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Keywords Abstract
Thermal management, Background: As microelectronic devices enter the era where they are being

microelectronics, heat dissipation, packaged down to the nanoscale with greater processing capabilities this question
two-phase cooling, microchannel of how to remove high heat levels effectively becomes a key performance and
cooling,  thermoelectric  cooling, reliability impediment. To satisfy the thermal needs of the next generation
phase change material. electronics, conventional air and passive cooling techniques are no longer

adequate. Newer technologies of thermal management such as increasing

Article History efficiency by removal of heat have to be explored, although their effectiveness and
Received: 05 January 2026 challenges to installations and in use are still being discussed.

Accepted: 18 February 2026 Objective: The purpose of the research is to examine and compare progressive
Publisheci’ 07 March 2026 thermal management techniques used in microelectronics concerning their

performance and efficiency in heat removal and their feasibility in the restricted
and high-powered conditions.

. Method: Simulated (experimental) methodology has been used on four realistic
Copyright @Author cooling solutions, thermoelectric cooling (TEC), microchannel cooling (MCC),
Corresponding Author: * phase change materials (PCM), and two-phase cooling (TPC). The different areas
Wagqas Arif of performance measure consisted of junction temperature, thermal resistance,

heat transfer coefficient and pressure drop at controlled IP thermal loads.
Results: TPC showed the best efficiency with junction temperature of up to 32.1
o C and heat transfer coefficient of up to 9,800 W/m 2.K and MCC having a
balanced performance and moderate energy costs. Though PCM and TEC showed
low thermal performance especially at high transient loads, TEC had the highest
thermal resistance (0.35 K/W). The pressure drops showed that TPC was more
efficient in flowing than MCC.

Conclusion: the two-phase cooling shows the best heat handling ability, whereas
MCC is a convenient option between efficiency and scale. Based on these findings
it is possible to recommend selective implementation procedures on thermal
optimization of micro electronic designs.
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Introduction
This development of microelectronic systems has
seen an increase in the computational capability
and a concomitant increase in functionality and
smaller size factors of the microelectronic devices
(Abo-Zahhad et al., 2022; Orville et al., 2025). Due
to miniaturization in transistor dimensions and
the integration density of devices, the heat
produced by such systems is a challenge that has
become of the essence to control. The problem of
thermal characteristics in microelectronics may
cause performance degradation, further
resulting in system reliability issues, as well as
device failure (Sun et al., 2024; Rahman et al,,
2024). Conventional strategies to cooling an air
region like heat sinks and fans are getting to their
constriction maximized stages of operation,
especially as gadgets keep on downsizing whereas
the portion of power per square inch keeps on
increasing (Fang et al., 2024). This has resulted in
the need to explore new cooling methods that will
provide better heat dissipation properties to future
electronic systems (Jain et al., 2023).

There are new evolving thermal management
strategies that are coming up in order to handle
the thousands of demands that the modern
electronics bring (Bandhu et al., 2023; Dhumal et
al.,, 2023; Jadhav & Londhe, 2025). These also
comprise of cutting edge technologies like micro-
channel  heat sinks, vapor  chambers,
thermoelectric coolers, as well as, incorporation of
phase change materials (PCMs) Tariq et al., 020;
(Rahman et al., 2024). These technologies all use
different heat transfer phenomena in an attempt
to  enhance  thermal  performance  of
microelectronic  systems. As an example,
microchannel heat sinks can be used to experience
the increased convective heat transfer through the
property of the increased surface-to-volume ratio,
whereas PCMs can be used to damp transient
thermal loads by storing and releasing latent heat
in the course of phase changes (Sharma et al,,
2022). Such high-tech techniques can ensure the
best operating conditions and the increased
lifespan limitations of the microelectronic devices
(Toor & Shifa, 2023; Roopan & Vijayakumar,
2024).
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The pattern of human integration, in which
various parts of a system like CPU, GPU, and
memory are close to each other so as to be on top
of each other, worsens the heat control problem
(Moradi et al., 2024). Having large thermal fluxes
which are frequently localized within small
volumes, the established cooling methods prove to
be inadequate to effectively cool the hot spots on
a uniform basis (Aglawe et al., 2021; Kurhade et

al., 2024). Such innovations as two-phase cooling
systems and embedded cooling technologies have
been performed successfully in such projects. The
systems have efficient power-packed liquid-vapor
phase change or miniaturized cooling channels
within the substrates to cope with the heat in small
spaces (Wang et al., 2024). These methods are
necessary in making high-density computing
environments possible.

https://thesesjournal.com

| Arif et al., 2026 |

Page 78


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences

ISSN (e) 3007-3138 (p) 3007-312X Volume 4, Issue 3, 2026
> &
A S
@ &F
o
Phase-changed °o° Qo‘\oq? ‘_.--"""'-.... "
cooling ¢ & & o’ B %
& & o 2 ‘e
Q \s@ N2 P .0.
& ‘ ¥ 4 Subcooled W s
< Heat pipe flow boiling pray CooNng
'. The cooled == :. ‘-.
Forced - oy ,// o /M:.J
convection / — AT :

Single phase
immerged cooling

cooling
Semiconductor
refrigeration
Natural o S
convection AT T

Thermoelectric

Air cooling

&
Tha hested surfsce

Jet impingement qoollng

: Smgle phase
'. flow cooling

.
.
L

% Techniques able to ..'
. . .
* combine with ..'
¢ 1
*s, Microchannels _+*
.. ’O
..."lnlll'...

0

A 4

Thermoelectric cooling is an existing technology
not a newly researched technology, but with the
advance in nanotechnology and material science
has undergone a recent revival of interest. Using
the Peltier effect, the thermoelectric modules can
also offer intense cooling at a localised places with
no mechanically movable elements, which has
advantages in noise abatement and thus
mechanical sturdiness. Nonetheless, they are not

Heat dissipation capacity

very efficient and their power usage is high,
though, which is still an obstacle on the way to
mass use. Nevertheless, the more recent
achievements in nanostructured thermoelectric
materials that proved their possibilities in
overcoming some of these shortcomings have
sparked interest once again in studying their
application in electronics cooling (Chen et al.,

2021).
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Other upcoming sectors include the hybrid
cooling systems, which utilize both passive and
active approaches to maximize cooling without
incurring excessive energy costs. These systems can
include a combination of microchannel heat sinks
and PCMs or vapor chambers, and thermoelectric
modules to deal with steady-state and transient
thermal loads. Such combinations provide synergy
that enables greater flexibility in a range of thermal
profiles and hybrid systems therefore appear as an
attractive option in terms of high-performance
requirements and mission-critical application (Lee
et al., 2022). With the concept of microelectronic
systems in the stages of evolution, the demand
toward multi-functional and scalable cooling
solutions that would be energy-friendly is taking
on a sharper request (Dixit et al., 2024).
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In addition, the improvement in simulation tools
and thermal characterization methods has enabled
the researchers to model, test, and optimize
thermal management systems in a better way. The
design and evaluation of the cooling technologies
has  depended on the computational fluid
dynamics (CFD), machine learning algorithms
and high-fidelity thermal imaging. The tools do
not just help to predict performance under
different conditions of operation but also material
selection and system integration approaches (Zhao
& Tan, 2025). With the increasing demand of
high-speed high-reliability electronics, there has
never been a better time in history to emphasize
the value of innovative and high precision thermal
management.
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Problem Statement

With the increasing demands of performance of
the microelectronic systems, the current methods
of thermal management are now failing to execute
the removal of concentrated and focused heat
fluxes that occur in small device structure.
Upcoming high-performing technology and
congested electronic systems require methods to
keep the operational temperatures within safe
limit, where current methods like passive air
cooling and simple heat sink do not have the
capability anymore. In the absence of proper
thermal control, any thermal throttling, shortened
component life, and system crash are extremely
increased. Consequently, it is high time to
consider and test out cutting edge methods of
thermal management that are efficient, scalable,
and specific to the intricate needs of advanced
microelectronics.

Significance of study

The work has great application use in solving the
modern day hurdles of thermal control in micro
electronic equipment’s, particularly with rise in
technology miniaturization. Through a well-
organized approach of comparing and contrasting
the various high-tech cooling technologies, e.g.
micro chilling cooling, two-path cooling, PCMs,

Microchannel

< Liquid Microchannels

€ TEC Layer

€ Processing Layer

and thermoelectric modules, the study can provide
important information on how to optimize
cooling solutions. These results not only add to the
scientific knowledge on heat transfer phenomena,
but they also have real life relevancies to the
industrial players in the sphere of heat transfer in
the design and development of highly efficient
electronic appliances. The research also speaks in
favor of further improvement of global efforts to
become more energy efficient and reliable in terms
of computing infrastructures.

Aim of the study

The main objective of the work is to explore and
compare the prospects of the new best thermal
management approaches that contribute more in
the enhancement of the convection of heat in the
microelectronic applications. Particularly, the
study aims at evaluating the performance and
integration capability of new cooling methods
such as microchannel heat sinks, phase-change
materials, thermoelectric cooling, and hybrid
systems. By using a mixed approach combining
literature review, theoretical analysis, and
simulation-based assessment, the work is going to
single out the most efficient and scaling downs of
minimizing thermal issue in the electronic systems
of today and the future.
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Method

To study the work of advanced thermal
management strategies of microelectronics, the
comparative  experimental  and
simulation model was chosen in this research. It
aimed at assessing and contrasting the
effectiveness of heat dissipation in the four
dominant cooling technologies, which include
microchannel heat sinks, thermoelectric cooling,
phase-change material (PCM)-assisted cooling, and
two-phase flows. Prototype modules that mimic
the properties of a microelectronic heat source
with a surface area of 20 mm x 20 mm were
prepared with copper heat spreaders and
embedded heating elements to emulate the same
range of heat fluxes (up to 100 W/cm 2 ) which is
used in high performance chips. All thermal
management systems were used on the same
standard heat load and popular parameters
obtained were junction temperature, thermal
resistance, and cooling response time during
steady-state and transient operation experienced
with high-resolution thermocouples and infrared
thermal imaging.

The constant ambient conditions were ensured at
25 o C (50 % relative humidity) and a high
resolution of data acquisition system and
controlled environmental chamber was used to
support the experimental setup. In the case of
microchannel cooling systems, a cooling fluid was
deionized water and the flow rates of this cooling
fluid were kept between 0.1 and 0.5 L/min by
using a peristaltic pump. The Bi 2 Te 3 based
thermoelectric modules (Peltier devices) were run
on the DC supply and used along with the heat
sinks at the hot side dissipation end. The refined
PCM with commercial grade paraffin embedment

numerical

in a copper enclosure that was bonded to the
heating surface was studied in PCM- assisted
cooling whereas in the two-phase systems, the
paraffin was replaced with refrigerant R134a to
circulate under finite pressure to measure the heat
transfer performance during boiling. All the
settings were tested more than once, and means
were measured to analyze them. An analysis of
errors and calibration was done in order to have
the accuracy of measurement within 1.5 percent.
In order to support the physical tests, ANSYS
Fluent and COMSOL Multiphysics were used to
perform the simulations using the computational
fluid dynamics (CFD). The geometry and the
boundary conditions of the experimental setups
were simulated in order to ensure the validation of
the results and the expansion of the study with the
extended range of operating parameters. To all
cooling systems, tetrahedral fine elements were
used in order to mesh 3D models, and only steady-
state simulations on heat transfer were performed.
The governing equations consisted of the energy,
the fluid dynamics Navier-Stokes, and porous
thermodynamics enthalpy PCM formulation.
Output temperatures
distributions, heat transfer coefficients, thermal
resistances and pressure drops. Cross-comparison
of results obtained through simulation and
experimentation was conducted in order to
provide the reliability confirmation and also
determine optimality of the design parameters.
This concept of dual experimental-simulation
approach allowed a foundational and satisfying
investigational —assessment of the thermal
management  strategies beyond laboratory
conditions that are realistic of the microelectronic
working environments.

parameters were

Results

Table 1: Maximum Junction Temperature (°C) Under Different Cooling Techniques

Test Condition (Heat Flux = 100 W/cm?)| Microchannel Thermoelectric [Phase-Change| Two-Phase
Cooling (MCC) | Cooling (TEC) Material Cooling

(PCM) (TPC)

Steady-State 68.2 72.5 75.8 60.7

Transient (0-300s ramp) 71.0 76.2 79.5 63.1

Max Rise Rate (°C/s) 0.12 0.15 0.09 0.11

IAmbient Temperature (Baseline) 25.0 25.0 25.0 25.0
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Cooling with two-phase cooling (TPC) helped to
keep the lowest junction temperatures both steady-
state and transient states which meant better
dissipation of heat. Thermoelectric cooling (TEC)

reached the highest temperatures, which is proved
its comparative inferiority in case of high thermal

load.

Table 2: Thermal Resistance (K/W) Comparison Between Cooling Systems

Cooling Technique Average Thermal Standard Deviation | Efficiency Rank
Resistance

Microchannel Cooling 0.43 +0.02 2nd

Thermoelectric Cooling 0.55 +0.03 4th

PCM-Based Cooling 0.49 +0.01 3rd

Two-Phase Cooling 0.32 +0.02 Ist

The thermal resistance of TPC was least, and
therefore, the most efficient in terms of heat
removal off the microelectronic surface. TEC

showed the greatest thermal resistance implying
that it is the least performing of the four systems

tested.

Table 3: Heat Transfer Coefticient (HTC, W/m?*K) of Cooling Techniques

Test Configuration MCC (Water @ 0.3 | TEC (BiyTes) | PCM (Paraffin) | TPC (R134a)
L/min)

Average HTC 14,300 8,100 9,200 21,500

Peak HTC @ Hot Spot 16,500 9,000 9,800 23,600

HTC Variance (Spatial) £1,200 +900 +850 +1,400

TPC boasted the highest mean and maximum heat
transfer coefficients which ironed out its expected
high convective heat transfer performance owing

TEC and PCM displayed the lower HTCs that
demonstrate their lower thermal conductivity
performance under operational loads.

to the phase change phenomena. On the contrary,

Table 4: Pressure Drop (kPa) in Microchannel and Two-Phase Systems

Flow Rate (L/min) MCC Pressure Drop TPC Pressure Drop
0.1 3.8 2.2
0.2 7.5 3.9
0.3 11.3 5.6
0.4 15.0 7.0
0.5 18.9 8.3

Microchannel cooling (MCC) also generated larger pressure drops, as opposed to TPC, at each of the flow
rates and this presents a relative consumptive energy cost to circulate fluid. TPC also had reduced pressure
drops, which made it more suitable to energy efficient and small size cooling designs.

Table 5: Cooling System Trade-Off Summary (Qualitative Performance)

Criteria MCC TEC PCM TPC

Heat Dissipation Efficiency High Moderate Moderate Very High
System Complexity Moderate High Low High
Energy Consumption Low Very High None (Passive) Moderate
https://thesesjournal.com | Arif et al., 2026 | Page 83
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Scalability High Low Moderate Moderate
Maintenance Requirements Low High Low Moderate-High
Cost Moderate High Low High

TPC was the most effective thermally but was
highly complexity protected and costly and could
not scale up easily on the consumer front. MCC
has been found to have a good balance between
efficiency and scaling abilities, whereas, TEC and
PCM were rather weak on energy consumption
and scale of loads.

Discussion

This study has shown that the cutting edge cooling
methods are vital in the ability to handle the
growing heat loads in a transistor device of today.
The two-phase cooling (TPC) exhibited the
optimistic behaviors mounting the highest ability
of thermal resistance, heat transfer coefficient, and
the controlling of the highest temperature at the
junction. Such finding goes in line with prior
investigations revealing the excellence of latent
heat management resources of phase change
systems, particularly in high heat flux densities
conditions (Wang et al., 2024). The fact that TPC
can sustain relatively lower temperatures both in
steady-state and transient conditions demonstrates
its significance in the high-performance
computing processes, where the thermal bursts
caused by the high thermal gradients have
potential to severely affect the device reliability and
life.

Microchannel cooling (MCC) proved the second
most successful with wide ranges of measures,
being significantly well in convective heat transfer
and  comparatively  straightforward  design
requirement. Although pressure drops were higher
in MCC than in TPC, this compromise can be
acceptable in cases of developing a fluid
circulation and where pumpages are not a
bottleneck. The advantages of MCC in compact
systems are in line with the studies by Lee et al.
(2022), where its high surface area-to-volume ratio
was recognized as a game-changer in convective
performance. MCC systems are particularly
suitable when applied in systems where

predictability is made on the heat loads and
controlled flow conditions.

Thermoelectric  cooling (TEC) which is
conceptually beneficial because the system is in
solid-state and capable of cooling in a localized
manner exhibited the least effective thermal
management. The findings obtained indicated
high thermal resistance and high junction
temperatures, a fact that perfectly coincides with
the prior investigation that TECs have low
coefficient of performance ratings and need a lot
of electrical input to operate (Chen et al., 2021).
Regardless of current material advances in thermo-
electrics, the usability of thermos-electrics in high-
load microelectronics is limited until it can be
combined with other dissipation technologies,
heat sinks or vapor chambers.

PCM cooling showed medium rates of
performance as it exhibited extreme merits in
moderating intermittent thermal spikes because of
the probability of absorbing latent heat during
phase transition. But it was poor in terms of
steady-state  cooling because the thermal
conductivity of most PCMs is not very high after
the phase transition has been reached. Sharma et
al. (2022) pointed out the same limitations in
PCM applications, and indicated that PCMs are
better suited as supplemental or hybrid cooling
material, than an independent measure. The
results of this paper ascertained that the value of
PCM is now associated with its ability to control
intermittent loads as opposed to continuous
operation at high power levels.

In the comparative trade-off analysis, it was shown
that even though TPC provides the superior
thermal performance, its complexity, cost, and
integration requirements predestine it to be used
in either critical or high-end systems such as
aerospace electronics or data centers. Conversely,
with MCC, there is an effective trade-off of cooling
performance, system complexity and scalability
which can be used to make it more suitable in
wider applications in consumer electronics and
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automotive systems. Hybrid systems that could
include passive (PCM) and active (MCC or TEC)
components can be the most effective approach to
adaptive thermal environments because it is also
argued in recent literature on multifunctional
thermal control designs (Zhao & Tan, 2025).
Regarding the aspects of sustainability and energy
efficiency, one should not pay attention only to the
ability of removal of heat but to the energy
consumption of the system and the requirements
of the maintenance. Consuming a lot of energy
made TECs the least effective, even though they
were compact. Comparatively, however, even
though MCC and TPC systems necessitate pumps
and refrigerants respectively, the two systems were
seen to be more efficient in terms of the volume of
heat eliminated to per unit volume. With the
progress of microelectronics towards denser,
higher-performance,  higherpower
thermal management is also challenged to keep
abreast and focus on energy-aware systems as well
as performance (Jain et al., 2023).

systems,

Future Direction

Prospective studies need to be done in the future
to come up with mechanisms of optimization of
hybrid cooling systems incorporating advantages
of microchannel and PCM cooling systems or
thermoelectric modules in combination with
sophisticated passive waste heat layers. Also,
monoploids and smart materials hold the promise
to further optimize the performance of heat
transfer operations through further advancements
in energy efficiency and form factor with minimal
energy consumption and size. The Al-enabled
control algorithms and real-time adaptive cooling,
which is implemented on the basis of thermal
sensors, can penetrate the dynamic thermal
control in more advanced microelectronic
platforms as well.

Limitations

The paper has limits in that it used controlled
experimental structures and simulated modeling
which might not reflect the hurdles of reality
(varying  ambient  conditions,
vibrations and longterm material degradation)

mechanical

fully. What is more, there were four cooling
technologies analyzed in detail; other structural
cooling technologies such as jet impingement
cooling, synthetic jets or those based on graphene
heat spreaders are not analyzed but could provide
more information. Finally, costs,
manufacturability and environmental impacts of
both systems were addressed solely in a qualitative
way and should be studied more extensively both
economically and throughout the life cycle.

Conclusion

They verified in this research the fact that new
thermal management strategies at their most
advanced level have the ability to dramatically
increase the sum of thermal management that
microelectronic systems can withstand, and two-
phase cooling and microchannel cooling have
been proven to be the most viable solutions in this
case. Although many advantages of the
thermoelectric-based systems and the PCM-based
system systems were recorded, they were not as
efficient when it came to working under high load
situations on a continuous basis. The conclusions
indicate that choosing thermal management
solutions should depend on the particular needs
of the system in terms of performance, size
limitation, power dissipation and operation
environment.  With  the evolution in
microelectronics, the incorporation of such
efficient, scalable, and adaptive solutions to tackle
the thermal challenges will be essential towards
maintaining the reliability, performance and
energy efficiency.
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