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Abstract

Heat-to-Light-to-Electricity Conversion (HLEC) offers a transformative approach to converting thermal
energy from nuclear reactors into electricity. By leveraging high-temperature thermal radiation,
advanced optical systems, and photovoltaic (PV) technology, HLEC eliminates the need for mechanical
components and promises high efficiency, compactness, and safety. This paper explores the detailed
physics, processes, material properties, computational modeling, system designs, challenges, and
economic analysis of HLEC technology, with a focus on its application in Small Modular Reactors (SMRs)
and micro-nuclear reactors operating at temperatures of ~800°C or more.

1. Introduction

HLEC technology bypasses traditional steam turbines, converting reactor-generated heat into light,
which is then captured by PV cells to generate electricity. This approach aligns well with the goals of
next-generation nuclear reactors: compact, modular designs with enhanced safety and efficiency.

Key Advantages of HLEC:
1. Direct thermal-to-electric conversion eliminates mechanical components.
2. Modular designs suitable for SMRs and microreactors.
3. Potentially higher efficiency through advanced spectral control.

2. Physics of HLEC in Nuclear Reactors

2.1. Thermal Radiation Mechanics
Nuclear reactors emit heat at temperatures ideal for thermal radiation conversion:
e Planck’s Law describes the spectral intensity of radiation.
e Stefan-Boltzmann Law governs total power emission (P=0T4P = \sigma TA4P=cT4).
For reactors at ~800°C, the radiation peaks in the near-infrared (NIR) spectrum (~2—-3 um), making
materials like GaSb and GaAs ideal for PV cells.

2.2. Spectral Optimization
The efficiency of HLEC systems depends on tailoring radiation:
e Selective Emitters: Emit specific wavelengths for optimal PV absorption.
e Photonic Crystals and Metamaterials: Enhance emission control and spectral precision.



3. Processes in HLEC for Nuclear Reactors

3.1. Heat Source and Coupling

Efficient thermal coupling between the reactor core and the emitter is critical:
e Direct Coupling: Emitters placed close to the core.
e Heat Pipes: High-conductivity systems for minimal heat loss.

3.2. Thermal Emitters
Emitters absorb reactor heat and emit radiation in target wavelengths:
¢ Tungsten: High melting point and stability under radiation.
e Rare Earth Oxides: Excellent spectral control in NIR wavelengths.

3.3. Intermediate Optical Systems
Intermediate systems optimize photon delivery:
e Photon Concentrators: Focus radiation onto PV cells.
o Dielectric Mirrors: Reflect unused light back to emitters for recycling.

3.4. Photovoltaic Cells
PV cells capture emitted radiation and convert it to electricity:
e Gallium Antimonide (GaSb): Optimized for NIR.
e  Multi-Junction PV Cells: Layered cells for enhanced spectral efficiency.

4. Detailed Material Properties

4.1. Thermal Emitters
e Tungsten (W)
o Properties:
= Melting Point: ~3422°C
* Thermal Conductivity: 173 W/m-K
»  Emissivity (with coatings): Tunable to peak in NIR.
o Strengths: High temperature tolerance and compatibility with selective emissivity
coatings.
o Weaknesses: Brittleness at lower temperatures and susceptibility to oxidation.
e Rare Earth Oxides (Ytterbium Oxide, Lanthanum Hexaboride)
o Properties:
*= High-temperature stability (>2000°C).
= Tunable emissivity in the NIR spectrum.
o Strengths: Durable under high radiation; excellent for selective emitters.
o Weaknesses: High cost and complex fabrication.
¢ Metamaterials
o Properties:
= Nano-engineered structures allow spectral emissivity tuning.
* Can focus radiation within narrow spectral bands.
o Strengths: Extremely efficient spectral control.
o Weaknesses: High manufacturing costs and susceptibility to thermal cycling stress.



4.2. Intermediate Layers
e Dielectric Mirrors
o Materials: SiO,, TiO,, and alternating layers of high/low refractive index materials.
o Properties:
= Reflectivity: >99% for unused wavelengths.
= Thermal Resistance: Stable up to ~800°C.
o Strengths: Precise spectral filtering.
o Weaknesses: Performance degrades at higher temperatures without cooling.
e Photonic Crystals
o Materials: Silicon, GaN (Gallium Nitride).
o Properties:
= Bandgap Tunability: Allows efficient control of light propagation.
= Thermal Resistance: >1000°C for robust materials.
o Strengths: Tailored light reflection and transmission.
o Weaknesses: High fabrication complexity.

4.3. Photovoltaic Cells
e Gallium Antimonide (GaSb)
o Properties:
= Bandgap: 0.72 eV (ideal for NIR radiation).
= Efficiency: ¥~30% under optimized spectral conditions.
= Temperature Tolerance: ~300°C continuous operation.
o Strengths: High efficiency for thermal radiation spectra.
o Weaknesses: Expensive and limited availability.
e Gallium Arsenide (GaAs)
o Properties:
= Bandgap: 1.42 eV.
= Efficiency: ~20-25%.
= Temperature Tolerance: ~250°C continuous operation.
o Strengths: Good balance of efficiency and durability.
o Weaknesses: Less optimized for NIR.
e Perovskite-based PV Cells
o Properties:
*= Bandgap Tunability: 1.1-1.5 eV.
= Efficiency: >20% in lab settings; potential for hybrid designs.
* Temperature Tolerance: Limited (~100°C).
o Strengths: Low-cost fabrication and scalable.
o Weaknesses: Stability under high temperatures and radiation remains a challenge.

5. Computational Modeling
5.1. Spectral Optimization

e Objective: Match emitter output with PV cell absorption.
e Tools: COMSOL Multiphysics, MATLAB for optical and thermal simulations.



5.2. Thermal Management
e Objective: Prevent overheating of PV cells.
e Tools: CFD software to model cooling systems, such as heat pipes and liquid metal exchangers.

5.3. Mechanical Stability
e Objective: Assess durability under thermal cycling and radiation.
e Tools: FEA simulations for stress and deformation modeling.

6. System Designs for Reactor Applications

6.1. Micro-Nuclear Reactors
e Emitters: Surround reactor cores for maximum heat capture.
e PV Arrays: Compact, modular, and integrated with cooling systems.

6.2. SMR Integration
e Distributed Emitters: Modular designs to match SMR scalability.
e Hybrid Systems: Combine HLEC with thermoelectric generators.

6.3. Safety Considerations
e Materials: Radiation-resistant and stable under high temperatures.
e Passive Cooling: Ensures stability without active intervention.

7. Challenges and Proposed Solutions

7.1. Material Degradation
e Challenge: Emitters and PV cells degrade under radiation and heat.
e Solution: Develop ceramic coatings and radiation-resistant materials.

7.2. Thermal Management
e Challenge: Overheating reduces PV efficiency.
e Solution: Use heat sinks or phase-change materials.

7.3. Spectral Mismatch
e Challenge: Inefficiencies due to non-optimal spectral alignment.
e Solution: Optimize emitters and intermediate layers with photonics.

7.4. Cost
e Challenge: High cost of materials and fabrication.
e Solution: Mass production of advanced materials like perovskites.

8. Economic Analysis
Cost Breakdown:
e Emitters: S2M-S5M (materials and fabrication).
e Optical Layers: SIM-52M.
e PV Arrays: $3M-54M for GaSb; S1IM-S2M for perovskites (future).



e Cooling Systems: S1IM-S$3M.
Total Estimated Cost: S7M-514M/MWe initially, with potential cost reductions through mass
production and material innovations.

9. Future Directions
1. Advanced Materials: Develop radiation-resistant PV cells and high-temperature metamaterials.
2. Hybrid Systems: Integrate HLEC with traditional systems for redundancy.
3. Pilot Systems: Test HLEC in SMRs and micro-nuclear reactors for real-world validation.

10. Conclusion

HLEC technology offers a promising pathway for nuclear power systems, enhancing efficiency and safety
while reducing mechanical complexity. Through advancements in material science, computational
modeling, and scalable designs, HLEC is poised to become a cornerstone of next-generation nuclear
energy.



