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The global energy transition represents the most significant industrial transformation
since the advent of electrification, requiring unprecedented quantities of critical
materials across interconnected technology value chains. As nations accelerate toward
net-zero commitments, demand for rare earth permanent magnets, electrolyzer catalyst
materials, battery metals, and advanced thermal management solutions is creating both
extraordinary market opportunities and acute supply chain vulnerabilities that will define
competitive advantage through 2036 and beyond.

Rare earth permanent magnets, particularly neodymium-iron-boron (NdFeB)
formulations, have emerged as indispensable components for electric vehicle traction
motors and direct-drive wind turbine generators. The average electric vehicle requires
1.2 to 3.8 kilograms of rare earth magnets, while offshore wind turbines utilizing direct-
drive technology demand 600 to 800 kilograms per megawatt of generating capacity.
With electric vehicle adoption accelerating globally and offshore wind installations
expanding rapidly, rare earth magnet demand is projected to triple by 2035. However,
China’'s dominance—controlling approximately 92% of global NdFeB magnet production
and over 90% of rare earth processing capacity—creates significant supply chain
concentration risk that is driving substantial investment in alternative supply
development across North America, Australia, and Europe.

The green hydrogen sector faces its own critical materials challenge centered on
iridium, an essential catalyst for proton exchange membrane (PEM) electrolyzers.
Global iridium supply remains severely constrained at approximately 7 to 8 tonnes
annually, almost exclusively as a byproduct of platinum mining in South Africa. This
supply limitation threatens to cap PEM electrolyzer deployment despite the technology's
superior performance characteristics for renewable energy integration. The electrolyzer
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market itself is undergoing significant consolidation, with alkaline technology
capturing over 98% of current deployments due to cost advantages, while
manufacturers navigate overcapacity conditions and intense price competition from
Chinese producers offering systems at 30 to 40% lower cost than Western equivalents.

Battery recycling and black mass recovery have transitioned from peripheral activities to
strategically critical operations as lithium-ion battery deployment scales exponentially.
The circular recovery of lithium, cobalt, nickel, and manganese addresses both resource
security concerns and environmental imperatives, with regulatory frameworks including
the EU Battery Regulation mandating minimum recycled content requirements.
Hydrometallurgical and direct recycling technologies are achieving recovery rates
exceeding 95% for key metals, creating a nascent but rapidly expanding industry
projected to process millions of tonnes of end-of-life batteries annually by the
mid-2030s.

Data center thermal management represents a convergent challenge linking energy
transition to computational infrastructure, as artificial intelligence workloads drive power
densities beyond air cooling capabilities. Liquid cooling technologies, including direct-to-
chip and immersion cooling systems, are becoming essential for managing heat fluxes
exceeding 200 watts per square centimeter in advanced semiconductor packages. The
thermal interface materials market continues expanding across electric vehicles,
renewable energy systems, and high-performance computing applications.

The interconnected nature of these markets creates compounding supply chain risks
but also substantial opportunities for strategic positioning. Companies and nations that
secure reliable access to critical materials while developing recycling capabilities and
materials-efficient technologies will capture disproportionate value as the energy
transition accelerates. Investment requirements across these sectors are measured in
hundreds of billions of dollars through 2036, with policy frameworks including the US
Inflation Reduction Act and EU Critical Raw Materials Act reshaping competitive
dynamics and regional supply chain development priorities.

This comprehensive market report provides strategic intelligence on the interconnected
supply chains, emerging technologies, and market dynamics shaping the transition to
net-zero economies through 2036. Spanning rare earth permanent magnets, green
hydrogen electrolyzers, lithium-ion battery recycling, and advanced thermal
management systems, this analysis delivers actionable insights for investors,
manufacturers, policymakers, and technology developers navigating the most significant
industrial transformation in modern history.
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Critical materials supply chains face extraordinary pressure as electric vehicle
production scales globally, renewable energy installations accelerate, and data center
power densities surge beyond conventional cooling capabilities. China's dominance
across rare earth processing, battery materials manufacturing, and magnet production
creates acute supply chain vulnerabilities that are reshaping global industrial policy and
driving billions of dollars in diversification investments across North America, Europe,
and Australia. This report examines the strategic implications of supply concentration,
emerging alternative sources, and circular economy solutions including rare earth
magnet recycling and battery black mass recovery.

The rare earth permanent magnet market analysis covers NdFeB and SmCo
technologies, mining and processing operations, manufacturing capacity expansion,
and recycling developments. Electric vehicle traction motors and direct-drive wind
turbine generators represent the dominant demand drivers, with magnet requirements
projected to triple by 2035. The report profiles leading magnet manufacturers, mining
companies, and innovative recycling technology developers establishing short-loop and
long-loop recovery operations.

Green hydrogen production via water electrolysis represents a cornerstone
decarbonization pathway for hard-to-abate sectors including steel, chemicals, and
heavy transport. This report provides detailed analysis of alkaline, PEM, AEM, and
SOEC electrolyzer technologies, examining the market consolidation underway as
overcapacity and intense price competition reshape the competitive landscape. Critical
catalyst materials including iridium and platinum face severe supply constraints that
may limit PEM electrolyzer deployment, driving innovation in catalyst loading reduction
and non-precious metal alternatives.

Lithium-ion battery recycling has transitioned from emerging opportunity to strategic
imperative as regulatory frameworks mandate recycled content and end-of-life battery
volumes accelerate exponentially. The report examines pyrometallurgical,
hydrometallurgical, and direct recycling technologies, black mass processing
economics, and material recovery rates for lithium, cobalt, nickel, manganese, and
graphite. Regional recycling capacity development across China, Europe, and North
America is analyzed alongside supply chain integration strategies.

Advanced thermal management materials and systems address critical thermal
challenges across electric vehicles, renewable energy infrastructure, semiconductor
packaging, and data center cooling. The report covers thermal interface materials
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including greases, gap fillers, phase change materials, and carbon-based solutions,
alongside liquid cooling technologies such as direct-to-chip and immersion cooling
systems essential for Al accelerator thermal management. Solid-state cooling
technologies including thermoelectric, magnetocaloric, and electrocaloric systems are
examined for emerging applications.
Report Contents Include:
Rare Earth Permanent Magnets
NdFeB and SmCo magnet technologies and performance comparison
Global rare earth mining, processing, and refining capacity
Magnet manufacturing and grain boundary diffusion technology
Electric vehicle motor and wind turbine generator applications
Rare earth magnet recycling technologies and capacity development
Market forecasts by application, material type, and region (2026-2036)
Green Hydrogen & Electrolyzer Technologies
Alkaline, PEM, AEM, and SOEC electrolyzer technology analysis
Electrolyzer market consolidation and competitive dynamics
Critical catalyst materials: iridium supply constraints and alternatives
Green hydrogen applications in steel, ammonia, and transportation
Manufacturing capacity and levelized cost of hydrogen projections
Market forecasts by technology and region (2026-2036)

Lithium-lon Battery Recycling

Pyrometallurgical, hydrometallurgical, and direct recycling technologies
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Black mass production, composition, and processing economics
Material recovery rates for lithium, cobalt, nickel, and graphite
Regulatory frameworks: EU Battery Regulation, US and China policies
Recycling capacity development and supply chain integration
Market forecasts (2024-2036)

Thermal Management Materials & Systems

Thermal interface materials: greases, pads, gap fillers, phase change
materials

TIMs for electric vehicles, renewable energy, and data centers

Advanced semiconductor packaging thermal challenges (2.5D/3D
integration)

Data center liquid cooling: direct-to-chip and immersion cooling

Solid-state cooling: thermoelectric, magnetocaloric, electrocaloric
technologies

Market forecasts by application and technology (2026-2036)
Supplementary Critical Materials

Lithium: extraction technologies including direct lithium extraction (DLE)

Cobalt: supply concentration, ethical sourcing, reduction strategies

Nickel: Class 1 vs Class 2, Indonesian expansion, HPAL processing

Graphite: natural vs synthetic, spherical graphite processing

Copper: EV content, renewable energy infrastructure, grid requirements
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Platinum group metals: iridium, platinum, palladium supply and recycling

Silicon, manganese, vanadium, gallium, germanium, fluorochemicals
Strategic Analysis

Supply chain vulnerabilities and diversification strategies

Regional market analysis: China, Europe, North America, Asia-Pacific

Policy frameworks: Inflation Reduction Act, EU Critical Raw Materials Act

Investment requirements and funding landscape

Technology roadmaps and commercialization timelines

This report features comprehensive profiles of over 300 companies spanning the critical
materials value chain, including: 3M, ADA Technologies, AegiQ, Al Technology,
AkkuSer Oy, Alchemr, AluChem Companies, Altris AB, American Battery Technology
Company, Amprius Technologies, AMTE Power, Anyon System, Anzen Climate Wall,
AOK Technologies, Aqua Metals, Arafura Resources, Arieca Inc., Ascend Elements,
Asetek, Asperitas, Attero Recycling, Avantium, Aztrong Inc., Bando Chemical
Industries, Barocal, BASF, Battri, BatX Energies, BlueFors, BNNT LLC, Bohr,
Bostik/Arkema, Boyd Corporation, Brunp Recycling (CATL), BYD, Camfridge Ltd,
Caplyzer, Carbon280, Carbice Corporation, CATL, Cellmobility, Ceres Power Holdings,
Chilldyne, China Northern Rare Earth Group, Cirba Solutions, Circunomics, CoollT
Systems, CryoCoax, CSSC PERIC Hydrogen Technologies, Cummins, Custom
Thermoelectric, CustomChill, Cyclic Materials, DBK Industrial, Delft Circuits, Dioxide
Materials, Dow, DOWA Eco-System, Duesenfeld, DuPont, EcoPro, EIC Solutions,
Elementar Hydrogen, Elkem Silicones, Elogen H2, Enevate, Enovix, Energy Fuels Inc.,
Engineered Fluids, Enapter, EVE Energy, Exergen, Factorial Energy,
Faradion/Reliance, Ferrotec, Fortum Battery Recycling, Frore Systems, Fujipoly,
Ganfeng Lithium, Ganzhou Cyclewell, GEM Co. Ltd., General Electric, Geomega
Resources, Glencore, Gotion High-Tech, GRC (Green Revolution Cooling), Green Li-
ion, Groupl4 Technologies, H2 Carbon Zero, H2B2 Electrolysis Technologies,
H2Electro, H2Pro, H2Vector Energy Technologies, HALA Contec GmbH, Hamamatsu,
Hamamatsu Carbonics, Hastings Technology Metals, Henkel/Bergquist, Heraeus
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Precious Metals, HGenium, HiNa Battery Technology, Hitachi Zosen, Honda,
Honeywell, Huayou Cobalt, Huber Martinswerk, HyMet Thermal Interfaces, HyProMag,
Iceotope, Indium Corporation, Inflegtion (ColdQuanta), Intel, lonic Rare Earths/lonic
Technologies, lonic Wind Technologies, lonomr Innovations, ITM Power, JetCool
Technologies, JL Mag Rare-Earth Co., JNC, John Cockerill, Johnson Matthey, Jones
Tech, JX Nippon Mining, kiutra, Koura/Silatronix, KULR Technology Group, Kureha,
Kusumoto Chemicals, Laird Performance Materials, Largo Inc., Le System Co. Ltd.,
Leading Edge Materials, Lepu Sodium Power, LG Chem, LG Energy Solution, Li-Cycle,
Linde, LiquidCool Solutions, LISAT, LONGi Green Energy, Lynas Rare Earths,
MagREEsource, Magnoric, Magnotherm, Materials Nexus, Maxwell Labs, Maybell,
McPhy Energy, MIMIiC Systems, Mingfa Tech, Mkango Resources, Momentive
Performance Materials, Montana, Morion NanoTech, Motivair, MP Materials, Nano Tim,
Nanoramic Laboratories, Nascent Materials, Natrium Energy, Natron Energy, NAWA
Technologies, Nel Hydrogen, Neo Performance Materials, NeoGraf Solutions,
Neometals, Neu Materials, Nickelh?tte Aue, Ningbo Yunsheng, Nippon Electric Glass,
Nitronix, Nolato Silikonteknik, Northern Minerals, Northvolt, NovoLinc and more...
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1 EXECUTIVE SUMMARY

1.1 Report Scope and Objectives

1.2 Market Definition and Taxonomy

1.3 The Energy Transition Imperative

1.4 Critical Materials Classification Framework
1.5 Key Findings and Strategic Insights

1.6 Global Market Size and Growth Projections (2026-2036)

1.7 Investment Landscape Overview

1.8 Technology Roadmap Summary

1.9 Supply Chain Vulnerability Assessment
1.10 Regional Market Dynamics

2 INTRODUCTION TO THE ENERGY TRANSITION

2.1 The Global Decarbonization Imperative
2.1.1 Climate Science and the Emissions Challenge
2.1.2 The Net-Zero Commitment Landscape
2.1.2.1 Country and Regional Commitments
2.1.2.2 Corporate Net-Zero Commitments
2.1.3 The Technology Pathway to Net-Zero
2.2 Critical Materials: The Enabling Constraint
2.2.1 The Materials Intensity Paradox
2.2.2 Critical Materials Demand Projections
2.2.3 Supply-Demand Imbalances and Bottlenecks
2.2.3.1 Mining Development Timelines
2.2.3.2 Processing Capacity Concentration
2.2.3.3 Capital Requirements
2.3 The Policy Landscape: Diverging Trajectories
2.3.1 United States Policy Framework
2.3.2 European Union Policy Framework
2.3.3 China Policy Framework
2.3.4 Carbon Pricing: The Policy Foundation
2.4 The Geopolitics of Critical Materials
2.4.1 China's Dominant Position
2.4.2 The April 2025 Export Controls
2.4.3 Western Supply Chain Diversification Efforts
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2.4.4 The Resource Nationalism Challenge
2.5 Technology Deployment Requirements
2.5.1 Electric Vehicle Deployment
2.5.1.1 Regional EV Market Dynamics
2.5.1.2 Magnet Content per Vehicle
2.5.2 Wind Energy Deployment
2.5.2.1 Wind Energy Capacity Expansion and Magnet Demand
2.5.3 Green Hydrogen and Electrolyzer Deployment
2.5.3.1 Electrolyzer Technology Mix
2.5.3.2 The Iridium Constraint
2.5.4 Battery Energy Storage Deployment
2.6 Critical Materials Market Interconnections
2.6.1 Shared Supply Chain Dependencies
2.6.2 Recycling as Supply Chain Integration

3 RARE EARTH ELEMENTS AND PERMANENT MAGNETS

3.1 Introduction to Rare Earth Elements
3.1.1 Classification and Properties
3.1.2 Unique Magnetic Properties
3.1.3 Strategic Importance and Critical Materials Designation
3.2 Rare Earth Permanent Magnet Technologies
3.2.1 Permanent Magnet Technology Comparison
3.2.2 Neodymium-Iron-Boron (NdFeB) Magnets
3.2.2.1 Grade Classification System
3.2.2.2 Dysprosium and Terbium: The Heavy Rare Earth Challenge
3.2.2.3 Praseodymium Substitution
3.2.3 Samarium-Cobalt (SmCo) Magnets
3.3 Sintered Rare Earth Magnet Manufacturing
3.3.1 Manufacturing Process Overview
3.3.2 Material Flow and Efficiency
3.3.3 Coating Systems
3.4 Bonded Rare Earth Magnets
3.5 Rare Earth Magnet Manufacturing Innovation
3.5.1 Grain Boundary Diffusion Technology
3.5.2 Advanced Powder Processing
3.5.3 Rare Earth-Free Magnet Research
3.6 Rare Earth Supply Chain Analysis
3.6.1 Value Chain Overview
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3.6.2 Geographic Distribution of Production
3.6.3 Chinese Dominance Analysis
3.7 Global Mining Production
3.7.1 Production by Country
3.7.2 Development Pipeline
3.8 Rare Earth Processing and Separation
3.8.1 Separation Technology and Challenges
3.8.2 Non-Chinese Processing Development
3.9 Metallization and Alloy Production
3.9.1 Metallization Processes
3.9.2 The Metallization Bottleneck
3.10 Magnet Manufacturing Capacity
3.10.1 Current Production Capacity
3.10.2 Capacity Expansion Projections
3.11 Rare Earth Demand Analysis
3.11.1 Demand by Application
3.11.2 Magnet Demand by End-Use Sector
3.12 Rare Earth Magnet Recycling
3.12.1 Recycling Industry Overview
3.12.2 Recycling Technologies
3.12.3 Recycling Market Projections
3.13 Market Size and Forecasts
3.13.1 Global Market Size
3.13.2 Price Dynamics
3.14 Strategic Analysis and Market Outlook
3.14.1 Key Market Drivers
3.14.2 Risk Assessment
3.14.3 Strategic Outlook Summary

4 GREEN HYDROGEN AND ELECTROLYZER TECHNOLOGIES

4.1 Introduction to Green Hydrogen
4.1.1 Hydrogen Classification and Production Methods
4.1.2 The Economics of Green Hydrogen: Market Reality Check
4.1.3 Current Global Hydrogen Demand
4.2 Electrolyzer Technologies
4.2.1 Technology Overview and Competitive Dynamics
4.2.2 Alkaline Water Electrolyzers (AWE)
4.2.2.1 Technology Evolution and Architecture Advances
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4.2.2.2 Chinese Manufacturing Dominance
4.2.2.3 Cost Structure Analysis
4.2.3 Proton Exchange Membrane Electrolyzers (PEMEL)
4.2.3.1 The PEM Paradox: Superior Performance, Limited Adoption
4.2.3.2 The Iridium Constraint: A Fundamental Ceiling
4.2.3.3 PEM Niche Applications
4.2.4 Anion Exchange Membrane Electrolyzers (AEMEL)
4.2.5 Solid Oxide Electrolyzer Cells (SOEC)
4.3 Electrolyzer Cost Evolution and Market Dynamics
4.3.1 Cost Trajectory Analysis
4.3.2 Manufacturing Capacity and Utilization
4.4 Green Hydrogen Applications and Demand Outlook
4.4.1 Application Success and Failure Assessment
4.4.2 Priority Industrial Applications
4.4.2.1 Petroleum Refining: Regulatory-Driven Adoption
4.4.2.2 Ammonia Production: Maritime Fuel as Growth Catalyst
4.4.2.3 Steel Production: H-DRI Technology Advancement
4.5 Market Size and Regional Dynamics
4.5.1 Global Market Projections
4.5.2 Regional Market Analysis
4.5.3 Technology Mix Evolution
4.6 Investment Requirements and Policy Framework
4.6.1 Investment Requirements Analysis
4.6.2 Policy Framework Analysis
4.7 Strategic Outlook and Critical Uncertainties
4.7.1 Scenario Analysis
4.7.2 Critical Success Factors
4.7.3 Market Risk Assessment

5 LITHIUM-ION BATTERIES AND CRITICAL MATERIALS

5.1 Battery Market Overview
5.1.1 Battery Technology Fundamentals
5.1.2 Li-ion Battery Pack Demand by Application
5.1.3 Electric Vehicle Battery Market
5.1.4 Energy Storage Systems (ESS)
5.1.5 Consumer Electronics
5.1.6 Regional Manufacturing Capacity
5.2 Battery Cathode Materials
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5.2.1 Cathode Chemistry Evolution
5.2.2 Lithium Nickel Manganese Cobalt Oxide (NMC)
5.2.2.1 NMC 532, 622, 811 Compositions
5.2.2.2 High-Nickel Development
5.2.3 Lithium Iron Phosphate (LFP)
5.2.3.1 Cost Advantages
5.2.3.2 LMFP Development
5.2.4 Lithium Cobalt Oxide (LCO)
5.2.5 Lithium Nickel Cobalt Aluminum Oxide (NCA)
5.2.6 Cathode Material Supply Chain
5.3 Battery Anode Materials
5.3.1 Graphite Anode Technologies
5.3.2 Natural vs. Synthetic Graphite
5.3.2.1 Supply Chain Concentration
5.3.3 Silicon Anode Integration
5.3.3.1 Silicon Nanowires
5.3.3.2 Silicon-Graphite Composites
5.3.3.3 Silicon Oxide (SiOx)
5.3.4 Lithium Metal Anodes
5.3.5 Advanced Anode Materials
5.4 Battery Electrolytes and Separators
5.4.1 Liquid Electrolytes
5.4.2 Solid Electrolytes
5.4.3 Separator Technologies
5.5 Critical Materials in Batteries
5.5.1 Lithium
5.5.2 Cobalt
5.5.3 Nickel
5.5.4 Manganese
5.5.5 Graphite
5.6 Market Forecasts (2026-2036)

6 NEXT-GENERATION BATTERY TECHNOLOGIES

6.1 Solid-State Batteries
6.1.1 Technology Overview
6.1.2 Solid Electrolyte Materials
6.1.2.1 Oxide Electrolytes
6.1.2.2 Sulfide Electrolytes
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6.1.2.3 Polymer Electrolytes
6.1.3 Performance Advantages
6.1.3.1 Energy Density Improvement
6.1.3.2 Safety Improvement
6.1.3.3 Cycle Life and Calendar Life
6.1.4 Manufacturing Challenges
6.1.4.1 Interfacial Contact and Resistance
6.1.4.2 Electrolyte Manufacturing
6.1.5 Commercialization Timeline
6.2 Semi-Solid-State Batteries
6.3 Sodium-lon Batteries
6.3.1 Technology Overview
6.3.2 Cathode Materials
6.3.2.1 Layered Oxides
6.3.2.2 Prussian Blue Analogues
6.3.2.3 Polyanionic Compounds
6.3.3 Anode Materials (Hard Carbon)
6.3.4 Cost Advantages
6.3.5 Applications and Market Potential
6.4 Other Emerging Technologies
6.4.1 Lithium-Sulfur Batteries
6.4.2 Aluminum-lon Batteries
6.4.3 Sodium-Sulfur Batteries
6.5 Market Forecasts (2026-2036)

7 LITHIUM-ION BATTERY RECYCLING

7.1 Market Overview and Drivers
7.1.1 Recycling Drivers
7.1.1.1 Resource Security
7.1.1.2 Environmental Benefits
7.1.1.3 Economic Viability
7.1.2 Battery Waste Streams and Volumes
7.1.2.1 End-of-Life Batteries
7.1.2.2 Manufacturing Scrap
7.1.2.3 Consumer Electronics
7.2 Recycling Technologies
7.2.1 Pyrometallurgy
7.2.1.1 Advantages of Pyrometallurgy
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7.2.1.2 Limitations of Pyrometallurgy
7.2.2 Hydrometallurgy
7.2.2.1 Advantages of Hydrometallurgy
7.2.2.2 Limitations of Hydrometallurgy
7.2.3 Direct Recycling
7.2.3.1 Advantages of Direct Recycling
7.2.3.2 Limitations of Direct Recycling
7.2.4 Hybrid Approaches
7.2.4.1 Spoke-Hub Model
7.2.4.2 Integrated Production Models
7.2.5 Technology Comparison
7.3 Black Mass Production and Processing
7.3.1 Black Mass Composition
7.3.2 Processing Economics
7.3.3 Trade and Export Considerations
7.3.3.1 Regulatory Considerations
7.4 Material Recovery by Component
7.4.1 Lithium Recovery
7.4.1.1 Hydrometallurgical Lithium Recovery
7.4.2 Cobalt Recovery
7.4.3 Nickel Recovery
7.4.4 Manganese Recovery
7.4.5 Graphite Recovery
7.5 Recycling Different Cathode Chemistries
7.5.1 LCO Recycling
7.5.2 LMO Recycling
7.5.3 NMC Recycling
7.5.4 LFP Recycling
7.5.5 NCA Recycling
7.6 Supply Chain Integration
7.6.1 Collection Networks
7.6.2 Sorting and Pre-treatment
7.6.3 Integration with Battery Manufacturing
7.7 Regulatory Frameworks
7.7.1 EU Battery Regulation
7.7.2 US State-Level Requirements
7.7.3 China Battery Recycling Policies
7.8 Recycling Capacity Development
7.9 Market Forecasts (2024-2034)
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8 THERMAL INTERFACE MATERIALS (TIMS)

8.1 Market Overview and Drivers
8.1.1 TIM Technology Fundamentals
8.1.2 Comparative Properties of TIMs
8.2 TIM Technology Classification
8.2.1 Thermal Greases, Gels & Pastes
8.2.2 Thermal Pads
8.2.3 Gap Fillers
8.2.4 Phase Change Materials (PCMs)
8.2.5 Thermal Adhesives
8.2.6 Potting Compounds/Encapsulants
8.2.7 Metal-Based TIMs
8.2.8 Carbon-Based TIMs (Graphene, CNT)
8.2.8.1 Graphite Sheets
8.2.8.2 Graphene TIMs
8.2.8.3 Carbon Nanotube TIMs
8.3 Performance Characteristics
8.3.1 Thermal Conductivity Requirements
8.3.2 System Level Performance Factors
8.3.3 Pricing Analysis
8.4 TIMs for Electric Vehicles
8.4.1 Battery Thermal Management
8.4.1.1 Cell-to-Pack Designs
8.4.1.2 Cell-to-Chassis Configurations
8.4.2 Power Electronics Cooling
8.4.2.1 TIM Selection for Power Electronics
8.4.3 EV Charging Infrastructure
8.4.4 Market Size and Forecasts
8.5 TIMs for Renewable Energy
8.5.1 Solar Inverter Applications
8.5.2 Wind Power Electronics
8.5.3 Energy Storage Systems
8.5.4 Market Forecasts
8.6 TIMs for Data Centers
8.6.1 Server Thermal Management
8.6.2 Power Supply Units
8.6.3 Backup Battery Units
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8.6.4 Market Forecasts
8.7 TIMs in ADAS Sensors
8.8 Market Forecasts (2022-2036)

9 DATA CENTER THERMAL MANAGEMENT AND LIQUID COOLING

9.1 Data Center Power Density Trends
9.1.1 Al Accelerator Cooling Requirements
9.1.2 Air Cooling Limitations

9.1.2.1 Thermodynamic Limitations
9.1.2.2 Air Cooling Efficiency Degradation
9.1.2.3 The Inflection Point

9.2 Liquid Cooling Technologies
9.2.1 Direct-to-Chip (D2C) Liquid Cooling

9.2.1.1 D2C Market Position
9.2.2 Immersion Cooling
9.2.2.1 Single-Phase Immersion Cooling
9.2.2.2 Two-Phase Immersion Cooling
9.2.3 Rear-Door Heat Exchangers
9.2.4 Cold Plate Hybrid Systems

9.3 Rack-Level Power Limitations

9.4 Cooling Fluids and Dielectric Materials
9.4.1 Mineral Qils
9.4.2 Synthetic Fluids
9.4.3 Fluorocarbon Fluids
9.4.4 Hydrocarbon-Based Fluids

9.5 TIMs for Immersion Cooling
9.5.1 Chemical Compatibility
9.5.2 Thermal Stability
9.5.3 Surface Wettability
9.5.4 Environmental Considerations

9.6 Liquid Cooling Market Forecasts

9.7 Heat Recovery and Reuse Systems

9.8 Energy Efficiency Considerations
9.8.1 Free Cooling Potential
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10 THERMAL MANAGEMENT FOR ADVANCED SEMICONDUCTOR PACKAGING

10.1 Advanced Packaging Evolution
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