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Outline
• Energy efficient technologies for 
wearables and IoT

• Energy scavenging:
 from light
 from vibrations
 thermoelectrical generators

• Energy storage: supercapacitors
• Roadmaps
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Autonomous Smart Systems
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Form the next Exponential Technology for Internet of  
Things (IoT)and a Smarter Life!



What is Zero-Power?
Zero-Power technology = Autonomous Smart Systems
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 x 1000 more energy efficient bit 
computation

 x 1000 more energy efficient bit 
transmission

 x 100 more efficient energy 
harvesting

Big Energy Challenges for IoT
+ ENERGY 
STORAGE



Types of energy harvesting
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Mechanisms of coversion to 
electrical energy
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Short Overview
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Scenario 1: energy harvesting by WSN
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Peaks of ‘receive’ and ‘transmit’ cannot be supplied just by the 
harvester, even if the average energy consumption is very low. 
Need: a hybrid energy management strategy.



Where the energy goes?
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Who is consumming so much? The communication links!



Scenario 2: energy harvesting + 
rechargeable batteries

• A more reallistic solution: rechargeable battery +  harvester.
• Battery lifetime and operation extended to months or years for 

100microWatts sensor nodes.
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Energy harvesting
• Challenge: continuous operation under dynamic conditions.
• Choose multi-harvesting interfaces, storage and form factors according to 

applications – NO SINGLE UNIVERSAL SOLUTION AVAILABLE!
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Energy scavenging is a system level
problem!

• Complete and correct approach:
Energy conversion
Energy storage
Energy management
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Energy scavenging from light
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Challenge:
Indoor versus Outdoor!
Flexible solar cells:
indoor Dye Sensitized Solar Cells (DSSC) that are 
flexible and boast superior low light performance 
(Gcell).

Classical thin film cell



Solar cell energy efficiency (2021)
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Alta’s flexible solar cell
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- Yablonovitch’s technique of “epitaxial liftoff,” which 
uses acids to precisely separate thin films of gallium 
arsenide (GaAS) from the wafers on which they are 
grown:
- Direct band gap material +observed phenomenon called 
“Photon Recycling”. Photons bounce off the back of the 
solar cell which allows them to be recaptured by the 
material and converted to electricity
- Alta Devices broke three world records: single junction 
cell performance at 28.8%, single junction module 
performance at 24.1%, and dual junction cell 
performance at 30.8%



Energy scavenging from vibrations
• Resonant vibration harvesters are by far the most widely investigated

• Resonant harvesters can be treated as a velocity damped mass spring 
system:
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Challenges: 
• Frequencies not exactly known!
• Amplitudes?
• We need 100’s of microWatts
• Efficient for large masses
• Good for automotive and for sport applications. 



Motion harvesting: 
human energy >100’s W
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Where to tap the power?
Caution: these
are optimistic

numbers!



Electromagnetic harvesting
(by movement)
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Generation of an AC current by an alternative field by 
movement: output power ~Watt to mWatt
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MIT’s piezoelectric shoes (1998)

Rich Meier et al.,
A piezoelectric energy-
harvesting shoe system for 
podiatric sensing, 2014 
Conference of the IEEE 
Engineering in Medicine 
and Biology Society.

10-20 μJ of 
energy per step



Piezoelectric
conversion/harvesting
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Circuit interfaces for 
piezoelectric harvesting (1)

Iterative load matching
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Summary: state of the art, piezoelectric 
harvesting & electromagnetic (coil)
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Interfaces for piezoelectric
harvesting (2)

Burst energy extraction
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Thermoelectrical (TEG) 
harvesting: materials
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Which material system? Bismut-Telluride (Bi2Te3) with
best properties between 25°C and 150°C



TEG performance factors
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Example
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Thermoelectrical harvesters

• On foil 
technology
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TEG microsystem optimize
power and cost
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TEG efficiency: material to 
system
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Thermoelectric conversion 
from Hot ICs?
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Harvesting of dissipated thermal 
energy in hot electronic chips.



Supercapacitors: rationale

Supercapacitors:
• Higher power density 
• Much faster charge and discharge rate
• Environmentally friendly 
• Extremely low internal resistance High 

efficiency (97-98%)
• Over a million charge-discharge cycles
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Batteries: 
• Higher energy density 
• Typically 200–1000 charge-discharge cycles
• Contain highly reactive and hazardous 

chemicals  
• Negatively effected by low temperatures 



Supercapacitors
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Supercapacitors

Jun Huang, Kai Yuan, and Yiwang Chen, Advanced Functional Materials (2022).

Energy-storage materials can be categorized as EDLC materials, 
pseudocapacitive materials, and Faradaic materials.
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Various energy-storage mechanisms have been developed in SCs systems 
using different materials.

Supercapacitors
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Pseudocapacitive electrode materials such as RuO2 and MnO2 store charge 
through Faradaic electron transfer and non-Faradaic charge storage.

Supercapacitors-
voltage window



Roadmap
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Luis Portilla et al., Nature Electronics (2023).

Schematic sensor-node architecture
for sustainable IoT


