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The pace of the transition from fossil fuel-based economy to a renewable energy 
economy will strongly depend on the availability of bulk energy storage solutions

Challenge #1: Energy storage challenge



The problem: minerals for batteries are scarce

NEED SCALABLE ENERGY STORAGE SOLUTION, EVERYWHERE AVAILABLE, WHICH EVERYONE CAN USE…



• Need to build ~13,000 buildings everyday to 
support the exploding urban population
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• 6.7 billion people are projected to live in 
urban areas by 2050

UN World Urbanization Prospects (2018)
IEA Technology Roadmap (2018)
Bertollini, Here’s What Building the Future Looks Like for a 10-Billion-Person Planet, Redshift (2018)

Boston, Tokyo, Seoul, Rio, Mumbai, LA

Challenge #2: The use of concrete is increasing exponentially



Concrete is a 

STRONG, DURABLE, VERSITILE, INEXENSIVE 
construction material

Bechthold, M. & Weaver, J. C. Materials science and architecture. Nat. Rev. Mater. 2, 17082 (2017).
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The future of 
concrete?

MATERIAL PRODUCTION/CONSUMPTION

1. Concrete = material most produced 
on planet Earth (commodity). 
Scalable, availability.

2. Concrete has an environmental 
problem: around 8% global CO2
emissions.

3. If Carbon Tax: $150-$200

No Concrete Future… unless

Transform & Disrupt

0.89 ton 
CO2/ton 
Cement

3.0 ton 
CO2/ton 
Steel



Carbon 
footprint of 
cement?

Clinker 
replacement

Fuel substitution

Increased thermal 
efficiency

CONCRETE'S FUTURE

Existing technologies2030-2050

Portland Cement Association 
released in October 2021 the 
industries’ 2050 carbon neutrality 
roadmap
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Capitalizing on cement chemistry
Concrete is a remarkably rich deposit of interesting and contemporary research questions, 
all contained in its ambiguities: granular or continuous?, liquid or solid?, 
crystalline or glassy?, smooth or rough?, “porous”, brittle or ductile?, material or process?

Henri Van Damme, CCR (2018)
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Raman spectroscopy has high

resolution.

SPATIAL,
TEMPORAL &
SPECTRAL

For OUT-OF-EQUILIBRIUM



Raman 
spectroscopy + 
Cement 
chemistry
Underwater Raman enabled 
monitoring in real-world conditions 
with higher temporal resolution

Operando real-world condition

+ Underwater Raman

Loh et al., Langmuir (2021)

OPC w/c=0.4

C3S
C2S
C-S-H

CH



Early stages of cement hydration
Discovery of OUT-OF-EQUILIBRIUM/transient phases
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Loh et al., Langmuir (2021)
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CO2 uptake in 
concrete over 
time: problem or 
opportunity?
Late-stage carbonation leads to 
pH drop associated with  
reinforcement corrosion and 

concrete spalling.

But:                                
CARBONATION = CARBON SINK!  

How to reconcile the two 
phenomena



Carbon capture

Permanent carbon storage

Early strength development due to seeding MULTI-
FUNCTIONAL!

Fresh concrete carbon capture and storage: cementing CO2 into C-S-H
Stefaniuk et al., PNAS Nexus, 2023



Cementing CO2 in concrete
Up to 15% of total CO2 emissions can be permanently stored in cement
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Schematic representation of early-stage carbonation

Stefaniuk et al., PNAS Nexus, 2023
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Self-healing functionality highly desirable!



Pantheon, Rome (Italy)



What are the origins of extreme long-term durability of ancient Roman 
concrete?

Lime  

Roman concrete mix 

Hydraulic cement mortar
Calcium-aluminum-silicate-hydrate 
(C-A-S-H)

How relict lime clasts are 
formed in ancient samples and 
can they be the missing link in 
“self-healing” picture?

Jackson et al. (2016)

Ca Si Al Fe



Roman concrete: Long-lasting, self-healing ancient materials

1mm Seymour et al., Science Advances, 2023



Design of self-healing modern concrete incorporating hot-mixing strategy

1mm
Seymour et al., Science Advances, 2023



Self-healing mechanism

Seymour et al., Science Advances, 2023



The MIT News article: 
Riddle solved: Why was 
Roman concrete so 
durable is the most-viewed 
article ever to appear on 
MIT News.

Media coverage

6 historical mysteries that scientists finally cracked in 2023:
The ingredient behind Roman concrete’s legendary strength
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MICROFRACTURE WATER INFILTRATION

Exposed reinforcement Process of self-healing
activated by water

SEALED CRACK

Technology made of inexpensive and readly available material precursors

Fractures up to 0,6 mm

Roman-inspired self-healing concrete (50% lifespan extension at 50% cost reduction compared to other self-healing solutions)



Current research in Pompeii
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How do we 
make Electron-
Conducting 
Concrete

Carbon-Black 

Cement Composite

TAKE:

1. A Hydrophobic CONDUCTOR: 
NanoCarbon Black 

2. A Hydrophilic INSULATOR: 
Concrete = Cement + Water + 
Sand + Stones

MIX – WHAT HAPPENS?

nCB* particles

+

Portland cement PNS-based SP Water

+ +

*nCB – nano Carbon Black



Percolation of a Volumetric Wire through a 
load-bearing cement skeleton
A Physical Chemistry Driven Process = Highly Repetitive



Linking nano and microstructure: FIB-SEM 

nCB=40-50nm
resolution=15nm



Resistivity vs. cost

http://www-materials.eng.cam.ac.uk

Self-heating
(Joule effect)
De-icing bridges, sidewalks, 
airport runways, etc. 
Radiant floor heating

ec3 (electron 
conducting carbon 

concrete)

Freeze-thaw 
resistance
(Hydrophobicity)
Longevity of structures

Energy storage
(Structural supercapacitor)
Renewable energy buffer
Autonomous housing
Smart charging roads

x

ec3

x

x

HPEM* shielding
(Faraday cage effect)
Military structures
Data storage
Human health

*High Power Electromagnetic impulses



ec3 for 
Self-heating



Self-Heating

Temperature Increase ~ Voltage x Voltage

So-called Joule Effect (~ Stove 
Plate)



Self-Heating
So-called Joule Effect (~ Stove Plate)

1 meter

0V 12V 24V 12V 24V 12V 12V



Self-Heating

0V      12V      24V 12V 24V 12V



De-icing by Self-
Heating Concrete

CY. Tuan, J. Cold Reg. Eng., 2008, 22(1): 1-15

Radiant Floor Heating

Replace “wired” radiant floor heating by 
e-conducting cement-based materials



Sapporo Odori Park, Japan



Sapporo Odori Park, Japan



ec3 for 
Energy Storage



Why now? – Shift to green energy requires 
massive storage solutions & structures 
Current Battery Technology NOT scalable | Need for NEW Bulk Storage Solutions – HERE IS ONE 

Coal

Oil

Gas

Demand

Non-Renewable Energy 
Infrastructure

24 hour Supply and Demand 
Match

12 186

Solar

Wind

Tidal

Demand

Renewable Energy 
Infrastructure

24 hour Supply and Demand 
Mismatch

12 186

?



Solar

Wind

Hydro

Geotherma
l

TidalRural

Transport

Residenti
al

Cities

Industry

A future with Concrete “Batteries”
Electron-Conducting Carbon Cement-Based SUPERCAPACITORS



Cement + 
Carbon + 
Porosity = 
Supercapacitor

HOW DOES A SUPERCAPACITOR WORK?

CONCRETE AS “structural” SUPERCAPACITOR:

- Porosity of cement paste (for Electrolyte)

- Carbon-Cement Composite for Energy Storage

Battery = Change electrical energy 
into chemical energy

Supercapacitor = Electrical Charge 
stored in a shell around the 
carbon (no chemical reaction) 

Positive Electrode Negative Electrode
Separator





12V carbon-cement 
supercapacitor



Architectural geometries and modular ec3 units



PNAS cover by James C. Weaver

Cozzarelli Prize 2023, Finalist.
Class III: Engineering and Applied Sciences

Electron-Conducting Carbon-Cement-Based Materials Hub



Increasing global interest



Needed: 
Engineering 
Now –
System Design
How will multifunctional concrete 
structures look like



Needed: 
Engineering 
Now –
System Design
How will multifunctional concrete 
structures look like



Decentralized electrical energy supply
Home foundations and walls as ‘batteries’

For reference: 
Daily residential energy consumption: ~10 kWh ~ 33 m3 ec3-concrete



Application: Self-charging roads
Road as a renewable energy storage
Wireless charging of EV-cars by means of Electromagnetic Induction



Ancient Rome experienced architectural revolution through 
discovery and use of concrete 

We may be on the verge of a new breakthrough that could 
completely revolutionize our perception of concrete, architecture, 

and the overall built environment: 
MULTIFUNCTIONAL CONCRETE 



Acknowledgments – Collaborators

Prof. Franz-Josef Ulm
Dr. Damian Stefaniuk
Dr. James Weaver
Dr. Santiago El Awad
Dr. Abdelmounaim Mechaala
Marcin Hajduczek

Anne Kyung
Dr. Hyun Chae Loh
Dr. Linda Seymour
Dr. Janille Maragh
Dr. Rachel Kim
Dr. Nicolas Chanut

Dr. Hessam AzariJafari
Dr. Randolph Kirchain
Prof. Vladimir Bulovic
Stephen Rudolph

Aleksandar Krsmanovic
Tavis Ezell
Dr. Ute Schmidt

Paolo Sabatini

Seiji Nakamura
Ryo Aoki
Yoshihiro Aizawa

Jewan Bae


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Concrete is a �STRONG, DURABLE, VERSITILE, INEXENSIVE �construction material
	The future of concrete?
	Carbon footprint of cement?
	CONCRETE’S FUTURE:��Multifunctionality!
	Multifunctional concrete
	Capitalizing on cement chemistry
	Slide Number 11
	Raman spectroscopy + Cement chemistry
	Early stages of cement hydration
	Multifunctional concrete
	CO2 uptake in concrete over time: problem or opportunity?
	MULTI-FUNCTIONAL!
	Cementing CO2 in concrete
	Multifunctional concrete
	Slide Number 19
	Slide Number 20
	What are the origins of extreme long-term durability of ancient Roman concrete?
	Slide Number 22
	Slide Number 23
	Self-healing mechanism
	Media coverage
	Slide Number 26
	Current research in Pompeii
	Multifunctional concrete
	How do we make Electron-Conducting Concrete
	Percolation of a Volumetric Wire through a load-bearing cement skeleton
	Linking nano and microstructure: FIB-SEM 
	 
	ec3 for �Self-heating
	�Self-Heating
	�Self-Heating
	Slide Number 36
	De-icing by Self-Heating Concrete�
	Sapporo Odori Park, Japan
	Sapporo Odori Park, Japan
	ec3 for �Energy Storage
	Why now? – Shift to green energy requires massive storage solutions & structures 
	Slide Number 42
	Cement + Carbon + Porosity = Supercapacitor
	Slide Number 44
	Slide Number 45
	Architectural geometries and modular ec3 units
	Slide Number 47
	Slide Number 48
	Needed: Engineering Now – �System Design
	Needed: Engineering Now – �System Design
	Decentralized electrical energy supply
	Application: Self-charging roads
	Slide Number 53
	Acknowledgments – Collaborators

