ 

exceptional ability to maintain stable 

temperatures through charging cycles could 

extend battery longevity as well as address 

safety issues of overheating, an important 

metric for the adoption of EV tech. 
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However, limits remain in long-term stability 

of materials at different operating conditions, 

and in expense of producing high performance 

PCMs at scale. Major efforts in academic 

research" are focused on tackling these issues 

in order to get closer to greater commercial 

viability. 

With these cutting edge technologies 

continuing to move into application at a 

practical level in various fields from HVAC 

optimization to renewable energy storage 

solutions (such as solar power plants) and 

smart textiles, the extension of how the 

enhanced phase change materials can be 

utilized to increase cooling efficiency begins to 

make great strides. Ensuring PCMs work 

reliably when loads increase while reducing 

costs will be needed in industries that are 

seeking more sustainable practices in an era 

when global energy needs are rising and a 

climate change challenge is being faced before 

it's too late, [1], [9], [10], [15] and [23]. 

 

7.2. Potential Applications beyond 

Conventional Cooling Systems 

In addition to traditional cooling methods, the 

deployment of phase change materials (PCMs) 

goes far beyond, and innovative ways of 

application of PCs are found in almost all the 

sectors. In terms of energy efficient 

architecture, intelligent building materials that 

include PCMs are built into the thermal 

regulation of the building. PCM enhanced 

drywall and insulation boards absorb and 

release heat to maintain stable indoor climates 

minimizing reliance on conventional heating, 

ventilation and air conditioning (HVAC) 

systems. In addition, occupant comfort is 

improved, and this provides for lower energy 

consumption. In addition, smart thermal 

management systems with PCMs can adjust 

according to the real-time changes in 

temperature for improving energy efficiency. 

As thermal reservoirs in renewable energy, 

PCMs are used as effective thermal storage of 

abundant heat during solar zenith hours for the 

time when solar production is decreasing. This 

feature increases the reliability of the solar 

energy systems and supplies a consistent 

amount of usable thermal energy independent 

of the weather variations. PCMs can stabilize 

temperature fluctuations within turbine 

components in wind energy generation to 

increase the system's efficiency and prolong the 

life's of such complex systems. 

As well, advanced PCMs provide solutions to 

electronic cooling in the devices such as 

smartphones, laptops and data centers. 

Increasing pressures on making electronics 

smaller and physically smaller also increases 

pressures to prevent from overheating. The 

integration of PCMs can take the form of 

absorbs excess heat in high demand periods 

and dissipate more slowly during lighter 

periods. 

PCM technology helps the medical field 

through usage of storing and shipping of 

temperature-sensitive medications. 

Pharmaceutical efficacy is ensured by avoiding 

deviance in drugs’ behaviour due to 

environmental fluctuations throughout transit 

or storage by using PCM technology that 

maintains drugs within safe temperature limits. 

Second, PCM integrated medical devices offer 

cooling with control for therapeutic purposes 

(e.g. post operation recovery, fever 

management). 

Optimized PCMs are now being widely used in 

smart fabrics for textile industry. PCMs 

incorporated in garments provide a means for 

the garments to adaptively regulate heat based 

on body metabolic requirements, thereby 

improving comfort. One advantage of this 

feature is that, as sportswear and outdoor 

clothing exhibit dramatic temperature changes, 

it can be very useful. 

Composite PCMs have been developed 

utilizing organic and inorganic components and 

help in improving performance. For example, 

paraffin wax composites with inorganic salts 

have shown higher latent heat storage and 

higher thermal conductivity, which are 
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important for making a good fit in those 

previously mentioned sectors. 

The potential for PCM implementation is 

expanding as emerging innovations are 

emerging. ML technologies help in the design 

of optimal PCM application. This enables 

researchers to improve system designs more 

effectively than using the traditional methods 

for PCM behavior predictive analysis under 

various conditions. 

The other exciting development is self-adaptive 

radiative cooling technologies based on PCMs 

forming a dynamic response to ambient 

temperatures without additional energy for 

phase transition. The potential of these 

advancements was to change passive cooling 

strategies of buildings and vehicles, creating a 

path away from reliant mechanical cooling 

systems. 

The integration of renewable sources such as 

geothermal or solar energy with district cooling 

infrastructures serves as an example in utilizing 

PCM for implementing sustainability goals of 

urban development by reducing resource use 

and allowing for a shift away from reliance on 

fossil fuel. 

The potential for industrial applications is 

expanded as the work goes on researching 

novel material combinations. It covers solution 

for battery management of electric vehicles 

(EV), that lengthen battery life through 

temperature control, and smart grids that 

facilitate integration of renewables and 

efficiency on the demand side. 

Phase change materials are deployed in 

different ways through such applications in 

order to help meet sustainability goals ranging 

from energy efficiency in the everyday to 

healthcare settings, [1], [9], [10], [14], [15], 

[16], [17], [23], [27], [28], [37] and [38] for 

greener alternatives for the future. 

 

 

8. Conclusion and Summary of Findings on 

PCMs in Thermal Management Systems 

Phase change materials (PCMs) incorporated 

into thermal management systems constitute a 

breakthrough in terms of energy efficiency and 

sustainability. PCMs are known for their ability 

to absorb or reject thermal energy at transition 

from solid to liquid state as well as retaining 

high quantity of latent heat and maintaining 

temperature stability. Its characteristic is 

particularly beneficial in cooling applications 

because it eliminates the need for relying on 

conventional refrigeration methods, 

consequently reducing energy consumption and 

lowering operational costs. 

However, ability of PCMs in various 

applications was shown in the past works, 

including improving the cooling systems in 

buildings and thermal control the lithium ion 

batteries. PCMs make the cooling strategies 

passive by absorbing excess heat during peak 

demand and slowly releasing this energy 

during less demanding periods. An example of 

such an integration is to use PCMs to build 

construction materials that substantially 

increase, yet avoid greatly relying on, indoor 

temperature regulation by active HVAC 

systems, so as to increase occupant comfort 

while achieving large energy savings. 

Second is to develop composite materials to 

enhance thermal efficiency. Aggressive studies 

have shown that in seeking to circumvent the 

issue of low thermal conductivity, PCM 

formulations can be improved by incorporating 

nanoparticles or foams. Latent heat storage 

capacity has also been extended by use of 

novel PCMs that include microencapsulation to 

extend the lifespan and to stabilize leakage. 

Further research into yet unformed PCM 

formulations is underway that would work 

effectively over a wider temperature range. 

With the advancement of machine learning 

technologies, optimizing PCM application 

opportunities are made more exciting by better 

predictive model formulation and the 

development of more targeted control 
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strategies to a specific environment or 

operational need. 

Moreover, PCs can be integrated into 

renewable energy systems, like solar power 

installations, which have many advantages. 

Storing excess thermal energy generated during 

peak sunlight hours to use if the production 

falls short with fluctuating weather conditions 

results in higher energy capture efficiency. 

However, challenges remain to be addressed 

for a broader adoption. In real world use, the 

materials are required to be stable over 

repeated heating and cooling cycles, so it is 

important to ensure this stability. For instance, 

the cost considerations are important as PCs 

provide long-term savings through diminished 

operating costs but the upfront expense may 

prohibit the adoption by industries with high 

sensitivity to it. 

Given that policies aimed at promoting 

sustainability can spur uptake of PCMs in a 

variety of sectors, government incentives can 

help promote both investment in next 

generation thermal management solutions that 

make effective use of PCMs. In addition, such 

campaigns aimed at the public could help 

increase acceptance in the public and in 

businesses. 

The exploration of potential PCM applications 

beyond their traditional uses holds great 

promise. Customized designs incorporating 

these materials could significantly reduce the 

cost, as well as offer effective solutions to 

modern computing needs where overheating is 

a serious risk to operations in sectors such as 

electronics cooling and more. 

Overall, it is concluded that phase change 

materials offer great potential to transform 

thermal management solutions across a number 

of sectors. Urlencoded by their diverse 

applications from their use as critical 

components in battery management systems 

and building materials to optimize the indoor 

climates to their importance as essential 

contributors to global sustainability goals in 

terms of improved energy efficiency and 

reduction of dependence on fossil fuels through 

[1], [6], [8], [9], [13], [16], [28], [29], [30] and 

[40]. 
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