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Supplementary Note 

1. Goal and scope of assessment 
The goal of this study was to examine the carbonation effects, including time-adjusted warming 
potentials (TAWPs), to understand effects on cumulative radiative forcing and mechanisms to 
drive desired carbonation to mitigate climate burdens. The environmental impact analysis was 
conducted on a global scale, examining the cradle-to-grave (production, use and end-of-life) 
carbonation effects of concrete. Various concrete components were analyzed and incorporated to 
encapsulate the carbonation effects including cement content, supplemental cementitious 
(SCM’s) materials, coarse aggregates, hydraulic lime and chemical admixtures. The impacts of 
carbon uptake were examined on a granular scale (per kg of cement) and on different regional 
scales. 

Modeling the impacts of carbon uptake on a ‘per kg’ scale allowed for the examination of fluxes 
in GHGs associated with various production, use and demolition parameters. The impact of 
different parameter variations on the carbon uptake can identify which variations have the most 
potential to increase carbon uptake in concrete. Global and US cement production data was 
combined with concrete end use and longevity data to model the historic impacts of carbon 
uptake, projected future impacts, and asses the time-adjusted effect of regional cement 
consumption on the atmosphere. The regional models offer perspective of the historic 
performance of concrete in service and the rate of savings carbonation can achieve relative to 
different scales of cement consumption. The modeling efforts required to analyze the production 
statistics and examine carbonation effects are outlined in the subsequent sections. 

 

2. Carbon Uptake Model Equations  
Equations for calculating carbon uptake were adapted from the equations developed by Xi for 
their 2016 uptake model and adapted by Cao in 2020.3,10 Only equations that vary from those 
presented by Xi and Cao are presented here. It is assumed that aggregates do not contribute to the 
carbon uptake potential of the concrete system. 

2.1. Carbonation coefficient: kl, kd, ks 
The carbonation coefficient, k, is calculated using the same equations as Xi for all phases.10 

2.2. Carbonation depth: dl, dd, dt 
The carbonation depth in the useful life and demolition phases are calculated using the same 
equation as Xi, a modified version of Fick’s diffusion law.10 

2.2.1. Secondary Life 
Carbonation depth in the secondary life is calculated as a total carbonation depth over the 
demolition and secondary life phases; see Equation 1. 

 𝑑! = 𝑘"√𝑡" + 𝑘#√𝑡# (1) 
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Where dt is the total depth of carbonation over the demolition and secondary life phases, and kd 
and ks and td and ts are the carbonation coefficients and phase durations of the demolition and 
secondary use phases, respectively. The durations may vary over time. 

2.3. Volume of carbonated concrete during service life: Vl 

During service life, the concrete carbonated can be most accurately estimated by volume. The 
volume equation used here is visually identical to Cao’s, but the cement content, Cc, is a 
constant, and the cement mass and concrete thickness, Wc and T, vary by end use market.12 Both 
Wc and the depth of carbonation, dl, vary over useful life duration. 

2.4. Maximum diameter of particles undergoing full carbonation: D0, D1 

These values provide an estimate of the maximum diameter of particles that undergo carbonation 
during the active phase of the life cycle. 

2.4.1. Demolition 
The maximum diameter of particles undergoing full carbonation in the demolition phase is 
represented by D0 and the equation as defined by Xi. 

2.4.2. Secondary Life 
The maximum diameter of particles undergoing full carbonation in both the demolition and 
secondary life phases is represented by D1 and the equation as defined by Xi. 

2.5. Cumulative fraction of carbonated cement: Fd, Fs 

The fraction of carbonated cement is calculated assuming approximately spherical particles of 
cement are being carbonated. a and b are the range of particle size diameters discussed in 2.5. 

2.5.1. Demolition 
The fraction of carbonated cement in the demolition phase, Fd, is defined using the same 
equations presented by Xi. 

2.5.2. Secondary Life 
The fraction of cement carbonated over the demolition and secondary life, Fs, is defined by 
Equation 2. Fs is a cumulative fraction. 
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Where dt is the total carbonation depth over the demolition and secondary use phases and D1 is 
the maximum diameter of particles undergoing full carbonation in the demolition and secondary 
use phases.  

2.6. Cumulative mass of carbonated cement: Wl, Wd, Ws 
The cumulative mass of carbonated cement in all phases are calculated using the same equations 
as Xi.9  
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2.7. Cumulative carbon uptake: Cl, Cd, Cs 
The cumulative carbon uptake values in all phases are calculated using the same equations 
presented by Xi and Cao. Values of the constants Cclinker, fCaO, γ, and Mr are the same as presented 
by Xi et al.10 The percentage lime in the clinker is assumed to be 65% as was assumed for 
calcination emissions in 2.2. 

2.8. Carbon uptake in mortar 
The cumulative carbon uptake in mortar applications was calculated using the same equations as 
Xi et al. 10 However, in order to simplify the number of equations used in the model, and reduce 
uncertainty associated with the results, it was assumed that no sides are rendered.  

3. Dynamic modeling through time-adjusted warming potentials (TAWP)  
The carbonation effects were examined with the incorporation of TAWP’s. The TAWP’s and 
resulting life-cycle impacts of concrete were calculated based on the equations 3 and 4, derived 
from Kendall et. al.14 Cumulative radiative forcing (CRF) was calculated with and without time-
adjusted warming impacts using equation 3 and data from IPCC on radiative forcing values of 
emission.15 When calculating CRF without time-adjusted warming impacts, the y variable in 
equation 3 was set equal to zero.  

 𝐶𝑅𝐹*,,,- = ∫ 𝑅𝐹./0
12'3
4 𝑑𝑡 (3) 

𝐿𝑖𝑓𝑒	𝐶𝑦𝑐𝑙𝑒	𝑇𝐴𝑊𝑃 = 𝑚* ∗ 	𝐶𝑅𝐹* + ∑ 𝑚,,5 ∗ 	𝐶𝑅𝐹,,5
,"-6,7	756-
59) +∑ 𝑚#,: ∗

#-;<75!5<=	*>?"-	7-=@!>
:9)

𝐶𝑅𝐹#,:	 + ∑ 𝑚",A ∗ 𝐶𝑅𝐹",:	
"-B<=#?C3	756-
A9)   (4) 

The uptake of CO2 in each year (𝑖) of the useful life, end-of-life (𝑗) and secondary life (𝑘) were 
used to calculate total life cycle emissions. CRFp,u,d,s  and mp,u,d,s  refer to the CRFs and mass of 
emissions from production, use, demolition and secondary life respectively. In equation 3, RFCO2 
is the radiative forcing of CO2, y is the year at which the emissions occur and AT is the 
analytical time horizon. Carbonation impacts were calculated using analytical time horizons of 
20, 50 and 100 years.  

The global warming potential impacts of 1 kg of cement was calculated assuming a use phase of 
64 years, and demolition phase of 0.4 years and a secondary phase of 35 years. The amount of 
uptake associated with 0.4 years of demolition was utilized however it was modeled as occurring 
over 1 year in the TAWP calculations for simplicity. Cement was assumed to be exposed, 
uncoated and in an urban environment. During demolition, it was assumed that cement would be 
exposed, uncoated and in an industrial environment. Finally, given that a secondary-use for 
cement is likely to be some form of asphalt, cement in the secondary stage was assumed to be 
used in a road application and uncoated. The cumulative radiative forcing and TAWP data can be 
found in Supplementary Data 1, Sheet 15. 

4. Measures to alter uptake and sensitivity analysis 
A sensitivity analysis was conducted to examine the impact of various parameters on the 
resulting carbon uptake potential for 1 kg of cement. These parameters include demolition 
particle size, length of demolition stage, type and amount of SCM’s, coating type, use-phase 
exposure conditions and location. 
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4.1 Scenario analysis summary table  

The scenario analysis table focuses on the impacts associated with parameters in the life cycle of 
1 kg of cement that can be managed or altered. These parameters include demolition particle 
size, length of demolition phase and type and amount of SCM’s. Carbon uptake associated with 
secondary life was excluded from this analysis. During all life cycle phases the cement was 
assumed to be uncoated. During the use-phase, cement was assumed to be exposed in an urban 
environment whereas during demolition it was assumed to be in an industrial environment. 

The demolition particle size diameter “base case” was 1-40 mm given the prevalence of this 
range of particles in literature.16–19 However, carbon uptake was calculated assuming narrower 
ranges of 1-5, 1-10 and 1-30 mm to develop an understanding of the impact of demolition 
particle size on carbon uptake. 

The length of time that the demolition particles are exposed can vary significantly and there is a 
lack of robust data regarding this process. Therefore, the demolition phase was assumed to be 1 
day for the “base case” to highlight the “worst case scenario”, but the impact of lengthening the 
demolition phase to 3 months and 1 year were also examined. Although 1 year is thought to be 
somewhat unrealistic in industry, the goal was to get an understanding of the full range of carbon 
uptake potentials. 

The carbon uptake potentials for supplemental cementitious materials were obtained from a 
literature review by von Greve-Dierfeld et al. 13 Fly ash and natural pozzolans were assumed to 
have a maximum substitution potential of 50%. Limestone and silica fume were assumed to have 
maximum substitution potentials of 15%. Blast furnace slag was assumed to have a maximum 
substitution potential of 50%. In the mitigation summary table, SCM’s were broken down into 
two main groups: cementitious (slag and limestone) and pozzolanic (fly ash, silica fume, natural 
pozzolans). 
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Supplementary Table 1. Results of scenario analysis for lifecycle emissions for 1 kg of cement. 

Process modification 
total 

emissions 

% reduction 
from base case 

GWP 
TAWP 

(100 yr) 
% reduction 

in TAWP 
decreasing particle diameter to 1-30 mm 0.85 -7% 0.78 -3% 
dec. particle diameter to 1-10 mm 0.95 -19% 0.82 -9% 
dec. particle diameter to 1-10 mm and 
increase demo phase to 1 month 0.81 -2% 0.76 -1% 
dec. particle diameter to 1-10 mm and 
increase demo phase to 3 months 0.74 7% 0.73 3% 
dec. particle diameter to 1-10 mm and 
increase demo phase to 1 year 0.69 13% 0.71 6% 
decreasing particle diameter to 1-5 mm  0.94 -19% 0.82 -9% 
decreasing particle diameter to 1-5mm and 
demo phase 3 months 0.72 9% 0.72 4% 
dec. particle diameter to 1-5 mm and 
increase demo phase to 1 year 0.72 9% 0.72 4% 
lengthening demolition phase to 3 months 0.71 11% 0.72 5% 
lengthening demolition phase to 1 year 0.64 19% 0.69 9% 
7.5% replacement with slag 0.76 4% 0.71 6% 
7.5% replacement with fly ash 0.75 6% 0.70 7% 
7.5% silica fume 0.74 7% 0.69 8% 
7.5% limestone 0.76 4% 0.71 6% 
25% replacement with slag 0.63 21% 0.57 24% 
25 % replacement with fly ash 0.59 26% 0.54 28% 
25% limestone 0.60 24% 0.55 26% 
50% replacement with slag 0.44 44% 0.39 48% 
50% replacement with fly ash 0.40 50% 0.35 53% 
* base case: demolition phase 1 day, 
particle diameter 1 to 40 mm, no SCM 0.79   0.75   

 

4.2 Heat map sensitivity analysis 

The heat maps highlight the impact of various use-phase parameters on carbon uptake potential 
such as coatings, exposure conditions and locations. Given that a secondary use phase of 35 
years can result in substantial uptake but is not always guaranteed, the secondary phase was left 
out of the sensitivity analysis to highlight the impact of use-phase conditions. Further, since 
demolition is assumed to always take place outdoors, the cement was assumed to be exposed and 
in an industrial location during EoL. Crushed cement particles in the demolition phase were also 
assumed to be uncoated. The use phase was assumed to be 64 years and the demolition phase 
was assumed to be 0.4 years. 

The heatmaps show the fraction of cement calcination emissions that are sequestered in a kg of 
cement for two locations: industrial and seaside. These locations were chosen because they 
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represent the locations with the highest (industrial) and lowest (seaside) carbon uptake potentials. 
The heat maps show the carbon uptake potential associated with and without 50% replacement 
with fly-ash. A replacement of 50% fly ash was chosen to highlight the range in carbon uptake 
potentials since fly ash has the highest carbon uptake potential of all the SCM’s discussed in this 
study.  

 

 
Supplementary Figure 1. Heat map results from sensitivity analysis for carbon uptake during use and end-of-life 
for 1 kg of cement. The color bar and associated numbers reflects the mass of CO2 (in kg) taken up during use and 

end-of-life for 1 kg of cement. Two environmental conditions and two supplementary cementitious contents are 
presented in the four panels, a, b, c, and d. 

  

(a) (b)

(c) (d)
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