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Energy Flows
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Services
What do we do with it?

Efficiency
How well did we use it?

Resources
Where do we get it?

https://flowcharts.llnl.gov/commodities/energy



Where did all that energy go?
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Where did all that energy go?
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HEAT



Efficiency Example

J. Yang and F. Stabler, J. of Electronic Materials (2009)



Thermoelectric Energy Conversion

Advantages:

Distributed generation
Localized control of energy transfer
Reliable
No moving parts
Silent

Challenges:

System integration
Conversion efficiency
Operating temperatures

Power generation & Heat pumping
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Thermoelectric Figure of Merit

Thermoelectric material:

Requires good charge transport 
while minimizing thermal energy 
carrier transport.
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Figure-of-merit:

S = Seebeck coefficient
σ = electrical conductivity
k = thermal conductivity



Thermoelectric Materials

Chalcogenide Skutterudite Clathrate

Half Heusler Silicide Metal Oxide

Sootsman et al., Angew .Chem. (2009)

Miyazaki et al., Phys. Rev. B (2008)



Nanostructured Materials

Hochbaum et al., Nature (2008)

Poudel et al., Science (2008)

Wires:

Particles:

Superlattices:

Bottner et al., MRS Bul. (2006)
Harman et al., J. Elec. Matl. (2000)



Thermoelectrics Applications

Current Future

www.micropelt.com

www.nasa.gov

Space exploration:

Electronics
cooling:

www.boschappliances.com

Vining, Nature Materials,  2009

Industrial furnaces:

Automotive exhaust:

www.fuelsavessystems.com

Appliances:

Body heat:



Manufacturing Process

Thermoelectric Module

Traditional Manufacturing

S. LeBlanc, “Thermoelectric Generators: Linking Material Properties and Systems Engineering 
for Waste Heat Recovery,” Sustainable Materials & Technologies (2014)
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www.bosch.com www.water.arredemo.org

www.risenterprises.com

Potential Applications

Automotive Exhaust

Industrial Furnace

Water Heater

www.usa.siemens.com

Gas Turbine

www.glassfurnacemaker.com

Glass Lehr



System Figure-of-Merit
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S = combined Seebeck coefficient
R = electrical resistance
K = thermal conductance
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System Integration & Adaptability
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Y. Thimont, S. LeBlanc, J. Applied Physics (2019)

Conventional
Hollow

Layered

F. Kim et al., Nature Energy (2018)



Manufacturing Challenges

Thermoelectric Module
Traditional Manufacturing

• Limited geometries
• Significant material loss
• Interface & integration 

challenges
• Lengthy processing time
• Rudimentary assembly 

S. LeBlanc, “Thermoelectric Generators: Linking Material Properties and Systems Engineering 
for Waste Heat Recovery,” Sustainable Materials & Technologies (2014)
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Materials-to-Device Integration

Materials
• Engineer material composition
• Control material structure from  

nano- to meso-scale

Manufacturing
• Enable new, tunable device geometry 

beyond solid block-like “legs”
• Eliminate assembly steps

System integration
• Build thermoelectric materials and device into system-level 

components (electrical shunts, substrates, heat exchangers)
• Engineer interfaces between materials and components
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Re-envision Thermoelectric Module

Enable multifunctional materials: 
“Sheets” of thermoelectric material with hierarchical structure and 
engineered composition to enable integrated  thermal management 
and power generating panels.

darpa.mil



Strong, Lightweight, Customized Parts



…with Small, Complex Features



Additive Manufacturing as a Tool

22
C. Oztan, S. LeBlanc, Energies (2022)



Material Extrusion

C. Oztan, S. LeBlanc, Energies (2022)



Vat Polymerization
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C. Oztan, S. LeBlanc, Energies (2022)



Powder Bed Fusion
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C. Oztan, S. LeBlanc, Energies (2022)



Custom Shapes & Properties
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Collaboration with Prof. Ji Ma

Material extrusion (fused filament fabrication):

Laser powder bed fusion (selective laser melting): 



Energy Systems Materials to Devices

www.soultek.com

Solar cells Batteries

Zhu et al., Nano Letters, 2009

Thermoelectrics Fuel cells

www.teslamotors.com

Chan et al., Nature 
Nanotech., 2008

www.micropelt.com

Böttner et al., 
MRS Bulletin, 
2006

Hochbaum et al., 
Nature, 2008

Poudel et al., 
Science, 2008

www.gm.com

Guo et al. Adv. Mater., 2008

Manea et al., Solar Energy 
Matls. & Solar Cells, 2005 Xiao et al. ,

Electrochimica Acta, 2009



How do we manage all that energy?
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29

Example Community’s Energy Systems

• Climate Zone 4A
• Combined Heat and Power Plant
• Hot and Chilled Water Thermal Storage 
• Battery Storage
• Solar Photovoltaic Panels
• Electric Vehicle Charging  Station
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Energy Loads

(normalized by building square footage)
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Energy System Mix



Energy Management System: Design
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Baseline & Emergency Operation
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Energy Management System: Operation



Scenarios Evaluated by Costs
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Energy Analysis for Future Navy Ships



Ship Energy Analysis Tool



building a base model

Example Ship Energy System Model



Diesel Generator 1

Diesel Generator 2 Electrical Demand

Diesel Generator 1

Diesel Generator 2 Electrical Demand

Gas Turbine 1

Gas Turbine 2 Propulsion Demand Split Shaft Mode

Full Power Mode
Speed Demand

Trail Shaft Mode

Fuel Efficiency Fuel Efficiency & CO2 Emissions

Energy System Analysis Tool Sample Output



adding storage, alternative fuels, fuel cell, 
carbon capture, and heat recovery. 

Example Ship Energy System Model



physical constraints & system objective

Output Limits

Resource Consumption

Ramp Rates

Fuel Tank Capacity

Charging and Discharging Limits,

Charging and Discharging Efficiency

State of Charge Degradation

Meet Mission Demand

Example Ship Energy System Model



physical constraints & system objective

Output Limits

Resource Consumption

Ramp Rates

Fuel Tank Capacity

Charging and Discharging Limits,

Charging and Discharging Efficiency

State of Charge Degradation

Meet Mission Demand

Objective: Minimize Fuel Consumption

Subject to: Physical Constraints

Example Ship Energy System Model



adding storage

Example Ship Energy System Model



Increase in average fuel efficiency for this “mission”

by keeping turbines and generators at rated power
34% 37%

Diesel Generator 1

Diesel Generator 2

Battery

Electrical Demand Battery Capacity

Flywheel Capacity
Gas Turbine 1

Gas Turbine 2

Flywheel

Propulsion Demand

Example Output for Energy Storage



LeBlanc Lab: Materials to Systems

We create energy solutions using advanced materials 
and manufacturing techniques.

Techno-
Economic
Analysis

Manufacturing 
& Novel Materials

Energy
Devices & Systems

Providing
Energy Solutions



It takes a village…
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sleblanc@gwu.edu      www.leblanclab.com
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