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Abstract

Calculation of the carbon footprint of cement concrete is a complex process including consideration
of the phase of primary life (components and concrete production processes, transportation,
construction works, maintenance of concrete structures) and secondary life, including demolition
and recycling. Taking into consideration the effect of concrete carbonation can lead to a reduction
in the calculated carbon footprint of concrete. In this paper, an example of CO; balance for small
bridge elements made of Portland cement reinforced concrete was done. The results include the
effect of carbonation of concrete in a structure and of concrete rubble after demolition. It was
shown that important impact of carbonation on the balance is possible only when rubble
carbonation is possible. It was related to the fact that only the sequestration potential in the
secondary phase of concrete life has significant value.
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Introduction: Balance of CO; in concrete life
Process of carbonation is usually considered in terms of negative influence on concrete properties
and its durability, but it has also an ecological aspect - an advantageous one, taking into account
the fact that the nature of the process is based on chemical binding of CO, absorbed from
atmosphere (sequestration). Emission of CO; is one of the main components of the greenhouse
effect. Thus, under certain conditions, carbonated concrete can be treated as a kind of air filter,
which allows to slightly reduce the content of carbon dioxide gas in the atmosphere. Positive effect
and its range are limited due to necessity of taking into account the negative influence of
carbonation on structure durability and the fact that concrete has limited potential of bonding CO,

per unit volume.
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Figure 1 - Mapping nonlinear data to a higher dimensional feature space.

In the case of reinforced
concrete structures, safe
carbonation, and  thus
sequestration, or "capture
and safe storage of CO,"
zone [1], because of the
durability is the concrete
cover. The amount of

carbon dioxide that
concrete can effectively
bind, so-called

sequestration potential [2],
mainly depends on the
calcium hydroxide content
available in concrete for
carbonation reaction.
Concrete carbonation can be
an element of carbon
dioxide balance in the
cement and concrete life
cycle, affecting the
assessment of the carbon
footprint.

In  accordance with [SO
14067 “Carbon footprint of

products  —requirements
and guidelines for
guantification and

communication” [3] carbon
footprint of product is a sum
of greenhouse gas
emissions and removals in a
product system, expressed

as CO; equivalent and based on a life cycle assessment [3]. The carbon footprint of the product
thus includes emissions from the mining raw materials from which it is produced, production, use
and disposal or recycling after use [4]. Estimation of the carbon footprint of cement concrete is a
complex process which needs to consider the phase of primary life including components and
concrete production processes, transportation, construction works, maintenance of concrete
structures as well as the secondary life, including demolition and recycling [5]. A full analysis of the
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carbon footprint of concrete in the product life cycle (cradle to grave approach — Fig. 1) must also
take into account the process of carbon sequestration by carbonation of concrete during its
exploitation and in the secondary life [6].

The main quantitative source of CO, emissions in the life of concrete is cement production. The
value of the emission of 0.7 tons of CO; per ton of cement [7] may be regarded as the output to
determine the carbon footprint of cement and concrete in Polish national conditions.

The sequestration potential of concrete: case study
Consideration of carbonation in determining the carbon footprint of concrete requires the
estimation of the amount of carbon dioxide that concrete can bind permanently as a result of
carbonation. The quantity of CO; that can theoretically be bound in the concrete by carbonation
is called the "CO, sequestration potential " and depends on inter alia: the cement content in
concrete, the composition of the cement and cement clinker.

Assuming that 1 kg of fully hydrated Portland cement is the source of about 0.3 kg of Ca(OH); and
typical level of hydration of cement in concrete does not exceed 93%, it can be calculated that
each kilogram of Portland cement clinker is able to bind approximately 0.17 kg of CO,. Taking into
account the clinker content in Portland cement (usually ca. 95%) and cement content in concrete,
sequestration potential of concrete Sco,®' can be calculated asfollows:

Scogbet = Scoz - Per - C (kg/m3) €Y

Where, Sco; is clinker sequestration potential in kg/kg, Pqis clinker content in cement, and C is the
cement content in concrete, kg/m?3.

Calculation (1) is valid only for Portland cement concrete. The use of mineral additives like fly ashes
and slag in cement or concrete, needs to be included in (1) a coefficient, which considers a
decreased amount of calcium hydroxide due to pozzolanic reaction. The computationally or
experimentally determined value of the potential sequestration of concrete can be used in the
calculation of the carbon footprint in the life cycle of cement or cement concrete. Consideration
of the CO, sequestration potential resulting from the carbonation of concrete could therefore
improve the unfavorable balance of emission and absorption of carbon dioxide in the life cycle of
cement concrete [8-10].

Considering the carbonation of concrete as one of the possibilities of CO, sequestration, the other
effects of this phenomenon should be regarded. While any amount of absorption of carbon dioxide
harmful excess from the air is positive and expected, it also constitutes a danger to reinforced
structure durability due to the limitation of the concrete cover passivating functions. The
sequestration of CO, by concrete carbonation in the structure is possible with no negative effect
for durability only in the surface layer, the thinner concrete cover, which protects the
reinforcement against corrosion.

The results of the author’s former research [2] confirmed that the carbonation process can be
considered as a process limited in time. However, analysis of the results enabled the author to
claim that the finite carbonation depth in concrete, h, could be described according to:

h=B+ A.t7% (2)
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Moreover, the maximum depth of carbonation is limited by the asymptote described by (3):
tlim h(t) = B 3)

The above equations can be the basis of designing the safe value of concrete cover thickness, also
considered as an atmospheric CO, sequestration zone that does not negatively influence the potential
time of structure life.

Assuming that during designed service life (e.g. 50 or 100 years) the carbonation depth reaches the
value very close to hma, calculation of the amount of carbon dioxide sequestrated Sco,*°™", in the
concrete volume Vg in construction can be carried out using a model of hyperbolic carbonation,
according to:

Scozkonstr = Scozbet. hmax- P(kg)(4')

Where, Sco2®® is concrete sequestration potential, calculated with (1); hmax is maximum depth of
carbonation, in accordance with (3), and P is carbonated concrete surface in structure (not
protected with other materials). In addition to a complete balance of sequestration, the effect of
concrete carbonation of concrete rubble can be added, if it is stored in the form and conditions
that allows carbonation.
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Figure 2 - Dimensions of analyzed part of concrete bridge
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Figure 3 - Experimentally developed model of carbonation (general formula according to (2) for concrete used
in the analyzed case).
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The depth of carbonation depends strongly on CO, concentration and it is not easy to describe this
effect with mathematical formula; however it could be estimated that, measured depths of carbonation
hmax in two different concentrations (c1, c2) after two different times of exposure (t1, t2) is the function
of square root of this concentrations ratio if other testing conditions are the same [13-17].

hmaxti,c1 _ E c2 (5)

hmaxt2,c2 t2 "4/ cl

This relationship is only truthful for a limited range of CO, concentrations, up to a few or several
percent. With higher values of the concentration of CO,, the carbonation process changes its nature.
Due to the higher CO; concentration, some other hydration products (not only calcium hydroxide) are
involving strongly in the carbonation reactions. Formula (5) could be used for predicting the maximal
depth of carbonation (asymptote value) in natural conditions on the basis of experimental results of

testing in standard conditions (1% or 4% concentration of CO,). In the analyzed case c1=4% (CO,
concentration during accelerated testing), c2=0.04% (typical concentration of CO, in atmosphere),
t1=210 days (time of exposure in accelerated conditions), t2=100 years =36500 days (time of expected
service life i.e. time of exposure in natural conditions). By inserting into (5) the value himax c1,t1=18.5 mm
(obtained experimentally — Fig. 3) and other abovementioned data, hmax 2,12, could be calculated as:

185 210 4 6)
hmax,t2,c2 36500 4] 0.04

hmax,tz,cz = 32mm (7)

The value 32 mm is the expected maximal depth of carbonation of concrete used in the analyzed case
after 100 years of exposure in natural conditions.

Taking into account the geometry of the structure and the sequestration potential of Portland cement
clinker (0.17 kg CO-/kg clinker), sequestration in the primary life of concrete was calculated, and then

sequestration in the secondary life (for particles size of rubbles: 2.hyax = 64 mm) was calculated in Table
1.

Table 1 - The calculation of carbon sequestration in the life cycle study of a section of concrete viaduct

Concrete volume, V= 62 ms; Concrete carbonate surface, Sc= 212 m? Kg CO;

Emission of CO.during production of concrete ingredients

Cement 17794
Aggregate Granite 2827

Others 3

Sum 20624
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Emission of CO; during transportation of concrete ingredients

Cement 620

Aggregate granite 1736

Others 186

Sum 2542

Emission of CO, during production, transport, and concreting 248
TOTAL EMISSION 23414

Carbon sequestration in the primary life of concrete, Sco, ™" 450
Carbon sequestration in the secondary life of concrete, Sco,™¢ 3640
BALANCE 19324

Discussion and Conclusion

Concrete carbonation can lead to a reduction in the carbon footprint of cement by more than 20% (Fig.
4). It should however be noted that the importance of carbonation of concrete structures in the overall
balance is marginally small.

In the analyzed case, the concrete in the structure can absorb about 0.45 tons of CO, which is only
about 2% of total emissions (Table I). This value is very small even though the analyzed structure
characterizes by a relatively high ratio of surface subjected to carbonation in to the volume of the
concrete in the structure. Yet, there are other more effective ways with high CO, absorption rate for
the synthesis of environmental concrete chemical admixture. In addition, carbon footprint reduction
can be achieved by adjusting the waste recycling process or the use of renewable materials. These new
environmental technologies have proven applications in other industry rather than construction as well
[18-39].
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Figure 4 - CO2 balance in the life of the concrete used un the analyzed structure.

The example shows the important role of carbonation in the balance of emissions and absorption of
carbon dioxide in the lives of cement and concrete if there is a possibility of concrete rubble carbonation
after demolition of the structure. The share of primary life concrete carbonation may be important in
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the balance of CO, for the construction with a very large carbonated surface.

The effective role of sequestration of CO, by carbonation in the carbon footprint calculation has to be
considered for a specific structure, and above all, the rubble recycling scenario has to be predicted,
because the sequestration potential in the secondary phase of concrete life can have an important
impact on the balance effect.

Acknowledgement
The research presented in the paper was conducted with support of Department of Building Materials
Engineering, Faculty of Civil Engineering, Warsaw University of Technology.

References
[1] R. Tarkowski, Geological sequestration of CO,, Studies, Dissertations, Monographies, Vol. 132,
IGSMIE Krakéw Ed., 2005, pp. 1-120; (in Polish).

[2] L. E. Czarnecki and P. P. Woyciechowski, “Model of concrete carbonation as limited process -
experimental investigations of fluidal ash concrete,” in Brittle matrix composites - 9, 2009, pp. 183—
194,

[3]1SO 14067:2018 Greenhouse gases — Carbon footprint of products — Requirements and guidelines
for quantification

[4] T. Wiedmann, J.A. Minx, Definition of 'Carbon Footprint' in:, Ecological Economics Research Trends:
Chapter 1, C.C. Pertsova Ed. Nova Science Publishers, Hauppauge NY, USA, 2008, s. 1-11;

[5] F. Collins, Inclusion of carbonation during the life cycle of built and recycled concrete: influence on
their carbon footprint, The International Journal of Life Cycle Assessment, vol. 15, No 6, 2010, pp. 549-
556;

[6] EN 16757:2017 Sustainability of construction works—Environmental product declarations — Product
Category - Rules for concrete and concrete elements

[7] A. Uliasz-Bochenczyk, E. Mokrzycki, “Emission of CO, in cement industry”, Polityka Energetyczna, 6.,
2013, Ed.. Instytut GSMIE PAN, Cracow, 367-375 (in Polish)

[8] E.Possan, W.A. Thomaz, G. A. Aleandri, E.F. Felix, A.C.P. dos Santos, “CO, uptake potential due to
concrete carbonation: A case study”, Case Studies in Construction Materials, Vol. 6, 2017, p.p 147-161,

[9] E. Possan, E. Felix, W.A. Thomaz, Metodologia para estimativa da captura de CO2 devido a

P. P. Woyciechowski /Journal of Construction Materials 2 (2021) 3-4 7



carbonatacdo do concreto. In: Poleto C (ed) Estudos ambientais, vol 4. Interciéncia Ltda, 2016

[10] E. F. Felix and E. Possan, “Balance emissions and CO, uptake in concrete structures: simulation
based on the cement content and type”, Revista IBRACON de Estruturas e Materiais, 2018, Vol 11, 1,
pp. 135 DOI: 10.1590/51983-41952018000100008

[11] L. E. Czarnecki and P. P. Woyciechowski, “Concrete Carbonation as a Limited Process and its
Relevance to Concrete Cover Thickness” ACI Materials Journal, vol. 109, no. 3, pp. 275-282, 2012.

[12] L. E. Czarnecki and P. P. Woyciechowski, “Modelling of concrete carbonation; is it a process
unlimited in time and restricted in space?” Bulletin of the Polish Academy of Sciences, Technical
Sciences, vol. 63, no. 1, pp. 43-54, 2015

[13] Hongzhi Cui, Waiching Tang, Wei Liu, Zhijun Dong, Feng Xing, “Experimental study on effects of
CO; concentrations on concrete carbonation and diffusion mechanisms”, Construction and Building
Materials, Vol. 93, 2015, pp. 522-527

[14] Ying Chen, Peng Liu and Zhiwu Yu, “Effects of Environmental Factors on Concrete Carbonation
Depth and Compressive Strength” Materials 2018, 11, 2167; do0i:10.3390/ma11112167

[15] Van-Loc Ta, Stéphanie Bonnet, Tristan Senga Kiesse, Anne Ventura. A new meta-model to calculate
carbonation front depth within concrete structures. Construction and Building Materials, 2016, 129,
pp.172-181.

[16] Ekolu, S.O. “A review on effects of curing, sheltering, and CO, concentration upon natural
carbonation of concrete”. Constr. Build. Mater. 2016, 127, 306—320.

[17] A. Leemann and F. Moro. (2016). “Carbonation of concrete: the role of CO; concentration, relative
humidity and CO2 buffer capacity”. Materials and Structures. 50(1), 30, 2016, 10.1617/s11527-016-
0917-2.

[18] A. Todhunter, M. Crowley, M. Gholamisheverini, and F. Sartipi, "Advanced technological
implementation of construction and demolition waste recycling," Journal of Construction Materials, vol.
1, no. 1, 2019, doi: https://doi.org/10.36756/JCM.v1.1.3 .

[19] F. Sartipi, "Automatic sorting of recycled aggregate using image processing and object
detection," Journal of Construction Materials, vol. 1, pp. 3-3, 2020, doi:
https://doi.org/10.36756/JCM.v1.2.1 .

[20] T. Boulos, F. Sartipi, and K. Khoshaba, "Bibliometric analysis on the status quo of robotics in
construction," Journal of Construction Materials, vol. 1, pp. 2-3, 2020.

[21] F. Sartipi, "A brief critical view on the carbon-conditioning of recycled aggregate using pressure
chamber,"  Journal of  Construction Materials,  vol. 2, pp. 1-4, 2020, doi:
https://doi.org/10.36756/JCM.v2.1.4 .

[22] F. Sartipi and A. Sartipi, "Brief review on advancements in construction additive
manufacturing," Journal of Construction Materials, vol. 1, pp. 2-4, 2020, doi:
https://doi.org/10.36756/JCM.v1.2.4

[23] A. Gharizadeh, F. Sartipi, E. Ayoubi, and A. Severino, "The chemical reactor design configuration

P. P. Woyciechowski /Journal of Construction Materials 2 (2021) 3-4 8


https://doi.org/10.36756/JCM.v1.1.3
https://doi.org/10.36756/JCM.v1.2.1
https://doi.org/10.36756/JCM.v2.1.4
https://doi.org/10.36756/JCM.v1.2.4

of CO2 concrete green solution," Journal of Construction Materials, vol. 1, pp. 2-5, 2020, doi:
https://doi.org/10.36756/JCM.v1.2.5 .

[24] A. Todhunter, M. Crowley, and F. Sartipi, "Construction productivity indices in socialism
compared with capitalism," Journal of Construction Materials, 2019, doi:
https://doi.org/10.36756/JCM.v1.1.2 .

[25] F. Sartipi, "Diffusion of Innovation Theory in the Realm of Environmental Construction," Journal
of Construction Materials, vol. 1, pp. 4-2, 2020, doi: https://doi.org/10.36756/JCM.v1.3.2 .

[26] F. Sartipi, "Dynamic data processing for building energy consumption," Journal of Construction
Materials, vol. 2, no. 2021, pp. 2-4, 2020, doi: https://doi.org/10.36756/ICM.v2.2.4 .

[27] F. Sartipi, A. Ghari Zadeh, and M. Gamil, "Electrical resistance of graphene reinforced cement
paste," Journal of Construction Materials, 2019.

(28] F. Sartipi, "Feasibility study of concrete recycling in post-disaster reconstruction
" Journal of Housing and Rural Environment, vol. 34, 2016.

[29] V. Tam, F. Sartipi, and K. N. Le, "Gaps between supply and demand of recycled aggregate:
Sydney metropolitan case study," Presented at the CRIOCM 2018, 2018.

[30] F. Sartipi, "Influence of 5G and loT in construction and demolition waste recycling—conceptual
smart city design," Journal of Construction Materials, vol. 1, pp. 4-1, 2020, doi:
https://doi.org/10.36756/JCM.v1.4.1 .

[31] F. Sartipi, "Organizational structure of construction entities based on the cooperative game
theory," Journal of Construction Materials, vol. 1, no. 2, 2020, doi: https://doi.org/10.36756/JCM.v1.3.3

[32] J. Luliano, A. Singh, and F. Sartipi, "Political-economical evaluation of CO2 capture in Australian
building sector," Journal of Construction Materials, vol. 1, pp. 3-2, 2020, doi:
https://doi.org/10.36756/JCM.v1.3.2 .

[33] A. Kandiri, F. Sartipi, and M. Kioumarsi, "Predicting Compressive Strength of Concrete
Containing Recycled Aggregate Using Modified ANN with Different Optimization Algorithms," Applied
Sciences, vol. 11, no. 2, p. 485, 2021, doi: https://doi.org/10.3390/app11020485 .

(34] F. Sartipi and E. Zargam, "Recycled concrete and the advantages of using recycled aggregates,"
presented at the 3rd International congress on architecture, civil engineering and urban development,
Tehran, 2016.

[35] M. Gamil, A. Ghari Zadeh, and F. Sartipi, "A review on graphene reinforced cement composite:
technical approach for ecofriendly construction," Journal of Construction Materials, 2019.

[36] F. Sartipi and M. Soomro, "Solutions for barriers against the wider use of recycled aggregate."

[37] M. Sartipi and F. Sartipi, "Stormwater retention using pervious concrete pavement: Great
Western Sydney case study," Case Studies in Construction Materials, vol. 11, p. e00274, 2019.

[38] A. Todhunter, M. Crowley, F. Sartipi, and K. Jegendran, "Use of the by-products of post-
combustion carbon capture in concrete production: Australian case study," Journal of Construction

P. P. Woyciechowski /Journal of Construction Materials 2 (2021) 3-4 9


https://doi.org/10.36756/JCM.v1.2.5
https://doi.org/10.36756/JCM.v1.1.2
https://doi.org/10.36756/JCM.v1.3.2
https://doi.org/10.36756/JCM.v2.2.4
https://doi.org/10.36756/JCM.v1.4.1
https://doi.org/10.36756/JCM.v1.3.3
https://doi.org/10.36756/JCM.v1.3.2
https://doi.org/10.3390/app11020485

Materials, vol. 1, no. 1, 2019, doi: https://doi.org/10.36756/JCM.v1.1.1 .

[39] F. Sartipi, K. Palaskar, A. Ergin, and U. Rajakaruna, "Viable construction technology for
habitation on Mars: Fused Deposition Modelling," Journal of Construction Materials, vol. 1, no. 2, 2020.

P. P. Woyciechowski /Journal of Construction Materials 2 (2021) 3-4 10


https://doi.org/10.36756/JCM.v1.1.1

