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Concrete uptake as a means towards carbon neutrality

Many solutions including:
• Optimization
• Increase recycled content
• Etc.

Expensive Solutions:
• CCS
• CCU
• ?

Concrete Carbon Uptake
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What is concrete carbon uptake (aka carbonation)?

Reaction of CO2 with hydrated products is called carbon uptake.
Concrete carbon uptake is a natural process that can happen during the use 
and end-of-life phases of concrete life cycle.

2 3 2Various Hydration Products CO CaCO + Hydrated Alumina and silica + H O+ →
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What is important to learn about carbon uptake in concrete?

Carbon uptake process can have positive and negative impact on concrete 
properties

Carbon uptake can be accelerated using current and emerging technologies

Carbon uptake can be measured and estimated using available tools and 
models

Carbon uptake rate can vary significantly depending on the context

Carbon uptake of concrete is significant and should be accounted in concrete 
life cycle impact estimation
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Compressive strength increases as a 
result of carbonation

Source: Pan et al. 2017
Source: Han et al. 2015

Carbon uptake process can have 
both positive and negative impact

Precipitation of calcium 
carbonate cause a denser 
matrix
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Susceptibility of reinforced concrete 
to rebar corrosion increases

Susceptibility of reinforced concrete to rebar corrosion increases.

pH = 9 - 10pH = 9 - 10

pH = 13pH = 13

CO2

Min cover
specified 
by design
Codes.

Source: Broomfield 2007

Carbon uptake process can have 
both positive and negative impact
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Concrete shrinkage increases

Source: Neville and Brooks, 2010 Source: Kangni-Foli et al, 2021

Carbon uptake process can have 
both positive and negative impact
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Alternative binders and higher w/b 
often increase the carbonation rate

Curing: 28 days
CO2 concentration 1-3%
RH: 55 - 65%

Source: von Greve-Dierfeld et al. 2020

Effect of water-to-binder (w/b) ratioEffect of binder type and content

Carbon uptake can be accelerated
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40% difference 
after 3 years

Carbon uptake can be accelerated Shorter curing time significantly 
change the carbonation depth
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CO2 concentration increase 
increase the carbonation depth

Source: Cui et al. 2015

Note: 
“CO2 concentration is around 0.03% in 
rural air; 0.1% in an unventilated 
laboratory, and generally up to 0.3% in 
large cities.” (Neville and Brooks, 2010)

Carbon uptake can be accelerated
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High temperature and mid-range RH 
increase the carbon uptake

Source: Drouet et al. 2019

Carbon uptake can be accelerated
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Primary materials for CCU are available in the 
US but the technology needs to be available 
at lower price

Alkalinity source CO2 mineralized by Mg 
and Ca (Mt/year-2017)

CO2 mineralized by Mg 
and Ca (Mt/year-2050)

Desalination brine potential 9.8 19.6

Municipal solid waste Potential 0.4 0.5

Mine tailings 3.0 100

Total 13.2 120.1

Available amount of alkalinity by-product for CCU in the US

CO2
Carbon sequestration
through mineralization

Alkaline reactants:
Cement, brines, industrial wastes

Carbon uptake can be accelerated

Gregory, J., AzariJafari, H., Vahidi, E., Guo, F., Ulm, F. J., & Kirchain, R. (2021). The role of concrete in life cycle 
greenhouse gas emissions of US buildings and pavements. Proceedings of the National Academy of Sciences, 118(37).
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Experimental investigation for 
measuring the carbonation level

• Phenolphthalein or 
thymolphthalein (used 
both in sites and labs):

Source: Possan et al. 2017

• Advanced analytical 
methods: e.g., TGA

Source: Villain et al. 2007

Source: Broomfield 2007

Carbon uptake can be measured and 
estimated
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Numerical models exist since 
1960s for carbon uptake estimation

Numerical modeling based on Fick’s first law of diffusion:

Source: Parrott 1987

cD k t=

Estimation of k
needs 
sophisticated 
experimental 
modeling.

Carbon uptake can be measured and 
estimated
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CSHub approach follows EN Standards for 
estimating the use-phase carbon uptake

Coefficient of carbonation 
(mm/year0.5) :
• Compressive strength
• Exposure condition

4

1
( )

iuse tcc i
i

Uptake K U B t DOC
=

= ⋅ ⋅ ⋅ ⋅
Degree of 
carbonation (%):
• Exposure 

condition

Quantity of 
binder i (kg/m3)

Max Theoretical uptake 
(kg CO2 / kg binder):
• CaO content

Exposure 
time (year0.5)Total uptake (kg)

Area (m2)

Carbon uptake can be measured and 
estimated

EN Standards (15804 and 16757) 
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MIT CSHub has developed a model 
for carbon uptake calculation

• Peer-reviewed
– The model (and the Excel tool) has been peer-reviewed and published.
– The input data adapted from peer review sources.

• Open source and open access (https://cshub.mit.edu/whole-life-cycle-carbon-uptake-tool)
– Can be updated by the users if site-specific data available
– Has been regularly updated and available on the CSHub website

• Can incorporate uncertainty
– The tool has been implemented to probabilistic estimation in the US context (AzariJafari et 

al. 2021)

Carbon uptake can be measured and 
estimated
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CSHub approach for End-of-life 
carbon uptake estimation

• EN 15804 standard approach do not capture the stockpile shape.

• In our approach:
– Demolished stockpile is shaped as a truncated.
– 30-cm depth of the stockpile will be carbonated (Stripple et al. 2019)
– Particle size: 16 - 64 mm

Accessible 
volume
for carbon
uptake

Carbon uptake can be measured and 
estimated
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Example of carbon uptake during the use 
phase for two exposed concrete structures

Hoover Dam
• Portland cement: 225 kg/m3

• 28-day strength: 20 MPa
• Construction year: 1935
• Dimensions: 379 m – 200 m and 

221.4 m height 
• Concrete volume: 3.44 Million m3

• Number of rainy days: 56

Historical uptake: 300 tons
Equivalent to:
• 0.2% of the emissions from the

original cement production

Rudolph Hall
• Portland cement: 355 kg/m3

• 28-day strength: 25 MPa
• Construction year: 1963
• Internal & External surface area: 

10,405 m2

• Concrete volume: 7023 m3

• Number of rainy days:124

Historical uptake: 125 tons
Equivalent to:
• 5% of the emissions from

the original cement
production

Carbon uptake can be measured and 
estimatedCarbon uptake rate can vary
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Context should be captured when 
estimating carbon uptake 

• Important consideration for local condition 
should be given to:
• Climate conditions.
• Concrete constituents.

• Multiple attributes vary significantly from one 
element to another:
• Exposure condition (“buried” for foundation vs. 

“exposed” in exterior walls).

Carbon uptake rate can vary
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Degree of carbonation and carbonation rate 
are significantly affected by local climate

Nevada Maine
Rainy 
day

54 155

K 4.5 3.8
DOC* 0.75 0.85
Cement 
(kg/m3)

350 350

Uptake 
for 50 
years 
(kg/m2)

19.3 16.3

*Degree of carbonation

Carbon uptake rate can vary
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Binder type and quantity can 
significantly affect the carbon uptake

Nevada Maine
Cement 
(kg/m3) 

225 215.5

Fly ash 
(kg/m3)

33 21

Slag 
(kg/m3)

0 37

Uptake for 
50 years 
(kg/m2)

12.7 10

Carbon uptake rate can vary
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Variation of exposure condition and 
materials types affect the sequestered CO2

Slab Footing CMU 
wall

Use phase carbon 
uptake [ton CO2] 

0.5 2.2 2.2

% Sequestered 10 1.8 36
% Total sequestered 19.8

41%
42%

17%

Cement Content [%]

Slab CMU wall Footing

C
M

U
 w
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l 

[2
06

 m
2

]

Slab [232 m2]Footing 
[48 m2]

2

2

%
kgCO Uptake

Sequestered
kgCO emitted fromcalcination

=*

*

Data sources for design:
ICC building codes (R403)
A Cradle-to-Gate Life Cycle Assessment of Ready-Mixed 
Concrete Manufactured by NRMCA Members

Carbon uptake rate can vary
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Carbon uptake calculation of pavements 
needs special attention to maintenance and 
repair events

• Road geometries, Climate conditions, 

and Concrete constituents are different.

• Maintenance and repair actions “reset” 

the surface age.

Important considerations for concrete uptake calculation of pavements:

Carbon uptake rate can vary
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Carbon uptake of road segments changes as a 
function of age and maintenance and repair

Example of three road segments with 10-mile lengths in different locations and with different 
service levels
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Carbon uptake rate can vary

Asphalt overlay 
action

Diamond 
grinding
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Carbon uptake is widely recognized, 
but still many doubt these claims 

Significant contribution of carbon uptake in the total GHG offset of cement 
production has been reported

“Future reabsorption of CO2 will be 
significant (~30% of cumulative 
CO2 emissions from 2015 to 2100), ….”

“…. offsetting 43% of the CO2 emissions 
from production of cement over the same 
period, not including emissions associated 
with fossil use during cement production.”

Chapter 5, Section 5.2: “The uptake of CO2 in 
cement infrastructure (carbonation) offsets about 
one half of the carbonate emissions from current 
cement production.”

Cement emissions =
Fuel emissions + process emission

Carbon uptake of concrete is significant
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Opportunities for CO2 Uptake can happen 
throughout the Construction, Use and End-of-life

• Cement kiln 
dust

Cement 
production

• Cement 
waste

Concrete and 
Mortar Production

• Plaster, 
render,  and 
blocks

• Structures

Concrete and 
Mortar use

• Reuse
• Recycle
• Landfill 

End of life

Phases with significant amount of carbon uptake 

Phases with insignificant amount of carbon uptake 

Carbon uptake of concrete is significant
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Example of Uptake calculation for use and 
end-of-life uptake of US pavement network

Considered parameters
• Reginal mix designs
• Pavement repair age
• Effect of maintenance 

and repair
• Climate conditions AzariJafari H, Guo F, Gregory J, Kirchain R. Carbon uptake of concrete in the US pavement network. 

Resources, Conservation and Recycling (2021);167:105397.

Carbon uptake of concrete is significant
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Carbon uptake of pavements can sequester 11% 
of CO2 associated with calcination process in 
concrete pavements

State-level carbon uptake of the U.S. pavements in use 
and end-of-life phases for the next 30 years

Cumulative carbon uptake in the use 
(Blue) and end-of-life (green) stages

Carbon uptake of concrete is significant
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Concrete aggregates stockpiling can be an 
inexpensive mitigation strategy compared to 
CCU/CCS but there is cap for this mitigation

Depending on the landfilling time, the cost and uptake value can increase 
significantly.

Cement CCS cost

Total uptake as a function of landfilling years Abatement Cost as a function of landfilling years

Carbon uptake of concrete is significant
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What is important to learn about carbon uptake in concrete?

Carbon uptake process can have positive and negative impact on concrete 
properties

Carbon uptake can be accelerated using current and emerging technologies

Carbon uptake can be measured and estimated using available tools and 
models

Carbon uptake rate can vary significantly depending on the context

Carbon uptake of concrete is significant and should be accounted in concrete 
life cycle impact estimation
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Thank you!
hessam@mit.edu
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Bottom-up approach for carbon uptake calculation of US Cement and 
concrete end uses
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Crawlspace C P, or
Slab foundation C, or
Full/partial basement P B
(For mobile homes: pad C B)

*Footings not included

Flat roof C P

Assumed same material as 
structural skeleton

Assumed same material as 
exterior walls, if present

C: Cast in situ
P: Precast
B: Block

Adding roofing, 
exterior walls, 
and foundation 
type
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Exterior walls P B

Infill walls B

Shear walls C

C: Cast in situ
P: Precast
B: Block
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Exposure conditions affect rate and degree of carbonation

Crawlspace
Outdoor,
sheltered from rain

Slab foundation
In ground

Basement
Indoor,
unfinished

Living Room
Indoor,
finished

Flat roof
Outdoor,
exposed to rain

k = 6.6 k = 1.1 k = 9.9 k = 6.9k = 2.7

k factors for concrete block (15-20 MPa compressive strength)
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Indoor,
unfinished

Indoor,
finished (e.g., carpet)

Crawlspace
Outdoor,
sheltered from rain

Slab foundation
In ground

Basement
Indoor,
unfinished

A k = 9.9 B k = 6.9

A k = 6.6 B k = 1.1 C k = 6.9

Elements correspond to multiple 
possible exposure conditions
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Unfinished interior surfaces:
- Tops of columns and beams, if not flat roof
- Bottoms of slabs (i.e., ceilings)
- Floors and interior walls of basement, if present

Finished interior surfaces:
- All interiors apart from those listed above

Surfaces cut by shaded planes have corresponding exposure condition

Elements correspond to multiple 
possible exposure conditions
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Total carbon uptake (use phase and end of life) for the U.S. 
pavement network (2020-2050) 

Nationwide, carbon uptake would be equivalent to removing nearly 34,500 passenger 
cars emissions during the analysis period (2020-2050)

Highest carbon uptake:
equivalent to removing
the GHG emissions of
100,000 passenger cars
traveled for 16,000 miles.

Considered parameters
• Reginal mix designs
• Pavement repair age
• Effect of maintenance 

and repair
• Climate conditions
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Carbonation of concrete and mortar are completely different

von Greve-Dierfeld et al. 2020


