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Dedicated to the scientists, engineers, and students advancing the frontiers of sustainable energy.




The field of molten salt science and engineering has advanced with remarkable speed since this book was first prepared, and the 2026 Edition has been revised to reflect the state of the art at the middle of the decade. The chapters that follow retain their emphasis on the fundamental principles of thermodynamics, electrochemistry, corrosion science, and reactor physics, while the developments summarized here illustrate how quickly those principles are being translated into operating hardware.

Among the most significant recent milestones is the demonstration, announced in November 2025 by the Shanghai Institute of Applied Physics, that the 2-megawatt TMSR-LF1 thorium molten salt reactor had successfully bred uranium-233 from thorium in an operating core. This was the first experimental confirmation of thorium-to-uranium conversion in a working molten salt reactor, following the reactor's first thorium fuel addition in 2024 and its demonstration of online refueling. In the United States, Kairos Power's salt-cooled Hermes and Hermes 2 test reactors advanced through construction permitting at Oak Ridge, Tennessee—Hermes 2 becoming the first electricity-producing Generation IV plant approved for construction—while TerraPower's sodium-fast Natrium demonstration progressed at Kemmerer, Wyoming, and Abilene Christian University's Molten Salt Research Reactor moved through licensing as a university-scale research platform.

Equally important is the changing demand landscape. The rapid growth of artificial-intelligence data centers, industrial electrification, and long-duration energy storage has renewed commercial interest in high-temperature and salt-based systems—reflected in agreements such as the deployment partnership between Kairos Power and Google, and in the continued expansion of domestic high-assay low-enriched uranium (HALEU) supply. These themes of AI-driven energy demand, hybrid renewable–nuclear infrastructure, and the industrialization of molten salt technology are developed throughout the later chapters of this edition.

As always, the reader is reminded that this is a rapidly evolving field. Economic projections, regulatory frameworks, and program timelines will continue to change; the intent of this book is to provide the durable scientific and engineering foundation on which those developments can be understood.

— The Author, 2026
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Energy has always defined the progress of human civilization. Every major technological transformation in history—from the Industrial Revolution to the Information Age—has been driven by advances in energy generation, storage, transport, and utilization. To day, humanity stands at another historic turning point. The twenty-first century requires energy systems that are not only powerful and economically viable, but also sustainable, intelligent, resilient, environmentally responsible, and capable of supporting a rapidly evolving industrial world. At the center of this transformation lies one of the greatest engineering challenges of modern civilization: how to provide reliable large-scale energy while simultaneously reducing carbon emissions, stabilizing electrical grids, supporting industrial growth, and protecting global ecosystems. Molten salt technologies have emerged as one of the most promising scientific and engineering platforms capable of addressing these interconnected challenges.

 

Molten salts are extraordinary materials because they function simultaneously as heat -transfer media, thermal energy storage materials, electrochemical electrolytes, reactor coolants, liquid nuclear fuels, and high-temperature industrial fluids. Their versatility allows them to bridge multiple disciplines including nuclear engineering, electrochemistry, thermodynamics, materials science, renewable energy systems, artificial intelligence, nanotechnology, and advanced industrial manufacturing. Unlike many highly specialized technologies confined to narrow applications, molten salt systems form a broad scientific and engineering foundation capable of supporting future integrated energy infrastructures. This book was written to provide a comprehensive, modern, and interdisciplinary treatment of molten salt systems and their role in the future global energy economy. It explores molten salt thermodynamics, high-temperature electrochemical systems, thermal energy storage, concentrated solar power, Generation IV molten salt reactors, corrosion science, advanced structural materials, hybrid renewable– nuclear systems, artificial intelligence integration, digital twin infrastructure, hydrogen economies, and future intelligent thermodynamic ecosystems.

The purpose of this book is not merely to explain existing technologies, but to present molten salt systems as part of a much larger transformation in how humanity may produce, store, distribute, and utilize energy during the coming decades. Throughout thi s text, emphasis has been placed on integrating scientific principles with engineering realism. Modern molten salt systems cannot be understood through isolated disciplines alone because reactor physics interacts continuously with corrosion chemistry, electrochemical transport, fluid dynamics, heat transfer, thermal storage behavior, materials degradation, computational modeling, and industrial economics. For this reason, the chapters are intentionally interconnected, allowing concepts introduced earlier to reappear later in the context of advanced reactor systems, hybrid energy infrastructures, electrochemical applications, digital twins, and autonomous intelligent control systems. 

iii Readers are encouraged to view molten salt technologies not as isolated engineering devices, but as components of larger thermodynamic ecosystems capable of supporting future sustainable industrial civilization.

This book also reflects the rapidly evolving technological landscape through 2026. Major developments incorporated throughout the text include advanced modular reactor systems, molten chloride reactor development, concentrated solar power advancements, long-duration thermal energy storage, AI-assisted predictive maintenance, digital twin reactor systems, hydrogen production technologies, hybrid renewable–nuclear infrastructures, and autonomous industrial energy networks. Case studies from important international programs—including Oak Ridge National Laboratory, Idaho National Laboratory, Sandia National Laboratories, TerraPower, Kairos Power, Moltex Energy, and the Chinese Thorium Molten Salt Reactor Program—have been integrated throughout the chapters to provide industrial realism and engineering context. Care has been taken to maintain scientific rigor while presenting the material in a readable narrative style appropriate for undergraduate students, graduate researchers, engineers, scientists, industrial professionals, and policy specialists working in advanced energy technologies.

The later chapters intentionally move beyond conventional reactor engineering to explore broader questions concerning intelligent infrastructure, autonomous thermodynamic systems, industrial decarbonization, climate stabilization, hydrogen economies, AI-driven energy management, and the future evolution of global industrial civilization. Molten salt technologies may ultimately become foundational infrastructure for the transition toward sustainable carbon-neutral societies during the twenty-first century and beyond. This book was written with the belief that future energy systems will require not only scientific innovation, but also interdisciplinary thinking, systems-level engineering, long-term technological vision, and intelligent integration of thermodynamics, computation, materials science, and environmental sustainability.

The development of molten salt science and engineering has been shaped by decades of work from researchers, engineers, national laboratories, universities, industrial organizations, and international collaborations. Foundational contributions from Oak Ridge National Laboratory established many of the principles underlying modern molten salt reactors and molten salt chemistry. Subsequent advances from institutions including Idaho National Laboratory, Argonne National Laboratory, Sandia National Laboratories, MIT, international Generation IV programs, and numerous industrial innovators have continued to expand the field. This book draws inspiration from the collective efforts of the global scientific and engineering community working toward advanced energy technologies for a sustainable future.

The twenty-first century may ultimately be remembered as the era in which humanity transformed energy infrastructure from carbon-intensive industrial systems into intelligent thermodynamic ecosystems. Molten salt technologies may play a central role in that transformation. The journey is only beginning. 

iv

Disclaimer

This book is intended  solely for educational, scientific, engineering, and research purposes.  The discussions, analyses, reactor  concepts, thermodynamic  models,  engineering calculations, and technological descriptions presented  throughout  this text are provided  to advance academic  understanding  and professional knowledge in molten  salt systems,  advanced  energy technologies, electrochemical  engineering, and sustainable infrastructure  development.  Although every  effort  has been made to ensure  the accuracy  and technical reliability  of the information  presented,  the author  and publisher  make no warranties regarding the completeness,  accuracy, or applicability  of the material  for specific  industrial, commercial,  regulatory,  or operational  purposes.

The technologies described  in this book involve  complex  engineering systems, high -temperature  materials, electrochemical  processes, nuclear technologies, and advanced  industrial infrastructures  that require specialized expertise,  regulatory  oversight, professional training, and adherence  to applicable national and international safety  standards. Readers  are strongly advised  not to use the information  contained  in this book as a substitute  for professional engineering judgment,  licensed technical consultation,  regulatory compliance  procedures,  or formal  safety analysis.

References  to commercial  organizations, reactor  programs,  institutions, technologies, products,  or industrial systems  are included  solely for scientific and educational  discussion and do not constitute  endorsement  or recommendation  by the author  or publisher.  The views and interpretations  expressed  throughout  this work are those of the author and do not necessarily represent  the official positions of any government  agency, research institution,  university,  laboratory,  or commercial  organization.

The author acknowledges that molten  salt technologies, advanced  nuclear systems,  artificial intelligence integration, and future  energy  infrastructures  continue  to evolve  rapidly.  Consequently,  some technical details, economic projections,  regulatory  frameworks,  and industrial developments  may change over  time  as scientific understanding  and engineering practices  advance.

This book is dedicated  to promoting  scientific inquiry,  responsible  engineering, interdisciplinary  innovation, and the  advancement  of sustainable energy  technologies for the benefit  of future  generations.
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Dr. Perumal Pugazhendhi, Ph.D., is an internationally recognized scientist, researcher, inventor, and multidisciplinary engineer whose work spans molten salt technologies, electrochemistry, advanced materials science, nanotechnology, energy systems, thermal engineering, and intelligent infrastructure. With more than four decades of scientific and engineering experience, his research has consistently focused on bridging fundamental science with practical industrial applications in sustainable energy and advanced thermodynamic systems. 

 

Dr. Pugazhendhi has conducted pioneering research in molten salts, ionic liquids, electrochemical systems, thermal energy storage, hydrogen technologies, fuel cells, carbon nanotubes, graphene-related materials, smart materials, and advanced energy infrastructure. A significant part of his research career involved Department of Energy (DOE)-related molten salt and advanced energy projects at the University of Arizona, where he worked on molten salt chemistry, ionic-liquid electrolytes, electrochemical transport systems, and high-temperature energy applications relevant to next-generation nuclear and thermal energy technologies. His work contributed to the advancement of high-temperature electrochemical systems and intelligent energy-storage concepts designed for future sustainable industrial infrastructure. 

Dr. Pugazhendhi has authored numerous peer-reviewed scientific publications and holds multiple patents in molten salt systems, electrochemistry, nanotechnology, energy engineering, and advanced functional materials. His research and technology development programs have been supported by major U.S. government agencies including the Department of Energy (DOE), Department of Defense (DOD), U.S. Air Force, U.S. Army, and NASA. Throughout his career, he has led multidisciplinary research initiatives and technology commercialization programs involving advanced materials, adaptive electrochemical systems, thermal engineering platforms, and intelligent energy technologies. His international scientific collaborations include appointments and research activities with institutions such as the Korea Institute of Energy Research (KIER), the Norwegian University of Science and Technology (NTNU), and the University of Barcelona. 

Dr. Pugazhendhi’s work reflects a long-standing vision that molten salt systems may become foundational technologies for future carbon-neutral industrial civilization, intelligent thermodynamic infrastructure, hybrid renewable–nuclear energy systems, hydrogen economies, and AI-assisted autonomous energy ecosystems. Through this book, he presents molten salt technologies not merely as specialized engineering systems, but as transformative multidisciplinary platforms capable of reshaping the future of sustainable energy, industrial resilience, and intelligent infrastructure for the twenty-first century and beyond. 
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1.1 Introduction
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The global energy landscape is undergoing one of the most significant technological transformations since the industrial revolution. Rapid electrification, industrial decarbonization, artificial intelligence infrastructure growth, climate change mitigation, and increasing worldwide energy demand are driving the search for energy systems capable of delivering reliable, scalable, and carbon-neutral power. Within this emerging technological transition, molten salt systems have reemerged as one of the most scientifically important and strategically valuable engineering platforms of the twenty-first century.

Molten salts are high-temperature ionic liquids capable of simultaneously transporting thermal energy, storing heat, conducting ions, dissolving nuclear fuel, and supporting electrochemical reactions. Their unusual combination of thermodynamic stability, l ow vapor pressure, electrochemical activity, and heat-transfer capability has positioned them at the center of multiple advanced technologies including:

•   molten salt reactors, 

•   thermal energy storage systems, 

•   concentrated solar power, 

•   molten salt batteries, 

•   hydrogen production, 
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•    electrochemical refining, 

•    and industrial decarbonization systems. 

Unlike conventional thermal fluids such as water or hydrocarbons, molten salts may operate at elevated temperatures under relatively low pressure. This property provides major engineering advantages in safety, thermal efficiency, and infrastructure design. The ability of molten salts to store and transport large quantities of heat also enables new forms of integrated thermal infrastructure capable of coupling nuclear systems, renewable energy, industrial heat networks, and AI-assisted grid management.

Historically, molten salt technologies emerged from both electrochemical metallurgy and advanced nuclear research. Early investigations into fused salts during the nineteenth and twentieth centuries gradually evolved into highly sophisticated engineering programs involving reactor physics, thermal storage, corrosion science, and electrochemical energy systems.

The most influential historical milestone occurred at Oak Ridge National Laboratory during the Molten Salt Reactor Experiment (MSRE), which successfully demonstrated a liquid-fuel nuclear reactor operating with molten fluoride salts between 1965 and 1969. The MSRE established the scientific feasibility of high-temperature liquid-fuel reactor systems and profoundly influenced subsequent molten salt research worldwide.

During the decades that followed, interest in molten salt systems fluctuated according to political priorities, fossil fuel economics, and nuclear policy. However, by the early twenty-first century, several global developments renewed intense interest in molten salt technologies:

•    decarbonization targets, 

•    renewable intermittency, 

•    industrial heat demand, 

•    hydrogen economy initiatives, 

•    long-duration energy storage requirements, 

•    and advanced reactor development. 

By 2026, molten salt technologies had become central components of multiple strategic energy programs in the United States, China, Europe, Canada, South Korea, and the Middle East.

The importance of molten salts now extends beyond individual technologies. Increasingly, molten salts are viewed as enabling materials for future thermodynamic infrastructure systems capable of integrating electricity generation, heat storage, industrial processing, and electrochemical manufacturing into unified energy ecosystems.
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This chapter introduces the historical development, scientific principles, engineering significance, and future role of molten salt energy systems.

 

1.2 Historical Development of Molten Salt 

Technologies

The scientific origins of molten salt chemistry may be traced to early investigations into high-temperature ionic liquids during the nineteenth century. Researchers studying electrolysis and metallurgy observed that molten salts behaved fundamentally diffe rently from ordinary molecular liquids.

During the late nineteenth and early twentieth centuries, molten salts became increasingly important in industrial electrochemistry, particularly in aluminum production through the Hall–Héroult process. In this process, alumina dissolves within molten cryolite, allowing efficient electrolytic extraction of aluminum metal.

The development of nuclear technology during the mid-twentieth century dramatically expanded interest in molten salts. Researchers recognized that molten fluoride salts possessed several properties attractive for nuclear systems:

•   high thermal stability, 

•   low neutron absorption, 

•   excellent heat-transfer capability, 

•   and low vapor pressure. 

These characteristics led to the Aircraft Reactor Experiment and later the Molten Salt Reactor Experiment at Oak Ridge National Laboratory.

The MSRE demonstrated several revolutionary concepts:

•   liquid nuclear fuel, 

•   online fuel circulation, 

•   high-temperature low-pressure reactor operation, 

•   and stable fluoride salt chemistry. 
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The decline of molten salt reactor programs during the 1970s and 1980s resulted primarily from shifting political and economic priorities rather than scientific failure. Interest revived strongly during the 2000s as climate concerns and advanced reactor pr ograms accelerated globally.

By 2026, molten salt systems had become central to multiple emerging technologies including:

•    fluoride-salt-cooled reactors, 

•    chloride fast-spectrum reactors, 

•    thermal energy storage systems, 

•    molten salt batteries, 

•    and industrial thermal networks. 
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1.3 Fundamental Advantages of Molten Salt 

Systems

The growing importance of molten salts arises from several exceptional engineering characteristics.

One of the most important advantages is high-temperature stability. Many molten salts remain chemically stable above 700°C while maintaining low vapor pressure. This enables efficient heat-transfer systems operating near atmospheric pressure.

The thermal efficiency of high-temperature systems is fundamentally governed by the Carnot relationship:

𝑇 𝑐

𝜂 = 1 −

𝑇 ℎ

where:

•   𝜂 represents theoretical thermal efficiency, 

•   𝑇 is the hot reservoir temperature, ℎ

•   and 𝑇 is the cold reservoir temperature. 𝑐

Higher operating temperatures therefore improve thermodynamic efficiency.

Molten salts also possess high volumetric heat capacity, allowing them to store enormous quantities of thermal energy. Thermal energy storage follows:

𝑄 = 𝑚𝐶 Δ𝑇 𝑝

where:

•   𝑄is stored thermal energy, 

•   𝑚is salt mass, 

•   𝐶 is heat capacity, 𝑝

•   and Δ𝑇is temperature difference. 

This property makes molten salts ideal for concentrated solar power systems and long-duration thermal storage infrastructure.

Another major advantage is ionic conductivity. Molten salts transport charge efficiently through ionic motion, enabling electrochemical applications ranging from batteries to nuclear fuel reprocessing.

 

5

[image: ]

index-9_3.png





index-5_1.png
Preface





index-1_1.png
Molten Salts





index-9_5.png
Energy Systems





index-9_4.png
Introduction to Molten Salt





cover.jpeg
Molten Salts

Applications, Challenges, and Future
Prospects in Energy Systems

2026 EDITION

Written by

Perumal Pugazhendhi, Ph.D.





index-9_2.png





index-9_1.png
PartI - Fundamentals of Molten





index-1_2.png





index-4_1.png
Contents





index-1_3.png





index-12_1.jpg
Table 1.1
Major Historical Milestones in Molten Salt Development

<
Year Milestonce Significance
5 o Industrial mol
. ndustrial molten
1886 Hall-Héroult process I elbchotysis
1954 Aircraft Reactor Experiment Early molten salt
nuclear research
Liquid-fuel reactor
1965 SR sty demonstration
- 1980s Solar salt deployment gk
| commercialization
GEN |V} 2000s Gen-IV reactor programs Advanced molten salt
|ntergg:ma)/ reactor revival
2020s = Hybrid thermal infrastructure | ntegrated energy

systems





index-14_1.jpg
Figure 1.1

Historical Evolution of

Molten Salt Technologies
<>

5. Al-Assisted

1. Electrochemistry 2. Reactor Research 3. Thermal Storage 4. Hybrid Energy Thermal
Infrastructure

Systems

Industrial molten salt Early molten salt Development and Integration of molten Al digital twins, and
electrolysis and nuclear research commercialization of salts in hybrid nuclear, intelligent control for
electrochemical and liquid-fuel molten salt thermal renewable, and autonomous thermal

processes reactor concepts storage systems hydrogen energy infrastructure
H ; i systetns H
i i i ] i
i i i i i
I i i ] i
Late 19th Century 1950s-1960s 1980s-1990s 2000s-2010s 2020s and Beyond
(1880s) (Research & (Deployment & (Integration & (Intelligence &
Demonstration) Expansion) Hybridization) Autonomy)
Foundational
chemical and Birth of molten salt Growth of molten Hybrid energy Al-driven, resilient,
electrochemical reactor research salt thermal storage systems and and sustainable
discoveries and experiments technologies advanced reactor thermal
programs infrastructure

- to Reactor EN toThermal \ =K toSystem N [0\ tolntelligent

7:{  From Fundamental
Integration \¢J5Y Autonomy

Chemistry = J] Innovation — Utilization =)

A journey from discovery to intelligent, integrated, and sustainable
energy solutions.






index-8_1.png





