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Motivation: Global Energy Challenge

Mean problem: Renewable energy intermittency → mismatch 
between generation and demand.

SFMC - 2025 - Málaga 1



Motivation: Global Energy Challenge
• More focused on high-temperature industries (steel, chemicals, 

ceramics).

• Difficult to decarbonize: hard-to-abate sectors (European Green Deal).
• Goal: support 2050 net-zero targets.
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Motivation: High-Temperature Packed-bed TES

• Stores sensible heat at T >800–1000ௗ°C 
with cheap, solid fillers (rocks, concrete).

• PCM tanks not operating in this range.
• Air/Gas as HTF: no phase change, lower 

cost vs. lower efficiency.
• Well-studied (mostly numerical and 

experimentially).

• Cannot ensure outlet temperature -> 
need additional power.
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Source: Pacific Tank 



Motivation. From Passive Storage to Active Heating

• Carnot Batteries: electricity → thermal storage (TES) → electricity.
• Heat to electricity: turbines, thermochemical.

• Alternative: electricity → thermal storage (TES) → heat.
• All-in-one solution devoted to high-temperature industry.
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Source: Paul et al. (2022)



Motivation. Existing internally-heated solutions (I)

• FIRES system uses longitudinal heat sources (suboptimal).
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Source: Stack et al. (2019) Source: https://pv-magazine-usa.com/



Motivation. Existing internally-heated solutions (II)
• ANTORA: electricity -> liquid tin -> TES -> thermophotovoltaics (40 % 

efficiency) -> electricity
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Source: Verma et al. (2024)



Motivation. Our concept: IH-TESLA
• Internally-Heated TES tank with Localized heat 

Application.
• Optimized heat transfer HTF <-> internal heat source.
• The flow receives all the power to meet a ref. outlet 

temperature.
• No need for control to ensure final needs.

• Mathematical model based on Schumann’s.
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Motivation. IH-TESLA operation

• Objective: Heat supply to a final user at a required temperature.



Mathematical formulation: Convective heat transfer in 
porous media
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Governing Equations: Boundary and initial conditions:

Source: Martín-Alcántara and Fernandez Feria (2025)



Mathematical formulation: Parameters and 
dimensionless expressions
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Nondimensional formulation: Governing Parameters:

Internally localized heat source:

Fluid-solid heat 
transfer

Solid-to-fluid 
diffusivity ratio

Fluid-to-solid 
volumetric heat 

capacity

Fluid 
conductivity

HTF receiving all the 
heat:

Problem dominated by:



Mathematical formulation. Scaling
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Orders of magnitude of the parameters: Estimation of heating time:

Singular perturbation problem: Solution at each order:



Results. Theory validation with DNS 
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DNS (solid lines), zeroth- (dashed lines), and first-order (dash-dotted 
lines) asymptotic solutions for:

• Heat source thickness of                 not ensuring 
at              , for                 . 

• Thickness of                       meets the final needs, 
but with                    , smaller       decayment 
downstream the heat source.

• Solid temperature not surpassing that of the HTF 
with                      .



Results. Theory validation with DNS 
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DNS (solid) and first-order (dashed) asymptotic solutions for the fluid (blue) and
solid (orange) final temperatures, and for their differences (green).

• Solid temperature surpassing that of the HTF 
over                      .

• Thinner sources impractical and promotes 
overheating.



Results. Validation of 1D-flow hypothesis
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Results. Design conditions for IH-TESLA
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Main design condition:

Final temperature lies inside the tank

Avoids solid overheating

Max. temperatures: Positions:

Additional constraints:

Key parameters:

modulates the heat transfer 
with the conductivities ratio

Range for practical tank design:



Design recommendations and operational conditions for 
IH-TESLA
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Heat source location: Max. HTF temperature location:

Heat source thickness:

Heating time:Heat source required power:



Case study: Design of IH-TESLA tank filled with
randomly-packed spherical particles of alumina,
SiC and concrete

SFMC - 2025 - Málaga 17

Porosity correletion for spheres 
[Benyahia and O’Neill (2005)]

Adopted dimensions:

Ergun’s equation [Ergun and Orning (1949)]



Design results
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Conclusions and future works (I)
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1. Development Theoretical Framework:
• Analytical approximate solution for Internally-Heated TES with localized 

heat source (IH-TESLA)
• Dimensionless parameters: 

2. Asymptotic Analytical Solutions:
Validated against simulations.
Predicts:

• Transient time until final state
• Temperature profiles (fluid + solid)
• Max temperature positions & magnitudes



Conclusions and future works (II)
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4. Engineering Impact
Results provide:

• Quick predictive tools for IH-TES design.
• Avoid trial-and-error design processes.

3. Practical Design Guidelines
• Heat source location & thickness
• Charging time
• Risk of overheating in solids
• Outlet temperature performance

TO DO:
Enable integration with renewables & cyclic/dynamic operation (inlet/outlet).
Explore simultaneous charge and operation.



Thanks for your attention!

Questions?
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Back-up
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Summary of existing-TES governing parameters
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DNS validation with experiments
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Design inputs
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Design costs
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