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General Problem

3

1X. F. Zheng, C. X. Liu, R. Boukhanouf, Y. Y. Yan, W. Z. Li,  “Experimental study of a domestic thermoelectric cogeneration system”Applied 
Thermal Energy 62, 69 (2014).

• Waste heat harvesting for energy efficiency

• Thermoelectric solution:

➢ Scalable solid-state technology;
➢ No moving parts;
➢ Direct heat-to-electrical power conversion;

Promising technology
BUT as of yet low-efficiency solution (1-10 % ηc)
 

• What are the causes of low-efficiency?

• How to remedy this problem? 



Thermoelectricity: Applications 
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2C. B. Vining, “An inconvenient truth about thermoelectrics,” Nature materials, 8, 83-85 (2009).

Google pictures

“Thermoelectric energy conversion will never be as efficient as steam engines!”2

Why???



Thermoelectricity: Basics

5
3G. J. Snyder and E. S. Toberer, ”Complex Thermoelectric Materials” Nature Materials 7, 105 (2008).

3 main transport coefficients



How to Increase Performance?
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desirable

perhaps

available

2C. B. Vining, “An inconvenient truth about thermoelectrics,” Nature materials, 8, 83-85 (2009).

is the source of dissipation
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Available thermoelectric materials2,4

2C. B. Vining, “An inconvenient truth about thermoelectrics,” Nature materials, 8, 83-85 (2009). 
4L. Yang, Zh. Chen, M. S. Dargusch, and J. Zou, ”High Performance Thermoelectric Materials: Progress and Their Applications,” Advanced Energy 
Materials 1701797, (2017)
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Available Thermoelectric Materials5

5LeBlanc, S., Yee, S. K., Scullin, M. L., Dames, C. & Goodson, K. E., “Material and manufacturing cost considerations for thermoelectrics,” 
Renewable and Sustainable Energy Reviews 32, 313–327 (2014).
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Analogy between TEG and heat engine

6H. Ouerdane et al., EPJ ST 224, 839 (2015) and Y. Apertet et al., EPL 97, 28001 (2012)  

 7J. D. Budai et al, Nature 515, 535 (2014), and D. Lindley aps.anl.gov 
  



Thermoelastic Properties
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The electron gas’ thermoelastic properties limit thermoelectric efficiency!

Thermodynamic figure of merit 

8H. Ouerdane et al., “Enhanced thermoelectric coupling near electronic phase transition: The role of fluctuation Cooper pairs”  Physical Review B 91, 100501(R) (2015).

what is the relationship? 



Objectives
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• Better understand the fundamental limits of the thermoelectric 
conversion efficiency;

• To find a new productive way to significantly increase the 
thermoelectric conversion efficiency.



Types of Systems
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Quantum dot (0D system) Nanowire (1D system) 

Quantum well (2D system) Bulk (3D system) 
J. Frigerio et al., Sci Rep 5, 15398 (2015).

Y. Park et al., Optic Express 11, 23 (2015).
S. De Franceschi et al., Nature Nanotechnology 5,  (2010).

https://byjus.com/jee/semiconductors/.

Google pictures

Thin Films(2D-3D system) 



Thermoelastic Coefficients
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Analogy between a classical gas and the electron gas as a working fluid

is the “isothermal compressibility”;

is the “thermal dilatation coefficient”;

is the “specific heat at constant pressure”;

is the “specific heat at constant volume”.

 

is the heat capacity ratio;



Transport Coefficients
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Thermoelastic Coefficients
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Results

9I. Khomchenko et al., ”The thermoelectric conversion efficiency problem: Insights from the electron gas thermodynamics close to a phase transition” 
SciPost Physics Core, 8 015, (2025).

• 2D Fluctuating Cooper Pairs (theory)9; 

• Nematic fluctuations (experiment)9;

• Anderson transition (theory)10.
 

10I. Khomchenko, H. Ouerdane, G. Benenti , “Influence of the Anderson Transition on Thermoelectric Energy Conversion in Disordered Electronic Systems”, IOP   

Journal of Physics: Conference Series, 2701, 012018 (2024). 
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Theory vs Experiment

9I. Khomchenko et al., ”The thermoelectric conversion efficiency problem: Insights from the electron gas thermodynamics close to a phase transition” 
SciPost Physics Core, 8 015, (2025).
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Efficiency of Energy Conversion

9I. Khomchenko et al., ”The thermoelectric conversion efficiency problem: Insights from the electron gas thermodynamics close to a phase transition” 
SciPost Physics Core, 8 015, (2025).
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Discussion of the results
• The thermoelectric conversion efficiency η is directly related to the heat 

capacity ratio γ.

• We established relationships between the two figures of merit zeT (resp. ze) 
(transport) and ZthT (resp. Zth) (thermodynamic);

• New concepts in thermoelectricity have been developed.

• The thermoelectric conversion efficiency η can be greatly enhanced:

➢ For systems with high heat capacity ratio;

➢ For systems with thermal fluctuations and phase transitions.
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Innovative implementation

11B. Goldense, Technology readiness levels are widely adopted. MachineDesign 89, 64 (2017).
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Conclusion

1. A thermodynamic approach allowed us to gain a deep insight into better control 

conditions for the increased efficiency of energy conversion.

2. Phase transitions provide an approximate 30 % enhancement of energy 

conversion efficiency in the fluctuating regime compared to the electron gas.

3. Our approach predicts the increase the size of thermoelectric market from $ 460 

million/annum in 2019 to $ 741 million/annum in 2025.12 

12S. Singh, Thermoelectric Generators Market by Application (Waste Heat Recovery, Energy Harvesting, Direct Power Generation, 
Co-generation), Wattage (< 10 W, 10-1kW, >1kW), Temperature (<80°C, 80°- 500°C, >500°C, Material, Vertical, Component, Region 
- Global Forecast to 2025 , MarketsandMarkets , (2019).
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ASPECTS Conference
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Appendix: Experimental Data
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Appendix: Quantum well structure

D. Neilson et al. Journal of Physics: Conference Series 012008, 702 (2016).M. Fox, Oxford University press, (2010).
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Appendix: Available thermoelectric materials5

5LeBlanc, S., Yee, S. K., Scullin, M. L., Dames, C. & Goodson, K. E., “Material and manufacturing cost considerations for thermoelectrics,” 
Renewable and Sustainable Energy Reviews 32, 313–327 (2014).
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Appendix: Available thermoelectric materials5

5LeBlanc, S., Yee, S. K., Scullin, M. L., Dames, C. & Goodson, K. E., “Material and manufacturing cost considerations for thermoelectrics,” 
Renewable and Sustainable Energy Reviews 32, 313–327 (2014).
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Appendix: Thermoelastic & Transport  coefficients: FCP

9I. Khomchenko et al., ”The thermoelectric conversion efficiency problem: Insights from the electron gas thermodynamics close to a phase transition” 
SciPost Physics Core, 8 015, (2025).
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Appendix: Additional zeT vs. ZthT curves

9I. Khomchenko et al., ”The thermoelectric conversion efficiency problem: Insights from the electron gas thermodynamics close to a phase transition” 
SciPost Physics Core, 8 015, (2025).
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