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The global energy systems faces a dual challenge: the need for 
more energy and less carbon
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BP Energy Outlook 2019



Renewables are the largest source of energy growth, growing in 
importance in global power markets
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BP Energy Outlook 2019



Four principal thermal energy carriers 
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Discovery of thermoelectrics
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Advantages of Thermoelectrics

Solid State
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Basic block of thermoelectric semoconductor
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https://thermoelectricsolutions.com



How Thermoelectric Work

10

Charge carriers diffuse away
from the hot end. Buildup of 

charge at the cold end produce 
a voltaje potential.

When charge carriers move, 
they take heat with them. 

Electrons moving to a higher
energy level absorb heat and 

electrons that move to a lower
energy level release heat.

https://thermoelectricsolutions.com



Thermoelectric properties
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S: Seebeck coefficient

σ: Electrical conductivity

k: Thermal conductivity (electronic and 
lattice)

S

S2σ ZT = S 2σ
ke + kl

T Figure of Merit

G.J. Snyder, E.S. Toberer, Nat. Mater. 7 (2008).

The key properties of thermoelectric materials are:
Maximizing ZT of  a thermoelectric

materials is a difficult task

Power Factor

Heat transport

by electrons
Heat transport

by lattice vibrations



Thermoelectric in the global landscape of energy conversion
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He et al., Science 357, 1369 (2017)

There is a big gap between thermoelectricity and the rest of technologies



Timeline of the maximum ZT values 
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He et al., Science 357, 1369 (2017)
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Project



Methodology
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Project 1
First Principles Calculations of Thermoelectric Properties of IV-VI 

Chalcogenides 2D Materials
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Motivation
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The 2D World

These advanced materials will help to solve some of the world’s most critical problems: removing the pollutants from
water to provide clean drinking water to millions of people; blocking carbon emissions using a 2D membrane; or

making computers faster and quicker by reducing the size of their circuits. They’ll define a new age.



Crystal structure
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Orthorhombic: SnSe, SnS, GeS and GeSe
Pnma-phase #62

Hexagonal: SnSe2 and SnS2

P3m1-phase #164

4 atoms in the unit cell 3 atoms in the unit cell



Seebeck Coefficient
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Electrical conductivity
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Power factor
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Electronic thermal conductivity
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Lattice thermal conductivity
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Anharmonic phonon-phonon
scattering increased with temperature

=> kl α 1/T



Figure of Merit
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Conclusions

• In this study, DFT and the Boltzmann transport model are used to 
calculate the TE properties of monolayer materials belonging to the 
group IV–VI compounds, including SnSe, GeSe, SnS, GeS, SnSe2, and 
SnS2. 
• We determine the electronic bands, and indirect band gaps from 

calculations of 0.83, 1.3, 1.58, 0.75, and 1.54 eV were obtained for 
SnSe, SnS, GeS, SnSe2, and SnS2, respectively.
• TE properties are calculated at different doping levels, and it was 

found the SnSe has the largest ZT disregard the doping level, which is 
related to the low lattice thermal conductivity of this material. 
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Applications
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Typical Applications of Thermoelectrics

Power generation

Extreme environment
• Radioisotope power generation on 

spacecraft
• Power generation for remote areas for 

pipelines, well heads, ofshore platforms, well 
sites and deserts

• Power generating cookware for remote / 
outdoors / camping

• Waste heat Recovery
• Automotive exhaust heat to electricity
• Industry-Steel manufacturing, gas, others

• Micro generation for sensor and electronics
• Body heat powered 
• Wireless transmitters

• Combined heat and power systems
• STEG / HSTEG 27

Cooling and Heating applications

Refrigeration
• Small refrigerators
• Mini in-vehicle refrigerators

• Electronic Cooling
• Electronics and CPU cooling
• Telecom cooling devices
• Battery thermal management

• Air Conditioning
• Zonal climate control

• Thermal Confort
• Heated and cooled mattresses
• Heated and cooled vehicle seats



Sensors
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Wireless Sensing

https://embrlabs.com/pages/embr-wave

https://spectrum.ieee.org/energywise/energy/environment/
a-thermoelectric-generator-for-wearable-tech
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Sensors



Energy
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Solar TE Generator (STEG)

https://sites.google.com/site/kaistcnl/research/thermoelectrics

Energy Environ. Sci., 2012, 5, 9055 



Medicine
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Thermoelectric material research 
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ZT = S 2σ
ke + kl

T

He et al., Science 357, 1369 (2017)



Lenght-time scale regimes
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The Thermoelectric module
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• Connecting multiple couples
electrically increases cooling
/ heating capacity or increase
voltaje (power generation)



K-path in the reciprocal space
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Hexagonal crystal structureOrthorhombic crystal structure



Project 2
First-principles study of thermoelectric properties of blue phosphorene
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Conclusions

• The thermoelectric properties of blue phosphorene were studied from first-
principles. 
• Due to the large lattice thermal conductivity, ZT is estimated to be 0.016 in n-type 

blue phosphorene (or with positive gate voltage) at 500 K. 
• In spite of a large Seebeck coefficient, the relatively large bandgap compared to 

black phosphorene limits the electrical conductivity. 
• The large lattice conductivity is attributed to the frequency gap in the phonon 

dispersion, leading to very small phonon scattering phase space and thus weak 
phonon-phonon scattering. 
• Considering the large thermal conductivity, blue phosphorene can have potential 

in active thermoelectric cooling applications. 
• Nanostructures with characteristic lengths around 10 nm may be effective in 

reducing thermal conductivity while keeping the electron transport properties 
intact, leading to an orders or magnitude 
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