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Revolutionizing Energy Storage and Water Purification: The Sand Thermal Battery Hybrid

As the world transitions toward sustainable energy solutions, the challenge of energy storage and water desalination remains at the forefront. Traditional battery storage systems, such as lithium-ion
and flow batteries, are often expensive, resource-intensive, and limited by degradation over time. A novel approach, the Sand Thermal Battery Hybrid, offers a sustainable and multi-functional solution
by combining solar photovoltaics (PV), concentrated solar energy, thermal oil circulation, and desalination into a single, highly efficient system.

Concept Overview: How the Sand Thermal Battery Hybrid Works

This innovative system is designed to store and utilize solar energy, generate electricity, and desalinate water within a single infrastructure. The design consists of a vertically stratified, insulated sand
battery holding tank with key functional layers:

1. Bottom Layer — Solar PV-Driven Resistive Heating:
« Solar PV panels provide electricity to power resistive heating elements embedded in the bottom of the tank.
« This heat is absorbed by the sand, ensuring continuous energy storage even when sunlight is unavailable.

2. Middle Layer — Metal Tubes with Circulating Thermal Oil:
- Heat transfer is optimized with metal tubes that circulate thermal oil, allowing stored heat to be used in applications such as:
« Direct heating for industrial or residential purposes.
« Power generation via an Organic Rankine Cycle (ORC) turbine to produce electricity.

3. Top Layer - Saltwater Spray Nozzles for Desalination:
« Saltwater is sprayed over the heated sand, generating steam that rises through an insulated chamber.
« The steam is collected and condensed into fresh water outside the thermal battery.
« Leftover salt from desalination remains in the sand, enhancing thermal conductivity and efficiency of the system.

4. Standby Heating - Fresnel Lens Concentrated Solar Energy:
« Large Fresnel lenses focus sunlight onto the sand through insulated glass, providing an alternative heat source when PV electricity is unavailable.

Three Core Functions of the Sand Thermal Battery Hybrid
This system combines multiple energy and water solutions in one, making it a game-changing technology for sustainable infrastructure.

1. Efficient Thermal Energy Storage

By utilizing both solar PV and concentrated solar heating, the system can store thermal energy effectively within sand. Unlike conventional lithium-based batteries, sand is abundant, non-toxic, and
does not degrade over time. The addition of salt improves the heat retention capacity, allowing for higher efficiency in energy storage.

2. Renewable Power Generation via ORC Turbines
The stored heat can be used to power an Organic Rankine Cycle (ORC) turbine generator, converting the thermal energy back into electricity. This process enables grid-independent power
production, especially in off-grid locations or industrial applications that require sustainable power generation.
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Comparing Sand Thermal Battery Desalination vs. Reverse Osmosis with Solar PV Panels

As water scarcity and energy sustainability become pressing global concerns, innovative desalination methods are
emerging to provide fresh water from seawater. Two promising approaches include sand thermal battery desalination
and reverse osmosis (RO), both powered by solar photovoltaic (PV) panels. This article examines the design,
efficiency, costs, and viability of these systems.

System Overview

1. Sand Thermal Battery Desalination

The sand thermal battery is a low-cost and low-maintenance desalination method that uses solar energy to store heat
and evaporate seawater. The system consists of an insulated steel drum filled with sand, resistive heating elements
powered by solar PV panels, and a Fresnel lens for standby heating. The process works as follows:

+ Solar PV panels power heating elements at the base of the sand battery.

+ Sand retains heat, reaching temperatures of 240°C after six hours of charging.
+ Saltwater is sprayed onto the heated sand, generating steam.

* The steam is condensed into fresh water outside the system.

* The remaining salt mixes with the sand, improving thermal storage efficiency.

This system operates passively, requiring no moving parts or external power beyond solar energy.

2. Reverse Osmosis Desalination
Reverse osmosis (RO) is a widely used desalination technology that relies on high-pressure pumps to push seawater
through a semi-permeable membrane, removing salt and impurities. The system includes:

+ Solar PV panels generating electricity to power the RO system.
+ A high-pressure pump forcing seawater through membranes.

* A filtration system removing salt and contaminants.

* A freshwater collection tank.

While RO is highly efficient, it requires continuous power, filter replacements, and maintenance.
Comparison of Performance and Efficiency

Water Output and Energy Efficiency

| System | Fresh Water Output (Gallons per Day) | Energy Efficiency |

| | -] -]

| Sand Thermal Battery | 6.05 gallons | Converts heat directly, but has low water output. |

| Reverse Osmosis (RO) | 1,245 gallons | Uses electricity efficiently to produce a large volume of water. |

+ The RO system produces over 200 times more water per day than the sand thermal battery.
*+ The sand thermal battery operates without electricity once heated, while RO relies on continuous electrical input.

Capital Cost Comparison
| Cost Factor | Sand Thermal Battery | Reverse Osmosis (RO) |

| |---- | |
lo%g)gogaattery System (Including Barrel, Insulation, Piping) | $500 | N/A |
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Compare Cost Per BTU of Solar PV to a Heat Pump

To calculate the cost per BTU using solar PV panels and compare it to a heat pump with a COP of 4.0, let's define some key assumptions:

Solar PV Cost per BTU

1. Solar PV Efficiency: ~20% (typical for commercial panels)

2. Installed Cost of Solar PV: $1.50 per watt (approximate value for utility-scale solar)

3. Lifespan of Solar Panels: 25 years

4. Capacity Factor: 20% (realistic for most locations)

5. Energy Production Over 25 Years:
« 1 watt of installed capacity = \( 1 \times 0.2 \times 24 \times 365 \times 25 = 43,800 \) watt-hours
+ 1 watt-hour = 3.412 BTU
« Total BTU over 25 years: \( 43,800 \times 3.412 = 149,514 \) BTU per installed watt

Cost per BTU for Solar PV:
\[
\frac{\$1.50}{149,514} = 0.00001004 \text{ USD per BTU} \text{ (or 0.001 cents per BTU)}
\l

Heat Pump Cost per BTU (COP 4.0)
1. COP = 4.0 means 1 kWh of electricity produces \( 4 \times 3,412 = 13,648 \) BTU of heat.
2. Electricity Cost: Assume $0.10 per kWh (utility-scale average)
3. Cost per BTU:
\[
\frac{\$0.10}{13,648} = 0.00000733 \text{ USD per BTU} \text{ (or 0.00073 cents per BTU)}
\

Comparison

| Source | Cost per BTU (USD) | Cost per BTU (cents) |
| | | |

I I I I

| Solar PV | 0.00001004 | 0.00100 |

| Heat Pump (COP 4.0) | 0.00000733 | 0.00073 |

+ A heat pump with a COP of 4.0 is about 27% cheaper per BTU compared to direct electricity from solar PV.
« This is because the heat pump multiplies energy efficiency by extracting heat from the environment.

Would you like further breakdowns, such as for different COP values or electricity costs?
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Heat Pump Temperature

The highest temperature a CO, heat pump can achieve depends on system design, pressure, and heat exchanger
efficiency. Transcritical CO, heat pumps operate at high pressures and can reach much higher temperatures than
traditional refrigerants.

Key Factors Determining Maximum Temperature:

1. Transcritical Operation — Unlike traditional refrigerants, CO, operates above its critical point (31°C, 7.38 MPa),
allowing it to reach very high discharge temperatures.

2. Compressor Design — High-efficiency, high-pressure compressors enable higher temperature outputs.

3. Gas Cooler Efficiency — Instead of a condenser, CO, systems use a gas cooler to extract heat efficiently.

Maximum Achievable Temperatures

« Commercial CO, heat pumps: ~90-120°C (194-248°F)

* Industrial CO, heat pumps: ~150°C (302°F)

* Lab-scale or extreme pressure systems: 200°C+ (392°F+)

Examples of High-Temperature CO, Heat Pumps

+ Mitsubishi Q-ton: ~90°C (194°F)

* Mayekawa CO, Heat Pumps: ~120°C (248°F)

» Advanced Industrial Systems: Up to 150°C (302°F)

Theoretical Limitations
* Discharge temperature depends on compression ratio
* Hiah nressiires (~10 MPa or mare) are reailired for extreme temneratiires
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Temperature to Convert Sand into Sand Coated with Graphene

To convert sand and sugar into graphene-coated sand using the batch method with sugar at the bottom and biochar

on top, the process requires pyrolysis and graphitization temperatures. Here's a breakdown of the required
temperature range:

Key Reactions & Temperature Requirements:

1. Carbonization of Sugar = Amorphous Carbon (200-400°C)
+ Sugar thermally decomposes into carbonaceous material at ~200-400°C.
« Intermediate stage: formation of hydrocarbons and tars.

2. Graphitization of Sugar-Derived Carbon — Graphene (800-1000°C)
+ At 800-1000°C, amorphous carbon from sugar rearranges into graphene-like structures.
+ Requires a catalyst (e.g., sand containing silica or iron impurities) or slow pyrolysis.
+ 900°C+ improves the quality and conductivity of graphene.

3. Silica-Sand Interaction — Graphene Coating on Sand (900-1100°C)
+ At temperatures of 900-1100°C, the carbon source (sugar-derived carbon) reacts with the silica (SiO,) from sand.
« This enables the graphene layer to bond to the sand surface.
- If biochar has trace iron, nickel, or magnesium, it can act as a catalyst for graphene formation.

Optimal Process Temperature:
* Recommended: 1000-1100°C for strong graphene bonding and high-quality graphene layers on sand.
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Harnessing Solar PV and Sand Battery Technology for High-Temperature Applications

Introduction

The combination of solar photovoltaic (PV) energy and sand battery technology has the potential to provide high-temperature heat storage and utilization. One promising application is the production
of graphene-coated sand, which requires temperatures between 900 and 1100 degrees Celsius. This article explores the feasibility of using a solar PV-powered sand battery to achieve these high
temperatures and the necessary optimizations to make the system effective.

Understanding Sand Battery Technology

A sand battery stores thermal energy by converting electricity into heat, which is then retained within a high-temperature silica sand medium. Traditional applications of sand batteries, such as those
developed by Polar Night Energy, have demonstrated heat retention at temperatures up to 600 degrees Celsius. However, with optimized design and power input, sand batteries can potentially reach
1000 degrees Celsius or more, making them suitable for advanced thermal applications like graphene-coated sand production.

Temperature Requirements for Graphene-Coated Sand

The process of coating sand with graphene involves several key steps:

+ Carbonization of Sugar (200-400 degrees Celsius): Sugar thermally decomposes into amorphous carbon, forming an initial carbon layer on the sand.

+ Graphitization (800-1000 degrees Celsius): The amorphous carbon rearranges into graphene-like structures.

- Silica-Sand Interaction (900-1100 degrees Celsius): At high temperatures, the carbon interacts with the silica surface of the sand, bonding to form a stable graphene layer.

Can a Solar PV-Powered Sand Battery Reach 900-1100 Degrees Celsius?

Achieving these temperatures with a sand battery requires specific enhancements:

1. High-Temperature Heating Elements
+ Resistive heating elements made from nickel-chromium (NiCr) or molybdenum disilicide (MoSi,) can handle temperatures exceeding 1000 degrees Celsius.
+ Induction heating can be used if the sand contains ferrous impurities, enabling faster and more uniform heating.

2. Improved Thermal Insulation
« The use of high-temperature ceramic insulation, such as alumina or zirconia, can reduce heat loss and maintain stable high temperatures.
+ A well-insulated sand battery can retain heat for extended periods, ensuring efficient thermal energy utilization.

3. Increased Power Input and Heating Time
« A higher power input from solar PV arrays will accelerate heating.
« Larger thermal mass (more sand) requires longer heat-up times but provides more stable thermal energy storage.

4. Optimized Heat Transfer Mechanisms
+ Uniform heat distribution is essential to ensure even graphene formation on sand particles.
« A controlled atmosphere, such as an inert gas environment (argon or nitrogen), can help prevent oxidation and improve graphene quality.

Comparing Solar PV and Alternative High-Temperature Heating Methods

While a solar PV-powered sand battery is a feasible solution, alternative approaches may enhance efficiency:

+ Concentrated Solar Power (CSP): Can achieve temperatures exceeding 1500 degrees Celsius and may be integrated with a sand battery.

« Direct Induction Heating: Provides faster heating compared to resistive elements, reducing overall energy consumption.

« Hybrid Systems: Combining a sand battery with carbon-based heating, such as biochar-assisted conductive heating, could improve efficiency and heat transfer.
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Benefits of a Sand Battery

A sand battery is not an efficient candidate for electricity generation
using an Organic Rankine Cycle (ORC) system, as the required heat
rate of 40,000 BTU/kWh means significant losses when converting
stored thermal energy back into electricity. However, sand thermal
batteries have several advantages in other applications where heat,
rather than electricity, is the primary output.

Key Benefits of a Sand Thermal Battery

1. High-Temperature Energy Storage

» Sand can store heat at temperatures up to 1000-1200°C,
making it ideal for applications requiring direct thermal energy
rather than electricity.

+ Unlike phase change materials (PCMs), sand does not degrade
over time, making it a durable storage medium.

2. Low Cost and Readily Available Material

» Sand is abundant, inexpensive, and non-toxic, unlike lithium-ion
batteries or other exotic thermal storage materials.

« It does not require rare metals or complex processing for use in
energy storage.

3. Long-Term Heat Retention

+ With proper insulation, a sand battery can store heat for days or
even weeks with minimal losses, making it suitable for seasonal
energy storage in cold climates.

4. Efficient for Industrial Process Heat

* Many industrial processes, such as steel production, cement
manufacturing, and chemical processing, require direct heat rather
than electricity.

+ A sand battery can efficiently provide process heat without the
energy losses associated with converting heat into electricity.



5. District Heating and Space Heating Applications

* In regions with cold climates, sand batteries can store excess
solar or wind energy and provide district heating or residential
heating during winter months.

* This approach is more efficient than converting heat to
electricity and back to heat.

6. Grid Load Balancing and Demand Management

+ A sand battery can store excess renewable energy during
periods of low electricity demand and release heat when needed,
helping to stabilize the grid.

« It can reduce reliance on fossil-fuel-based heating systems,
thereby lowering carbon emissions.

7. Scalability and Modularity
+ Sand battery systems can be modularly expanded to meet
various heat demands, making them a flexible option for energy
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