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This study evaluates the development of heat exchanger (HE)
technology from 2015 to 2024 through a bibliometric analysis of 8§80
Scopus-indexed articles. As a critical component of thermal systems,
HE remains a primary focus for enhancing energy efficiency and
sustainability across wvarious industries. This study adopts a
systematic approach, using tools such as VOSviewer to map research
trends and to conduct co-occurrence keyword analysis. The findings
indicate a significant annual increase in publications, with key
research themes including heat transfer enhancement, thermal energy
storage, and waste heat recovery dominating the literature. Numerical
simulations, particularly computational fluid dynamics and material
innovations such as phase change materials, have been pivotal in
advancing HE technology. However, research gaps remain, including
limited experimental wvalidation, insufficient development of
environmentally friendly materials, and a lack of exploration into
ultra-compact HE designs. This study recommends integrating
artificial intelligence to optimize performance, developing sustainable
materials, and conducting more targeted research on waste heat
utilization and integrated thermal energy storage systems. These
findings significantly advance HE technology toward greater
efficiency, economic viability, and sustainability while providing
strategic directions for future research.
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Introduction

Heat exchangers (HEs) are essential components in thermal management systems and are
widely applied across various industrial sectors, including power generation [1], chemical
processing [2-4], cooling systems [5], and automotive applications [6]. Their critical role in
enhancing energy efficiency and reducing power consumption has made them a central focus
of research and technological development in thermal engineering. In line with increasing
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demands for energy efficiency and sustainability, advancements in design, material selection,
and modeling methodologies continue to emerge to optimize HE performance. Recent
research trends highlight the exploration of advanced materials, geometric optimization, and
the integration of artificial intelligence (Al) to improve heat-transfer effectiveness [7-11].

Over the past decade, research on HEs has grown rapidly, demonstrating notable
improvements in thermal efficiency and the development of more compact designs.
Innovations such as microchannel heat exchangers [12-14], and regenerative heat exchangers
[15-17] have been introduced to further enhance heat-transfer performance. In addition, the
use of Computational Fluid Dynamics (CFD) simulations and Al-based optimization
techniques has increasingly dominated HE analysis and design methodologies [18-22].
Alongside sustainability requirements, research has also shifted toward environmentally
friendly materials and the development of alternative refrigerants to minimize environmental
impact. Nevertheless, a major challenge remains: balancing improved thermal efficiency with
economic feasibility and industrial practicality.

Despite the growing volume of HE-related literature, existing review studies have
predominantly focused on specific HE types, design strategies, working fluids, or application-
oriented performance analyses. Consequently, a comprehensive and up-to-date bibliometric
perspective that systematically maps global research trends, emerging themes, and structural
knowledge gaps in HE technology remains limited. In this context, bibliometric analysis
provides a robust and objective approach to quantitatively examine the evolution of research
activities, collaboration patterns, and technological trajectories that support the advancement
of HE technologies [23].

The novelty of this study lies in its integrated, time-resolved bibliometric assessment of HE
technology research over the period 2015-2024, capturing a decade marked by rapid
advancements in sustainability-driven design, Al-assisted optimization, and multifunctional
thermal systems. Unlike previous bibliometric or narrative reviews, this study not only
quantifies global publication trends but also systematically identifies thematic evolution
through author keyword co-occurrence analysis, revealing how emerging topics such as
thermal energy storage, waste heat recovery, and intelligent design frameworks interconnect
within the broader HEs research landscape.

Accordingly, this study aims to conduct a comprehensive bibliometric analysis to evaluate the
development of HE technology research during 2015-2024. The analysis identifies global
publication trends, highlights underexplored research gaps, and outlines potential future
research directions. By combining publication trend analysis with keyword co-occurrence
mapping, this work offers a structured thematic overview of HEs' research while providing
strategic insights for both academia and industry in designing more efficient, economical, and
sustainable heat exchanger systems.

Methodology

This study employs a systematic bibliometric approach to ensure that the analysis is objective,
structured, and reliable. Data were obtained from Scopus, a highly reputable scientific
database that provides well-structured metadata suitable for comprehensive bibliometric
assessment [24,25]. VOSviewer and Microsoft Excel were used to map major research trends
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in heat exchanger (HE) studies, including publication growth, identification of dominant
keywords, research gap analysis, and mapping of future research directions.

The literature search was conducted using a systematically designed query strategy to ensure
that only articles directly related to HE technology were included in the analysis. The 2015~
2024-time frame was selected to capture the most recent trends and innovations in this field.
The final query used in Scopus was: TITLE-ABS-KEY (heat AND exchanger AND technology)
AND PUBYEAR > 2014 AND PUBYEAR < 2025 AND (LIMIT-TO (SUBJAREA, "ENGI"))
AND (LIMIT-TO (DOCTYPE, "ar")) AND (LIMIT-TO (LANGUAGE, "English")) AND (LIMIT-
TO (EXACTKEYWORD, "Heat Exchangers") OR LIMIT-TO (EXACTKEYWORD, "Heat
Exchanger")) AND (LIMIT-TO (SRCTYPE, "j")) AND (LIMIT-TO (PUBSTAGE, "final")). This
query ensured that only journal articles ("ar") within the engineering subject area ("ENGI"),
written in English, and in the final publication stage were included in the dataset. To maintain
the quality and validity of the study, articles still in early or in-press stages were excluded from
the analysis.

For thematic mapping, author keyword co-occurrence analysis was performed using
VOSviewer. A minimum keyword-occurrence threshold was applied to filter out infrequently
used terms and ensure the resulting network reflected the most relevant and representative
research themes. The full-counting method was adopted, meaning that each occurrence of a
keyword in a publication was counted equally, regardless of the total number of keywords
assigned to that document. This approach was selected to emphasize the actual frequency and
prominence of research topics within the HE literature, rather than normalizing contributions
across publications.

Network visualization was generated based on keyword co-occurrence strength, with node
size representing keyword frequency and link thickness indicating co-occurrence strength.
Clustering was automatically performed by VOSviewer to identify thematic groupings and
research subfields within HE technology.

The final dataset consisted of 880 documents, which were subsequently analyzed to identify
publication patterns, dominant research themes, and emerging technological directions in HEs
research. Through this structured approach, the study provides a comprehensive overview of
the evolution of HE-related research, reveals thematic shifts over time, and highlights research
challenges and opportunities that warrant further investigation.

Results and Discussion

Publication Trends in Heat Exchanger Technology

Figure 1 presents the results of a bibliometric analysis of publications on heat exchanger (HE)
technology over the period 2015-2024, indicating a significant increase in research output. As
shown in Figure 1, the number of annual publications rose from 50 in 2015 to 115 in 2024,
exhibiting a nonlinear growth pattern. The trend line reveals several phases of acceleration
and deceleration, reflecting dynamic developments in this research domain. This trend
underscores the strong relationship between emerging technological innovations, industrial
demands, and global policy support for energy efficiency and sustainability.
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Figure 1. Publication Trends in Heat Exchanger Technology

In the early period of the analysis (2015-2016), publication output remained relatively stable,
ranging between 50 and 71 articles annually. Research during this stage was likely centered on
fundamental technological development and the adaptation of existing heat exchanger designs
to specific applications. However, in 2017, a more pronounced increase occurred, with 75
publications, signaling growing attention toward HE technologies, particularly those
addressing urgent industrial requirements for enhanced energy efficiency and sustainability.

Although a slight decline was observed in 2018 (72 articles), publication output rose sharply
in 2019, reaching 95 articles. This growth may be attributed to several technological
breakthroughs, including advances in materials such as phase change materials (PCMs) and
progress in numerical simulations to optimize HE design and performance.

From 2020 to 2024, publication numbers steadily increased, peaking at 115 in 2024. This notable
rise during the final five-year period reflects accelerated technological innovation, driven by
the adoption of emerging methods, such as nanofluids, advanced numerical simulations,
including CFD, and the development of more compact, efficient HE designs. Furthermore,
sustainability concerns have become a central focus, with greater attention directed toward
environmentally friendly refrigerants and alternative materials that improve energy efficiency.

The integration of artificial intelligence (AI) and machine learning (ML)-based optimization in
HEs design has become a significant driver of recent research. These technologies not only
enhance thermal efficiency but also reduce production costs through more predictive and
optimized design strategies. The 2024 peak in publication output illustrates a surge of interest
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in these topics, likely driven by new technological adoption and global energy policy
incentives.

Overall, the increase in HE-related publications from 2015 to 2024 can be linked to several
critical factors. First, the growing global demand for energy efficiency and carbon-emission
reduction has stimulated technological innovation across various industrial sectors. Second,
increasingly stringent environmental regulations and policies across many countries have
accelerated the development of more efficient, environmentally friendly HE technologies.
With the heightened emphasis on sustainability, research in this field has become increasingly
strategic in addressing global energy challenges and providing relevant solutions for the
future.

Co-occurrence Analysis of Author Keywords in Heat Exchanger Technology Research

Figure 2 illustrates the visualization of author keyword co-occurrence generated using
VOSviewer. Keywords with larger node sizes and denser interconnections, such as “heat
exchanger”, “heat transfer”, “thermal energy storage”, and “waste heat recovery”, emerge as
dominant themes in HE-related research. Other specific topics, including “computational fluid

aai

dynamics”, “phase change materials”, and “organic Rankine cycle”, show strong associations
with HE-research, reflecting the thematic diversity within this field.
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Figure 2. Network Visualization Based on Author Keywords

The linkage between “thermal energy storage” and keywords such as “heat transfer
enhancement”, “optimization”, and “energy efficiency” suggests that thermal storage
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systems are frequently associated with efforts to enhance overall energy efficiency.
Meanwhile, the strong associations among “computational fluid dynamics”, “modeling”, and
related analytical terms highlight the critical role of numerical simulation in advancing

sophisticated analysis and design methodologies.

The findings further demonstrate that HE technology research has evolved into a
multidisciplinary field encompassing material innovation, advanced modeling methods, and
optimization strategies. For instance, the frequent use of terms such as “heat transfer
enhancement” and “energy efficiency” signals global priorities for improving energy
efficiency across industrial sectors. Additionally, the application of innovative materials, such
as PCM, in thermal energy storage systems underscores the relevance of this research to
renewable energy needs. Strong associations among “waste heat recovery”, “optimization”,
and “organic Rankine cycle” underscore the strategic importance of HE technologies in
recovering waste heat to enhance overall system thermal efficiency while reducing primary

energy consumption.

In clusters focusing on innovative design, keywords such as “printed circuit heat exchangers”
and “fluidized beds” reflect efforts to develop lighter, more compact, and more efficient heat
exchangers, highly relevant for aerospace and automotive applications. Multi-objective
optimization approaches, as shown in the green cluster, highlight researchers’ growing
emphasis on thermal efficiency, production cost, equipment size, and environmental impact.

Overall, this analysis highlights that HE technology plays a strategic role in addressing global
energy challenges. The potential integration of advanced technologies such as artificial
intelligence and state-of-the-art simulation methods can further accelerate innovation and
broaden the adoption of HE technologies in the future.

Identification of Research Gaps

The bibliometric analysis and preceding discussion reveal several research gaps that warrant
further attention in the development of heat exchanger (HE) technology. One major gap
concerns the limited experimental validation of numerical simulation results (such as those
generated from CFD), which are often conducted under idealized conditions. The inability of
simulations to capture real-world complexities, including fluid flow variations and material
degradation, restricts the applicability of these findings in industrial environments.
Additionally, the integration of artificial intelligence (AI) and machine learning (ML) for HEs
design optimization remains limited to specific case studies, despite their substantial potential
to predict long-term performance, optimize multi-parameter designs, and significantly reduce
production costs.

Another gap concerns the development of environmentally friendly, sustainable HE materials.
Although innovations such as phase change materials (PCM) and nanofluids have been widely
studied, further research is needed to evaluate recyclable or biocompatible materials,
particularly for applications in medical and environmentally sensitive sectors. Moreover, the
design of ultra-compact HEs for space-constrained applications (such as electric vehicles and
portable devices) remains underexplored. While thermal energy storage (TES) has emerged as
a major research focus, the literature on large-scale TES-HE integration, particularly in
renewable energy power plants, remains scarce. Research on HE applications in specific
sectors (such as food processing, desalination, and small-scale waste heat utilization) also
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needs expansion to offer more targeted and sustainable solutions. Identifying these gaps
provides the foundation for deeper and more innovative future research.

Recommendations for Future Research

Based on the identified gaps, future research in HE technology should prioritize
comprehensive experimental validation to support numerical simulations such as CFD. Such
validation must reflect real-world conditions, including variations in fluid flow,
contamination, and material degradation, to ensure that research outcomes can be directly
applied in industrial settings. In addition, stronger integration of AI and ML in HEs' design
and optimization is essential to accelerate innovation. These technologies can be leveraged to
predict long-term performance, optimize multi-factor design parameters, and reduce the costs
associated with physical experimentation. Increased focus on these digital approaches will
enhance both efficiency and sustainability across a wide range of applications.

Future studies should also explore the development of environmentally friendly, recyclable,
and biocompatible HE materials to support long-term sustainability. The development of more
compact and efficient HE designs (especially for space-limited applications such as electric
vehicles, satellites, and portable medical devices) requires further investigation. Moreover,
more integrated studies on TES and HEs technologies are needed, particularly on large scales
such as those used in renewable energy power plants. These efforts can improve the efficiency
of energy storage and transfer in more complex systems. Finally, expanding research on small-
scale waste heat recovery and optimizing HEs for specific applications (such as desalination
and food processing) will provide more tailored and sustainable solutions to meet growing
energy demands.

Conclusion

This study provides a comprehensive bibliometric analysis of the development of heat
exchanger (HE) technology over the period 2015-2024, with a focus on research trends,
scientific collaboration, and major thematic areas within Scopus-indexed literature. The
findings indicate a significant increase in publication output, reflecting growing interest in HE
innovation to meet global demands for energy efficiency and sustainability. Key themes (such
as heat transfer enhancement, thermal energy storage (TES), and waste heat recovery)
dominate the research landscape, with innovations including phase change materials (PCM)
and CFD-based numerical simulation playing critical roles. Furthermore, the collaboration
networks among researchers reveal strong interaction patterns that continue to accelerate
innovation within the field.

Despite these advancements, this study also identifies several research gaps requiring further
attention, including limited experimental validation, insufficient exploration of
environmentally friendly materials, and a lack of studies on ultra-compact HE designs for
specialized applications. Based on these insights, future research should expand the
integration of artificial intelligence in HEs design, advance the development of sustainable
materials, and enhance small-scale waste heat utilization. These efforts will be essential to
support more efficient, sustainable, and innovative HE technologies in the years ahead.
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