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Abstract
The effort towards a greener future will entail a shift to more environmentally friendly alternatives of many human activities. 
Within this context, the path towards a decarbonized society in general, and industrial decarbonization in particular, will 
require using low carbon solutions and/or capturing carbon emissions at the source. This flux of captured carbon will then 
require management and one option is to store it in concrete. The incorporation of the captured CO2 can be done during 
the mixing and/or curing. While the latter is more efficient and effective in terms of the amount of CO2 incorporated, it is 
limited to concrete in elements that are compatible with chamber curing. In practice, this would be restricted to the concrete 
pre-fabrication industry and, most probably, only to small size elements. Despite the lower performance, incorporation of 
CO2 into concrete during the mixing stage is a relatively universal alternative. The present research effort reveals that the 
latter solution is beneficial from an environmental point of view, with an estimated yearly carbon storage of 23 million tonnes 
worldwide against emissions of 2.5 million tonnes to do it.
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Introduction

Greenhouse effect is essential to make life, as we know it, 
possible in the planet by retaining a portion of the solar 
energy in the atmosphere. According to Manabe (2019), 

greenhouse gases (GHG) are responsible for the tempera-
ture difference of roughly 33ºC between the measured mean 
air temperature (14.5ºC) and the theoretical estimated tem-
perature if the Earth-atmosphere system would behave like 
a Stefan–Boltzmann blackbody (-18.7ºC). The same author 
also explains how the GHG concentration increase, in par-
ticular carbon dioxide (CO2) since it is the most abundant 
from anthropogenic origin (IPCC 2014), leads to an increase 
of the planet mean air temperature. The temperature increase 
causes also an acceleration of the water cycle, resulting in a 
higher average water vapor concentration in the atmosphere. 
Since water vapor is the most abundant GHG in the atmos-
phere and is responsible for half of the greenhouse effect 
(Buis 2022), this further exacerbates climate changes.

Considering Earth as a closed system (except for the 
energy exchanges to and from space), the issue associated 
with anthropogenic GHG emissions is that it represents net 
transfer of substances with greenhouse effect potential, pres-
ently stored in the solid or liquid forms in the surface or the 
crust, to the atmosphere, in the gaseous state. Basically, the 
problem is the destabilization of the natural balance between 
emission and removal of GHG to and from the atmosphere 
that human activities are responsible for. Amongst those 
activities, the built assets assume a spotlight position in 
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terms of GHG emissions, with the operation of buildings 
being responsible for 28% of the anthropogenic carbon diox-
ide emissions (CO2) emissions worldwide, and further 11% 
being attributed to the construction industry (IEA 2019).

Within the construction industry, the largest portion of 
the CO2 emissions are from the production of the construc-
tion materials. In this context, structural materials such as 
concrete and steel are responsible for a significant portion 
since they are present in buildings and infrastructures alike, 
while other constructions materials (e.g., glass) are only pre-
sent in buildings. Steel (160 kg CO2/t for recycled rebar to 
6150 kg CO2/t for stainless steel) has a substantially higher 
specific embodied carbon than concrete (72 kg CO2/t for 
concrete with 75% of ground granulated blast slag to 375 kg 
CO2/t for autoclaved aerated blocks) (Cabeza et al. 2021). 
However, concrete is not only the most consumed construc-
tion material, but it is the most consumed material overall 
worldwide after water (WBCSD 2009; ISO/TC 071 2016). 
Considering the yearly concrete production of 30 billion 
tones reported by Monteiro et al. (2017) and assuming that 
concrete is responsible for 9–10% of the global CO2 emis-
sions indicated by Cao et al. (2021), an average emission of 
120 kg CO2/t is obtained. This figure is slightly higher than 
the 72.5 kg/t indicated by MPA (2021), but in the lower end 
of the range of values of the studies reviewed by Cabeza 
et al. (2021).

Concrete is a mixture of three basic components, aggre-
gates, cement and water, but it may include also other addi-
tives and/or admixtures, usually in minor proportions. With 
an estimated consumption of 2.4 tones per cubic meter of 
concrete, aggregates make up roughly 60% to 75% of the 
concrete volume (Wang et al. 2021; Warburton 2020). How-
ever, with GHG emissions ranging between 7.85 and 103 kg 
CO2eq/t, aggregates imply mostly the consumption of large 
amounts of natural raw material (Hossain et al. 2016; Bas-
cetin et al. 2017). On the other hand, cement comprise 15% 
to 20% of the concrete volume but is responsible for 75% of 
the concrete CO2 emissions (Cao et al. 2021). With specific 
carbon emissions usually above 600 kg CO2/t, for blended 
cements, and above 800 kg CO2/t, for non-blended cements 
(Anderson and Moncaster 2020), Portland cement is respon-
sible for 7–8% of all anthropogenic CO2 emissions (Miller 
et al. 2016; IEA 2018; Andrew 2018) and concrete incorpo-
rates the largest portion of the over 4 billion tones produced 
annually worldwide (USGS 2022).

While some sources of carbon emissions are possible 
to replace by carbon neutral alternatives (e.g., renewable 
energies for electricity production), others are not. Port-
land cement in particular falls in the latter category since 
the emissions from the production of its main component, 
the clinker, originate from two sources: i) production emis-
sions; and ii) process emissions. The production emissions 
refer to the emissions associated with thermal and electrical 

energy consumption. The sintering reactions responsible 
for the formation of the clinker require maintaining the raw 
material at 1450ºC, which is achieved by the combustion 
of a variety of fossil fuel mixes. Consequently, the thermal 
energy required is the major source of production emissions. 
The presence of carbonates in the raw material, in particular 
calcium carbonate, is responsible for the process emissions. 
When the clinker raw material reaches the 800ºC-900ºC, 
the CO2 in the carbonates is released into the atmosphere. 
Process emissions make up around 60% of the total CO2 
emissions from cement production (almost 70% in the most 
efficient cement factories) (IEA 2018; Carriço et al. 2020; 
Fennell et al. 2021), corresponding to around 520 kg CO2/t 
of clinker (IPCC 2006). So, even if it would be possible to 
eliminate completely the consumption of fossil fuels and use 
green electricity in the production of Portland cement, the 
calcination of the carbonates in the raw material would still 
be responsible for the emission of substantial amounts of 
CO2. This is why Davis et al. (2018) categorizes cement as 
one of the main energy services and industrial process that 
are particularly hard to provide without emission of CO2, 
along with long-distance freight transport, air travel, highly 
reliable electricity, and steel manufacturing.

Over the years, a multiplicity of alternatives has been 
explored to reduce the CO2 emissions from cement pro-
duction by both the scientific and technical communities. 
These can be grouped into alternatives aiming at (Barcelo 
et al. 2014; Carriço et al. 2020; Gartner and Hirao 2015): i) 
increasing energy efficiency of the production process; ii) 
reducing the specific emissions by using alternative fuels 
(e.g., biomass, wastes) or decarbonated raw materials (e.g., 
chemical decarbonation); iii) incorporating alternative addi-
tives, both inert (e.g., limestone filler) or active (e.g., fly 
ash), to reduce the clinker content of the cement or concrete; 
and iv) capturing and storing CO2 in the gases before releas-
ing to the atmosphere. Several solutions within the first three 
groups are already used by the industry for years, but their 
mitigation potential has been eliminated in terms of overall 
net emissions by the exponential growth of the demand for 
cement, which is reported to have increased by a factor of 30 
since 1950 and almost 4 times since 1990 (Andrew 2019). 
As a result, the proportion of the global anthropogenic CO2 
emissions resulting from cement production is estimated to 
have increased from 5%, in 2000, (Worrell et al. 2001) to 
8%, in 2018 (Andrew 2018). The evolution of the total CO2 
emissions from just over 25 to almost 35 billion metric tons 
in the same period (Friedlingstein et al. 2022) means that the 
increase is even larger in absolute terms.

In order to achieve carbon neutrality in the cement indus-
try, in particular, and the construction industry, in general, 
the development and implementation of more efficient 
CO2 capture technologies will be required (Wilberforce 
et al. 2021). According to the CEMBUREAU (2020) and 
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the PCA (2021) roadmaps, carbon capture technologies will 
be responsible for up to 42% of the CO2 emissions reduc-
tion needed for carbon neutrality of cement. This, in turn, 
will generate a significant amount of CO2 waste that will 
need to be managed. Some management alternatives that are 
being assessed include (Hepburn et al. 2019): i) storage in 
geological formations (e.g., empty gas fields); ii) storage in 
biomass (e.g., algae); iii) use in the production of chemicals 
(e.g., urea) and fuels (e.g., methanol); iv) use in forestry and 
agricultural applications (e.g., soil organic carbon content); 
and v) incorporation in materials (e.g., concrete).

Looking at the last option, concrete (mostly the cement) 
is not just a source of CO2 emissions. The natural carbona-
tion reaction between CO2 and the hydrated cements com-
pounds, makes it also a sink for atmospheric CO2. Cao et al. 
(2020) analysis of the cement carbon cycle estimated that, 
in 2014, cement production was responsible for emitting 
almost 3 Gt of CO2 but, at the same time, absorbed more 
than 0.6 Gt of CO2. Almost 80% of the CO2 uptake from 
cement-based products (mortar and concrete) takes place 
during the life cycle of the built assets. In addition to the 
fact that the balance between emissions and absorptions 
is extremely positive, there is also a substantial time delay 
between emission and absorption. Considering that typical 
life spans of built assets range from 50 to 100 years, even 
if the absorption capacity was the same of the emissions 
there would be a substantial accumulation of CO2 in the 
atmosphere. Furthermore, the full absorption potential is not 
used, since the 50 years carbonation depths estimated by 
Elgalhud et al. (2017) are always below 80 mm. Pade and 
Guimaraes (2007) estimated that only 25% of the CO2 that 
could be uptaken by concrete carbonation is absorbed after 
100 years (70 years of service life and 30 years in landfill as 
crushed concrete).

Assuming that no alternative materials are developed for 
replacing concrete and Portland cement in the near future 
and that carbon capture will be required to meet the emis-
sion targets, CO2 will become a substantial by-product flux 
from the cement industry. A possibility for dealing with it 
is to accelerate its absorption by concrete during the mixing 
and/or curing stages. Herein, we assess the balance between 
the CO2 stored and the emitted for injecting CO2 during 
concrete mixing, in particular in the ready-mix industry, but 
also the precast industry. Assuming that CO2 capture will 
be mandatory in cement plants in the near future, the CO2 
emitted comprise the liquefaction, transportation, vaporiza-
tion and injection stages required for injecting CO2 during 
concrete mixing.

The potential of incorporating CO2 into concrete is not 
limited to the acceleration of the natural carbonation reaction 
in conventional concrete (e.g., Meng et al. 2022). Another 
alternative based on the same principle is the accelerated 
carbonation of recycled aggregates (e.g., Singh et al. 2021; 

Kursula et al. 2022; Torrenti et al. 2022; Zhang et al. 2023) 
prior to the production of recycled aggregates concrete. 
However, a variety of other options have explored using 
other concrete components as CO2 absorbers. One to these 
options is the production of nano-calcite to be used as filler 
in concrete (e.g., Qin et al. 2018; Fu et al. 2022; Liu et al. 
2022; Monkman et al. 2022). Batuecas et al. (2021) demon-
strates that is possible to use waste CaO, for instance from 
the purification of steelmaking slags or from the by-product 
of the soda ash Solvay production process (calcium chloride 
and NH3), as source of calcium to obtain the nano-calcite by 
mixing mix CO2. The carbonation of alkaline mineral con-
crete admixtures, such as fly ash or steel slag, has been also 
explored as an alternative to incorporate CO2 into concrete 
(e.g., Pan et al. 2017; Humbert and Castro-Gomes 2019). 
Presently, there is already a variety of technologies aimed 
at carbonizing various types of wastes to produce artificial 
aggregates (e.g., Hanifa et al. 2023).

Injecting co2 during concrete mixing 

The artificial storage of CO2 in concrete can be done by 
either (Nogueira et al. 2023): i) curing the concrete in CO2 
rich atmospheres; and ii) mixing concrete with CO2. The 
former is, in practical terms, limited to concrete used in the 
precast industry, since it requires placing the elements in an 
air-tight chamber to enable the creation of the CO2 rich envi-
ronment. This might even be limited to precast concrete ele-
ments of small size. Injecting CO2 during concrete mixing 
consists in using CO2 as component during the production 
stage. This approach can be easily expanded to all ready-
mix concrete industry and even to on-site concrete batching 
plants, such the ones that can be found in large construction 
projects (e.g., dams).

When injecting CO2 during concrete mixing, the typical 
reactive compounds of concrete (cement, water and even-
tual additives and admixtures) are mixed with CO2 and the 
inert components (aggregates) at the same time. As such, the 
chemical reactions taking place are not the carbonation of 
hydrated cement compounds, since they are not formed yet. 
The processes occurring within this mixture are not yet fully 
understood, since the research is still quite recent. A few 
research groups are exploring this solution and some per-
formance reductions have been observed. Table 1 resumes 
some main results obtained with injecting CO2 during con-
crete mixing and the overall conclusion is that the amount of 
CO2 injected has to be lower than 1% of the cement weight 
to prevent the degradation of the concrete performance. The 
exception is the recent work by Liu et al. (2021), but the 
authors do not discuss or compare the results with previous 
research efforts in the topic.
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In practical terms, two main strategies have been explored 
to introduce CO2 during concrete mixing: i) use of carbonated 
water (Kwasny et al. 2014; Silva et al. 2021); and ii) inject 
CO2 directly to the mixture (Monkman and MacDonald 2016). 
Since the solubility of CO2 in water is just 0.0015 gCO2/gH2O 
(Dodds et al. 1956), this is the factor limiting the amount of 
CO2 possible to store in concrete. The injection of gaseous 
CO2 has been used for decades in the production of wood-
cement composites to increment the product turn-over (Jorge 
et al. 2004) and, more recently, is being implemented by Car-
bonCure Technology Inc. (CarbonCure 2021) in the produc-
tion of ready-mixed concrete. The injection is reported to 
last for just 1–2 min and introducing less than 1% of CO2 by 
weight of cement. In laboratory conditions, some authors (e.g., 
Kwasny et al. 2014) also explored mixing concrete inside a 
carbonation chamber to create a CO2 rich atmosphere, but this 
option has no practical use.

It should be noted that the CO2 injected during concrete 
mixing is absorbed not only by the cement, but also by other 
supplementary cementious materials that are frequently used. 
Several of the supplementary materials (e.g., fly ash; steel slag) 

are also capable of sequester CO2 (Monkman and MacDonald 
2017; Monkman et al. 2016). Conservatively, this contribution 
was not account for because: i) the statistics found of the con-
crete compositions do not disclose the supplementary cemen-
tious materials type and amount; ii) the availability of the most 
common supplementary materials (fly ash and steel slag) are 
decreasing with the trend for closing coal power plants and 
replacing steel production from raw material by steel recycling; 
and iii) recent research efforts (e.g., Luo et al. 2022) are con-
sistent with the initial studies that the CO2 absorption of the 
supplementary cementious materials (e.g., Kwasny et al. 2014) 
and the impacts on the concrete properties are identical or even 
better than with concrete only with Portland cement.

Methods

Scope

The present research was developed in the premise that, to meet 
the carbon emission targets needed to halt climate changes, 

Table 1   Summary of results from carbonation of cement-based materials during mixing

1 fc – compressive strength

Material Carbonation process Performance Footprint benefit Refs

Concrete (308 kg of cement 
and 77 kg of slag)

0.05%wt
0.15%wt
0.30%wt
(CO2/cement) injected dur-

ing mixing

3% increment
4% reduction
6% reduction
In fc1 at 28 days
No impact on durability

not mentioned Monkman and Cail (2019)

Concrete (147.7 kg of 
cement and 73.9 kg of 
slag and of fly ash)

0.11%wt
(CO2/cement) injected dur-

ing mixing

No reduction in fc1 in 
relation to a reference 
concrete with 4.3% more 
binder

net reduction in CO2 of 
10.0 kg/m3 of concrete

Kwasny et al. (2014)

Cement paste (w/c = 0.5, 0.6 
and 0.7)

0.44%wt
1.76%wt
0.88%wt
1.32%wt
2.20%wt
(CO2/cement) injected dur-

ing mixing

Decrease
Increase
Increase
Increase
Increase
In fc1 at 28 days
(graphical data)

not mentioned Liu et al. (2021)

Cement paste (w/c = 0.4) Carbonated water with 4.2 
pH (CO2 introduced at a 
pressure of 8 bar)

20% reduction
In fc1 at 28 days

not mentioned CarbonCure (2021)

Cement mortar (w/c = 0.4) Carbonated water with 4.2 
pH (CO2 introduced at a 
pressure of 8 bar)

Reduction in fc
Porosity doubled and pores 

around 80 nm increased

not mentioned CarbonCure (2021)

Cement paste (w/c = 0.5) Carbonated water with 4.2 
pH (CO2 introduced at a 
pressure of 1 bar)

6% reduction in fc1 at 
28 days

not mentioned Lippiatt and Ling (2020)

Cement paste (w/c = 0.44) 45 min
90 min
of mixing time in a 

carbonation chamber 
with 85 ± 5%v/v of CO2 
concentration

12% reduction
13% reduction
In fc1 at 28 days

0.93%wt
1.12%wt
CO2 uptake (CO2/clinker)

He et al. (2017)
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CO2 will have to be captured in the cement and other industries. 
These will create the opportunity to use the CO2 captured as 
a non-fossil carbon-source to produce products that cannot be 
made without carbon and for which no non-carbon alternatives 
exist (e.g., many chemicals, solvents, fuels, detergents) (Sick 
et al. 2022). However, the amount of CO2 that is estimated to 
be required to capture exceeds the demand by these products. 
So, before considering its storage as a waste, it is considered 
herein that there are economic and environmental benefits from 
incorporation CO2 in products that currently are not made with 
carbon. In this context, the concrete industry has a large poten-
tial by allowing the CO2 to be used for carbonating aggregates 
and mixing and curing concrete (Woodall et al. 2019).

Within this context, the evaluation of the CO2 balance of 
injecting CO2 during concrete mixing in the concrete industry 
can be modelled considering the system defined in dashed 
lines in Fig. 1. Only the stages that are different from the tra-
ditional concrete production stage and required to inject the 
CO2 into the concrete during the mixture are modelled, which 
include the liquefaction, the transportation, the vaporization 
and the injection of the CO2. The functional unit for reference 
the modelling is 1 m3 of concrete produced.

The exclusion of the capture compression and cooling 
of the CO2 from the modelled system boundaries results 
from the assumption that carbon capture will become man-
datory in the near future. In this circumstance, the energy 

consumption in these stages will be associated with the 
production process that emits it. This implies the assump-
tion that the CO2 will be captured at the cement factories, 
creating a product loop aligned with the circular economy 
model reflected in the European Green Deal (EU 2020). 
This approach has similarities with the environmental per-
formance assessment of several subproducts that are incor-
porated into concrete for several decades, in particular fly 
ash (Xu and Shi 2018).

Methodology

The stages identified in dashed in Fig. 1 were simulated to 
determine the balance between the CO2 storage and emitted 
with injecting CO2 during concrete mixing. If the balance 
is positive, the amount of CO2 stored in the concrete is less 
than the CO2 emitted in the process, rendering it an envi-
ronmentally viable option.

Fundamentally, the amount of CO2 that can be stored 
by injecting CO2 during concrete mixing is the product 
between the: i) absorption rate; ii) the amount of concrete 
produced; and iii) the cement content of the concrete. 
The absorption rates translate the amount of CO2 that is 
retained in the concrete. The amount of concrete produced 
was limited to ready-mix and precast industries, since 
injecting CO2 during concrete mixing on construction sites 

Concrete pouring and 
cure

Components 
produc�on

Carbon capture

Cement

Aggregates

Water

Addi�ves

Admixtures

In-situ

Plant

In-situ

Precast

Concrete mixture

Capture
Compression 

Cooling
Liquefac�on

Tr
an

sp
or

ta
�o

n

Vaporiza�on

Injec�on

Modelled component/stage

Fig. 1   Modelled system boundaries
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may be difficult in some cases. Since the absorption rate 
is by weight of cement, knowing the average cement dos-
age or total cement consumption in ready-mix and precast 
concrete is required.

The emissions from implementing carbon curing can be 
estimated by the product between the emission factor and the 
energy consumption in each stage, as represented in Fig. 2. 
With the exception of the transportation, all other processes 
are assumed to consume electricity, so the emission factor 
will vary between country depending on the mix of energy 
sources. The electricity consumption depends on the equip-
ment required for each stage. The transportation emissions 
depend on the distance, the emission factor and the transport 
efficiency. The distance was estimated as the diagonal of the 
square corresponding to the area of each country divided 
by the number of cement factories. The emission factor and 
transport efficiency (reflects the weight of the container in 
relation to the product being transported) were estimated 
assuming road transportation using trucks.

Given the degree of uncertainty in all the model ele-
ments, a stochastic analysis was also carried out resorting 
to Monte Carlo simulation, as a complement to the deter-
ministic approach.

Data

A mixed approach was adopted to obtain the data required 
to run the simulations, including: i) industry associations 
and official sources (CO2 emissions from electricity genera-
tion and land transportation; concrete production; ready mix 
production; precast production; cement content); ii) research 
results from the literature (concrete production; CO2 absorp-
tion; precast production; cement content; energy consump-
tion); and iii) questionnaire replies (precast concrete con-
sumption and composition). The questionnaires were just 
conducted in Portugal and only six complete replies were 
obtained, representing roughly 5% of the market.

The absorption rates considered herein were retrieved 
from Ravikumar et al. (2021). The absorption rates reported 
by Ravikumar et al. (2021) range between 0.001 kg CO2/
kg cement and 0.016 kg CO2/kg cement, having an average 

value of 0.0085 kg CO2/kg. The 0.01 kg CO2/kg cement 
limit for avoiding performance degradation of the con-
crete was taken into consideration, but assuming that in 
some cases it could be slightly exceeded in the stochastic 
modeling.

Table 2 lists the information collected in terms of total 
concrete production and the amount used in the form of 
ready-mix concrete and precast elements. The distribution 
of the total concrete consumption in 2020 was estimated 
assuming the same proportion distribution presented by 
Miller et al. (2016) and using the total concrete produc-
tion indicated by the GCCA (2021). The data regarding the 
concrete used in the precast industry is scarcer and it was 
impossible to obtain with the same temporal discretization.

For some countries, the data in Table 2 allows estimat-
ing the proportion of concrete that is used in the form of 
ready-mix concrete (Brazil: 46.6%; United States: 80.9%; 
China: 35.9; India: 52.3%; Japan: 50.7%). The average of 
the proportion of concrete used as ready mix weighted by 
the amount of concrete consumed in each country is 39.8%. 
Assuming this percentage to be representative of the world, 
the amount of ready-mix concrete produced in 2020 can be 
estimated to be 5 568.1 × 106 m3.

The cement content of the ready-mix concrete is pre-
sented in Table 3, along with the estimate of the transporta-
tion distances. The 2020 estimate of cement content was 
based on the APEB (Associação Portuguesa das Empresas 
de Betão Pronto) estimate that 41% of the total of 4 × 106 t 
of cement consumed in Portugal was used in ready-mix 
concrete. This information was shared in a meeting and 
is not available in an official publication. The average dis-
tances were estimated dividing each country land area by 
the corresponding number of cement factories and assum-
ing that the distance corresponds to the diagonal of a square 
with the area per plant obtained. In most cases, the esti-
mates are within the 200 km to 300 km limit for economic 
land transportation distances indicated by CEMBUREAU 
(https://​cembu​reau.​eu/​about-​our-​indus​try/​key-​facts-​figur​es/). 
Noticeable exceptions include Canada, Norway, Sweden and 
Russia, all relatively large countries with small population 
densities. This reveals that, most probably, the results are 

Liquefac�on

• Consump�on
• Emission 

factor 

Transport 
(diesel)

• Distance
• Emission 

factor
• Transport 

efficiency

Vaporiza�on

• Consump�on
• Emission 

factor 

Injec�on

• Consump�on
• Emission 

factor 

Fig. 2   Stages emission variables in the CO2 supply chain
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Table 2   Concrete statistics by 
location and use (Miller et al. 
2016; ERMCO 2017, 2020; 
GCCA 2021; Sick et al. 2022; 
Statistica 2022; Vázquez-Calle 
et al. 2022; Wang et al. 2021)

a  estimated assuming the same proportional distribution ofMiller et al. (2016)
b  estimated from the precast weight considering an average specific weight of 1.7 t/m3 derived from world 
total precast products weight of 7000 × 106 t (Sick et al. 2022)
c  estimated from replies to industry questionnaire on precast concrete cement dosage and extrapolation 
based on cement consumed on the precast industry
d  value estimated for 2015 by Vázquez-Calle et  al. (2022), considered conservative since the share of 
ready-mix in China increased from 32 to 38% between 2008 and 2010 and was estimated to increase to 
51% by 2013 (Song 2011)

Region Concrete [106 m3]

Total Ready mix Precast

2 020a 2 016 2 020 2 019 2 018 2 017 2 016 Various

Africa 628.7 451.7
  Nigeria 63.9

America
  Brazil 246.9 177.4 115.0
  Colombia 5.3
  Canada 39.4 28.3
  United States 353.4 253.9 286.0 280.0 274.0 270.0 265.0 25.2
  Rest of America 367.6 264.1

Europe 849.6 610.4
  Turkey 95.0 67.0 100.0 115.0 109.0
  Germany 55.3 53.5 52.8 51.7 49.5
  France 37.0 40.4 40.1 38.8 36.3 12.2b

  Italy 28.7 28.4 27.3 27.3 23.3
  Poland 25.7 26.2 25.1 20.4 20.4
  United Kingdom 24.9 24.9 22.5 22.9 24.6
  Spain 22.8 24.8 22.2 16.3 16.3
  Belgium 12.4 13.0 12.8 12.7 12.5
  Austria 11.5 11.9 11.8 11.0 10.8
  Switzerland 11.4 11.1 10.9 11.5 11.5
  Netherlands 7.4 7.8 7.5 6.9 6.5
  Portugal 5.9 5.1 4.5 3.5 3.5 3.4c

  Denmark 2.7 2.6 2.6 2.5
  Sweden 4.5 4.5 4.5 4.5
  Ireland 4.3 4.3 4.3 2.4
  Slovakia 2.8 3.0 2.4 1.9
  Norway 3.8 4.1 4.1 4.0
  Czechia 7.1 7.1 6.8 6.8
  Finland 2.7 2.8 3.0 2.9

Middle East 719.2 516.7
  Iran 141.0
  Israel 18.9 18.0 16.9 15.4

Asia
  China 7 940.4 5 704.7 2 848.0 1 200d

  India 1 027.0 737.8 537.0
  Japan 175.8 126.3 89.2 84.8 84.8 84.0 99.0
  Indonesia 119.0
  Pakistan 91.4
  Thailand 2.6
  Taiwan 42.1
  Russia 38.0 38.0 35.0 37.0
  CIS 406.4 292.0

Oceania
  Australia and New Zealand 46.4 33.3

Rest of Asia and Oceania 1 199.1 861.5
World 14 000 10 058 2 400d 4 200
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conservative since the installations (cement factories, ready-
mix plants and prefabrication units) will tend to concentrate 
close to the consumption points.

According to the NPCA (2014), in 2013, the precast 
industry consumed almost 10 × 106  t of cement to pro-
duce 25.2 × 106 m3, implying an average consumption of 
396.4 kg/m3. This value is consistent with the most recent 
estimates that the precast industry consumes 10% to 11% of 
the total cement in the US, which corresponded to an amount 
of 10.3 t to 11.8 t (USGS 2020, 2021, 2022). In Portugal, 
the APEB estimates that, in 2020, 24% of the total 4 × 106 t 
of cement consumed in Portugal was used in the precast 
industry, which corresponds to an average cement content 
of 280.8 kg/m3. In France, the precast elements production 
in 2007 consumed 4 × 106 t of cement, which corresponds to 
dosage of 329.1 kg/m3 (http://​www.​plane​te-​tp.​com/​ciment-​
chiff​res-​cles-​a760.​html). The precast production was divided 
in (FIB 2020): i) 50% small building construction elements, 
mostly concrete blocks; ii) 20% large building precast ele-
ments, such as stairs and walls; and iii) 30% precast elements 
for environmental works, such as pipes. T

The electricity consumption for CO2 liquefaction, vapori-
zation and injection were estimated from Ravikumar et al 
(2021), Erik et al. (2016) and Monkman and MacDonald 
(2017), and their mean values are 0.10 kWh/kg CO2, 0.047 
and 0.037, respectively. Table 4 lists the specific emission 
factors from electricity generation by location.

Analyzing a longer time frame (Fig. 3), it is possible to 
observe the overall trend in terms of specific emissions from 
electricity production. The highest value, which correspond to 
Poland, show a clear decreasing trend, but the lowest (Sweden) 
has been stable. At the world scale, the improvements in some 
of the most developed countries (e.g., Europe decreased from 
360 g CO2/kWh, in 2000, to 264 g CO2/kWh, in 2020; United 
States decreased from 499 g CO2/kWh, in 2000, to 348 g CO2/
kWh, in 2020) are being compensated by the increase in elec-
tricity demand in other regions with specific emissions higher 
than the average (e.g., China: 545 g CO2/kWh in 2020; India: 
634 g CO2/kWh in 2020).

Freight transport emissions vary significantly with the 
means of transportation and the methodology used in the 
estimation (Wild 2021). The emission factors are, most fre-
quently, reported not only by unit of distance (e.g., per km) 
but also by unit of weight (e.g., per t). Figure 4 presents two 
series of values reported by the EEA, enabling to grasp both 
the variability and order of magnitude in Europe.

From Fig. 4 it is possible to conclude that the variability 
over time is relatively small. The variables that have more 
influence on the emissions of road transportation are: i) the 
cargo capacity of the truck; ii) the loading ratio, or load factor; 
and iii) the fraction of time operating empty. Typically, the 
higher the capacity of the truck the lower the specific emis-
sion factor since the ratio between the weight of the cargo and 

of the truck diminishes (Transport and Environment 2021). 
The load factor is the ratio between the average effective load 
transported and the full capacity, reflecting how loaded is the 
truck usually operated. The specific emission factor tends to 
lower with the increase of the load factor, since it is a more 
efficient use of the available transportation capacity. The frac-
tion of time operating empty could be translated in the average 
load factor lowering its value, implying an increase of the 
emissions factor (McKinnon and Piecyk (2010). The median 
of the average specific emissions factor values reported in 
McKinnon and Piecyk (2010), Transport and Environment 
(2021), IEA and UIC (2017), EEA (2017), Fraunhofer (2020) 
and Ravikumar et al. (2021) is 82 g CO2/t.km and was used 
in the simulations. The values reported range between less 
than 40 g CO2/t.km to over 700 g CO2/t.km considering the 
full range of heavy-duty vehicles. Considering that is more 
probable to transport CO2 to the ready-mix concrete plants 
and precast concrete factories, using medium and large heavy-
duty vehicles, the maximum specific emissions is around 
300 g CO2/t.km (Sims and Shaeffer 2014).

Formulation

All input data for the Monte Carlo simulation was assumed 
to follow a PERT distribution (PERT). Since it is a robust 
measure central tendency, the median was used instead of 
the average to determine the most probable value using the 
range of values available between 2016 and 2020. For the 
data with limited information, namely the precast industry 
data, a ± 10% variation was assumed.

The equations of the simulation model are presented 
below. Since the model is stochastic, the results are repre-
sented by a distribution (Dist.), rather by a single value as 
in deterministic models.

1) CO2 balance ( BCO2)

where SCO2 is the amount the amount of CO2 stored in 
concrete by injecting during the mixing; and ECO2 is the 
amount of CO2 emitted to inject CO2 during concrete 
mixing.

2) CO2 stored in the concrete

Please check if all equations are presented correctly. where 
CProduced is the amount of concrete produced (Table 2); 
CContent is the cement dosage of the concrete produced 

Dist.
(

BCO2

)

= Dist.
(

SCO2
)

− Dist.
(

ECO2

)

Dist.
(

SCO2
)

=PERT
(

CProduced

)

× PERT
(

CContent

)

× PERT
(

CAbsorption

)

× PERT
(

MEfficiency

)
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Table 3   Average cement 
content of ready-mix concrete 
and average distance between 
cement factories and ready-mix 
plants of precast industries 
(ERMCO 2017, 2020; WB 
2022; CEMNET 2022; USGS 
2021)

Region Cement content in ready-mix concrete Distance

[kg/m3] [km]

2020 2019 2018 2017 2016 2020

Africa
  Nigeria 426.8

America
  Brazil 421.7
  Colombia 317.6
  Canada 1058.6
  United States 261 270 270 270 270 417.4
  Rest of America

Europe
  Austria 260 260 260 260 122.5
  Belgium 310 280 280 280 77.8
  Czechia 298 298 272 272 160.4
  Denmark 260 260 260 260 200.0
  Finland 355 350 350 345 450.1
  France 298 297 297 298 152.6
  Germany 303 305 301 298 118.2
  Ireland 260 260 260 255 151.5
  Italy 320 320 320 320 99.3
  Netherlands 314 315 315 313 149.8
  Poland 278 285 270 270 217.0
  Portugal 278 244 204 195 196 151.3
  Slovakia 303 300 302 300 138.7
  Spain 270 275 275 283 154.2
  Sweden 638.2
  United Kingdom 278 258 262 260 168.7
  EU 288 285 283 282 128.8
  Norway 360 360 360 365 603.6
  Switzerland 280 280 280 280 114.8
  Turkey 305 295 290 290 142.3

Middle East
  Iran
  Israel 120.1

Asia
  China 151.8
  India 143.2
  Japan 348 348 351 351 153.3
  Indonesia 306.4
  Pakistan 234.7
  Thailand 252.7
  Taiwan
  Russia 360 360 359 360 699.2
  CIS

Oceania
  Australia and New Zealand

Rest of Asia and Oceania
World 300.6 298.6 296.7 296.9 288.8
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(Table 3); CAbsorption is the CO2 absorption (from Raviku-
mar et al. (2021)); and MEfficiency is the mixing efficiency. 
The latter intents to reflect that, in real conditions, some of 
the CO2 injected may be lost to the atmosphere (assumed 
a value between 0.5 and 0.85, with a median of 0.675). 
This is a conservative approach, since if the mixing effi-
ciency is closer to 1 the CO2 stored will be higher for the 
same CO2 emitted in the process.
3) CO2 emitted for injecting CO2 during concrete 
mixing ( ECO2 ) is comprised by the emissions from 
liquefying ( ELiquifaction ), transporting ( ETransportation ), 
vaporizing ( EVaporization ) and injecting ( EInjection ) the 
CO2 captured at the cement plants (Fig. 1)

with

where EDLiquifaction , EDVaporization and EDVaporization are the 
electricity demands for liquifying, vaporizing and inject-
ing the CO2; EElectricity is the specific electricity CO2 
emission factor (Fig. 3); DPlants is the distance between 
the cement and the ready-mix or precast plants (Table 3); 
EFreight is the specific CO2 emissions in road freight trans-
portation (Fig. 4); and TEfficiency is the transportation effi-
ciency. The latter reflects that the load transported is no 
all CO2 since there is also the CO2 containers and the 
trucks do not return fully load from the ready-mix and 
precast plants (assumed a value between 0.585 and 0.715, 
with a median of 0.65).
The full data used in all stages for modeling the results 
presented below is detailed in Table 5 of the appendix.

Results and discussion

Figure 5 presents the results of the balance (difference) between 
the amount of CO2 that is possible to store and the CO2 that 
emitted with injecting CO2 during the mixture of concrete for 
the World, US, European Union, France, Portugal, China and 

Dist.
(
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)

=Dist.
(
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)
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(
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)
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(
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)

+ Dist.
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)
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(
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)

= PERT
(
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)
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(
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)
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)
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)
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)
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(
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)

Dist.
(

EVaporization

)

= PERT
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(
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(
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)

Table 4   Average annual electricity emissions per kWh of electricity 
produced (Our World in Data 2022)

Region Electricity emissions [g CO2/kWh]

2020 2019 2018 2017 2016

Africa 442.72 468.15 470.73 479.83 483.03
  Nigeria 395.24 398.36 397.91 386.70 378.01

America
  Brazil 113.21 122.27 123.60 139.36 134.29
  Colombia 192.63 172.38 163.30 153.38 223.11
  Canada 116.97 130.01 129.47 135.87 141.48
  United States 348.54 370.25 388.02 392.52 403.69
  Rest of America

Europe 264.54 285.81 301.95 313.30 316.79
  Turkey 409.58 410.14 463.05 461.25 447.87
  Germany 313.78 345.94 406.14 414.48 445.82
  France 57.29 56.85 59.23 70.40 61.13
  Italy 221.01 234.81 248.53 263.66 262.28
  Poland 725.47 743.95 782.17 780.22 786.15
  United Kingdom 242.15 264.39 280.62 294.30 322.79
  Spain 174.66 213.08 276.92 304.75 265.81
  Belgium 178.99 170.87 213.23 184.72 175.22
  Austria 82.68 94.30 102.01 98.14 87.57
  Switzerland 54.52 52.56 54.13 59.52 59.48
  Netherlands 323.75 387.31 438.20 460.51 486.24
  Portugal 207.34 263.38 301.81 370.16 298.62
  Denmark 104.41 135.49 197.56 193.41 229.24
  Sweden 12.21 11.87 12.24 12.18 12.81
  Ireland 278.72 323.00 353.26 388.72 427.38
  Slovakia 138.86 140.84 148.95 145.02 147.80
  Norway 30.80 34.33 34.27 34.34 34.30
  Czechia 405.22 436.84 465.91 471.06 504.19
  Finland 57.06 86.30 112.54 87.64 100.45

Middle East
  Iran 440.40 488.77 476.36 451.23 457.53
  Israel 527.77 531.44 539.72 544.07 544.35

Asia 526.03 538.07 546.70 550.72 556.71
  China 545.89 556.29 570.10 574.97 580.14
  India 624.37 630.10 655.28 658.13 665.39
  Japan 426.12 450.45 448.68 482.91 503.63
  Indonesia 624.68 625.29 618.91 649.26 640.62
  Pakistan 294.18 313.72 286.38 345.58 371.84
  Thailand 507.13 480.96 489.26 503.34 521.11
  Taiwan 563.69 564.32 549.49 559.43 537.24
  Russia 329.08 351.95 354.78 353.93 355.29
  CIS

Oceania 480.97 511.53 531.23 539.64 548.45
  Australia and New Zealand

Rest of Asia and Oceania
World 421.85 435.21 443.93 447.11 450.76
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India. The results were present only for these locations because: 
i) there is a lack of complete data for all locations listed in 
Table 2, 3 and 4; ii) the results are similar (the graphs in Fig. 5 
are similar, with just a shift in the order of magnitude), so it is 
possible to avoid excessive repetition; iii) the major concrete 
and cement producers are captured; and iv) the difference 
between very large (US, China), large (India), medium (France) 
and small countries (Portugal) is captured.

The results are limited to the concrete produced as 
ready-mix concrete, except for the World, US, France and 
Portugal, that also include the cementious elements pro-
duced in the precast industry.

The sensibility analysis indicates that, in most cases, 
more than 95% of the variability is dictated by the 
CO2 absorption during the mixing. The only excep-
tion is China, where the ready-mix concrete consump-
tion is responsible for 15% of the variability, reducing 
the importance of the CO2 absorption to 84%. This is 

explained by the fact that back, in 2010, the proportion of 
ready-mix concrete in relation to the total concrete pro-
duced per year was only 35%, whereas in more developed 
countries (e.g., EU) the proportion was already above 
60%. For instance, in the US the proportion of concrete 
produced as ready-mix has been steady between 70 and 
75% for several years and in China it has been growing. 
Most probably, this is not observed in India because of 
the lack of data prior to 2020.

The balance is extremely positive, with the emissions 
from implementing CO2 injection during the mixing stage 
being roughly 11% of the amount of CO2 that is possible 
to store in the concrete. However, the processes developed 
at laboratory scale indicate CO2 absorption efficiencies 
ranging between 0.5 and 0.85, with an average value of 
0.675. If the CO2 lost to the atmosphere during the mix-
ing stage is accounted for as emissions, the balance is 
significantly worse, with an average world value of almost 

Fig. 3   Specific electricity emis-
sion factor for the world and 
maximum and minimum for 
the countries listed in Table 2, 
3 and 4
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Fig. 5   Balance between the CO2 stored and emitted during carbon curing in: (A) World; (B) United States; (C) European Union; (D) France; (E) 
Portugal; (F) China; and (G) India
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60%. This is clearly a bottleneck to the solution for which 
there no information disclosed in the industrial imple-
mentation by CarbonCure.

Conclusions

The present research effort aims at estimating the potential 
for using concrete for storing CO2 by its incorporation dur-
ing the mixing stage. The simulation model developed was 
built in the assumption that its capture will be required for 
various industries to meet increasingly stringent emissions 
targets, in particular the cement industry. This assumption 
implies that the energy consumption for capturing the CO2, 
and corresponding emissions, are not a burden on their use 
in concrete.

In this context, the balance is highly positive. The world 
average CO2 emissions for compressing, transporting, 
vaporizing and injecting the captured CO2 into the concrete 
mixing at ready-mix concrete plants or precast concrete fac-
tories are just roughly 11% of the amount of CO2 that is 
possible to store into concrete. Since the CO2 emissions 
from injecting CO2 during concrete mixing are mostly from 
electricity consumption, the values vary between 2.4%, in 
France, to 14%, in India, due to the differences in the energy 
sources mix for electricity generation.

Considering that the CO2 emission from cement produc-
tion amounted to 1 626 × 106 t in 2020 (Global Carbon Altas 
2022), injecting CO2 during concrete mixing could only pro-
vide storage for a little more than 1%. As such, this will not 
solve the CO2 waste management problem that implement-
ing carbon cure in large scale will create.

Table 5   Full simulation inputs 
and results

Parameter Median Max Min

Electricity
  Emission factor [g CO2 / kWh]
    World 443.93 450.76 421.85
      US 388.02 403.69 348.54
      EU 301.95 316.79 264.54
        France 59.23 70.40 56.85
        Portugal 94.30 102.01 82.68
    China 570.10 580.14 545.89
    India 655.28 665.39 624.37
  Consumption [kWh / kg CO2]
    Liquefaction 0.09 0.14 0.08
    Vaporization 0.007 0.0088 0.0053
    Injection 0.037 0.041 0.033

Fuel (transportation)
  Distance [km]
    World 288.79 450.14 77.82
      US 417.42 450.14 77.82
      EU 128.82 450.14 77.82
        France 152.64 450.14 77.82
        Portugal 151.33 450.14 77.82
    China 151.80 450.14 77.82
    India 143.19 450.14 77.82
  Emission factor [g CO2 / t.km] 82.00 300.00 40.00
  Efficiency [kg CO2 / kg transported] 0.650 0.715 0.585

Specific emission carbon mixing [kg CO2 emitted / kg CO2 used]
  World 0.074 0.183 0.052
    US 0.074 0.174 0.043
    EU 0.047 0.158 0.033
      France 0.016 0.110 0.009
      Portugal 0.021 0.116 0.012

Appendix  See Table 5
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Table 5    (continued) Parameter Median Max Min

    China 0.084 0.208 0.067

    India 0.095 0.225 0.076
Ready-mix concrete

  Consumption [106 m3 / year]
    World 3984.04 5568.08 2400.00
       US 274.00 286.00 265.00
      EU 246.23 260.00 230.03
        France 38.70 40.30 36.10
        Portugal 4.50 5.90 3.20
    China 2024.00 2848.00 1200.00
    India 537.00 537.00 537.00
  Cement content [kg / m3]
    World 293.55 298.68 292.22
      US 270.00 270.00 270.00
      EU 284.00 288.00 282.00
        France 297.50 298.00 297.00
        Portugal 200.00 244.00 195.00
    China 292.66 298.27 291.27
    India 292.66 298.27 291.27

Precast concrete
  Consumption [106 m3 / year]
    World 4200.00 4620.00 3780.00
      US 25.23 27.75 22.71
      EU
        France 12.15 13.37 10.94
        Portugal 3.42 3.76 3.08
    China
    India
  Cement content [kg / m3]
    World 366.67 403.34 330.00
      US 396.40 436.04 356.76
      EU
        France 329.10 362.01 296.19
        Portugal 280.82 308.91 252.74
    China
    India

Mixing performance
  Absorption [kg CO2 / kg cement] 0.0085 0.016 0.001
  Efficiency [kg CO2 absorbed / kg CO2 mixed] 0.675 0.85 0.5
  Storage [106 kg / year]
    World 23,031.1 56,423.9 1948.7
      US 713.8 1429.1 79.7
      EU 594.4 1198.1 64.9
        France 131.9 269.6 14.0
        Portugal 15.8 41.6 1.4
    China 5034.9 13,591.7 349.5
    India 1335.8 2562.8 156.4
  Emissions [106 kg / year]
    World 2540.49 12,175.34 202.10
      US 78.13 293.14 6.88

17817Environmental Science and Pollution Research  (2024) 31:17804–17821



Authors contributions  All authors contributed to the study concep-
tion and design, with supervision assumed by Rita Nogueira. Mate-
rial preparation was performed by Rita Nogueira and André Silva and 
data collection and analysis were performed by Vitor Sousa and Inês 
Meireles. The first draft of the manuscript was written by Vitor Sousa 
and Inês Meireles and all authors commented on previous versions of 
the manuscript. All authors read and approved the final manuscript.

Funding  Open access funding provided by FCT|FCCN (b-on). Vitor 
Sousa, Rita Nogueira and André Silva are grateful for the Foundation for 
Science and Technology’s support through funding UIDB/04625/2020 
from the research unit CERIS. Inês Meireles is grateful for the Founda-
tion for Science and Technology’s support through funding FCT/UIDB/
ECI/04450/2020 from the Research Centre for Risks and Sustainability in 
Construction (RISCO), University of Aveiro, Portugal.

Data availability  All data and respective sources are in the manuscript.

Declarations 

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interests  The authors have no relevant financial or non-
financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anderson J, Moncaster A (2020) Embodied carbon of concrete 
in buildings, Part 1: analysis of published EPD. Build Cities 
1(1):198–217. https://​doi.​org/​10.​5334/​bc.​59

Andrew RM (2018) Global CO2 emissions from cement produc-
tion. Earth Syst Sci Data 10:195–217. https://​doi.​org/​10.​5194/​
essd-​10-​195-​2018

Andrew RM (2019) Global CO2 emissions from cement production, 
1928–2018. Earth Syst Sci Data 11:1675–1710. https://​doi.​org/​
10.​5194/​essd-​11-​1675-​2019

Barcelo L, Kline J, Walenta G, Gartner E (2014) Cement and carbon 
emissions. Mater Struct 47:1055–1065. https://​doi.​org/​10.​1617/​
s11527-​013-​0114-5

Batuecas E, Liendob F, Tommasi T, Bensaid S, Deorsola FA, Fino D 
(2021) Recycling CO2 from flue gas for CaCO3 nanoparticles 
production as cement filler: A life cycle assessment. J CO2 Util 
45:101446. https://​doi.​org/​10.​1016/j.​jcou.​2021.​101446

Bascetin A, Adiguzel D, Tuylu S (2017) The investigation of Co2 
emissions for different rock units in the production of aggregate. 
Environmental Earth Sciences 76(7). https://​doi.​org/​10.​1007/​
s12665-​017-​6602-0

Buis A (2022) Steamy relationships: How atmospheric water vapor 
amplifies earth's greenhouse effect. ASK NASA CLIMATE. Avail-
able at https://​clima​te.​nasa.​gov/​ask-​nasa-​clima​te/​3143/​steamy-​relat​
ionsh​ips-​how-​atmos​pheric-​water-​vapor​ampli​fies-​earths-​green​house​
effec​t/#:​~:​text=​Water%​20vap​or%​20is%​20Ear​th%​27s%​20mos​
t,gases%​20keep%​20our%​20pla​net%​20liv​able. Accessed 01/10/2022

Cabeza LF, Boquera L, Chàfer M, Vérez D (2021) Embodied energy 
and embodied carbon of structural building materials: Worldwide 
progress and barriers through literature map analysis. Energy 
Build 231:110612. https://​doi.​org/​10.​1016/j.​enbui​ld.​2020.​110612

Cao Z, Masanet E, Tiwari A, Akolawala S (2021) Decarbonizing con-
crete: Deep decarbonization pathways for the cement and concrete 
cycle in the United States, India, and China. Industrial Sustain-
ability Analysis Laboratory, Northwestern University, Evanston, 
IL. https://​www.​clima​tewor​ks.​org/​wp-​conte​nt/​uploa​ds/​2021/​03/​
Decar​boniz​ing_​Concr​ete.​pdf. Accessed 17 Mar 2022

Cao Z, Myers RJ, Lupton RC, Duan H, Sacchi R, Zhou N, Miller TR, 
Cullen JM, Ge Q, Liu G (2020) The sponge effect and carbon 
emission mitigation potentials of the global cement cycle. Abstract 
Nat Commun 11(1). https://​doi.​org/​10.​1038/​s41467-​020-​17583-w

CarbonCure (2021) CarbonCure Technologies, 2021. [Online]. Available 
at: https://​www.​carbo​ncure.​com/​techn​ology/. Accessed 07 June 2021

Carriço A, Bogas JA, Guedes M (2020) Thermoactivated cemen-
titious materials - a review. Constr Build Mater 250:118873. 
https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2020.​118873

CEMBUREAU (2020) Cementing the European green deal: reaching 
climate neutrality along the cement and concrete value chain 
by 2050. The European Cement Association (CEMBUREAU), 
Brussels. https://​cembu​reau.​eu/​media/​kuxd3​2gi/​cembu​reau-​
2050-​roadm​ap_​final-​versi​on_​web.​pdf. Accessed 13 Dec 2021

CEMNET (2022) The global cement report - Online database of 
cement plants. Available at: https://​www.​cemnet.​com/​globa​
lceme​nt-​report/. Accessed 22 July 2022

Davis SJ et al (2018) Net-zero emissions energy systems. Science 
360:6396. https://​doi.​org/​10.​1126/​scien​ce.​aas97​93

Dodds W, Stutzman L, Sollami B (1956) Carbon dioxide solubility in water. 
Ind Eng Chem 1(1):92–95. https://​doi.​org/​10.​1021/​i4600​01a018

EEA (2013) Specific CO2 emissions per tonne-km and per mode of 
transport in Europe, 1995–2011. European Environment Agency 

Table 5    (continued) Parameter Median Max Min

      EU 41.42 222.14 4.31
        France 3.13 34.93 0.24

        Portugal 0.48 5.69 0.03
    China 626.13 3331.54 46.53
    India 187.65 677.70 23.73

17818 Environmental Science and Pollution Research  (2024) 31:17804–17821

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5334/bc.59
https://doi.org/10.5194/essd-10-195-2018
https://doi.org/10.5194/essd-10-195-2018
https://doi.org/10.5194/essd-11-1675-2019
https://doi.org/10.5194/essd-11-1675-2019
https://doi.org/10.1617/s11527-013-0114-5
https://doi.org/10.1617/s11527-013-0114-5
https://doi.org/10.1016/j.jcou.2021.101446
https://doi.org/10.1007/s12665-017-6602-0
https://doi.org/10.1007/s12665-017-6602-0
https://climate.nasa.gov/ask-nasa-climate/3143/steamy-relationships-how-atmospheric-water-vaporamplifies-earths-greenhouseeffect/#:~:text=Water%20vapor%20is%20Earth%27s%20most,gases%20keep%20our%20planet%20livable
https://climate.nasa.gov/ask-nasa-climate/3143/steamy-relationships-how-atmospheric-water-vaporamplifies-earths-greenhouseeffect/#:~:text=Water%20vapor%20is%20Earth%27s%20most,gases%20keep%20our%20planet%20livable
https://climate.nasa.gov/ask-nasa-climate/3143/steamy-relationships-how-atmospheric-water-vaporamplifies-earths-greenhouseeffect/#:~:text=Water%20vapor%20is%20Earth%27s%20most,gases%20keep%20our%20planet%20livable
https://climate.nasa.gov/ask-nasa-climate/3143/steamy-relationships-how-atmospheric-water-vaporamplifies-earths-greenhouseeffect/#:~:text=Water%20vapor%20is%20Earth%27s%20most,gases%20keep%20our%20planet%20livable
https://doi.org/10.1016/j.enbuild.2020.110612
https://www.climateworks.org/wp-content/uploads/2021/03/Decarbonizing_Concrete.pdf
https://www.climateworks.org/wp-content/uploads/2021/03/Decarbonizing_Concrete.pdf
https://doi.org/10.1038/s41467-020-17583-w
https://www.carboncure.com/technology/
https://doi.org/10.1016/j.conbuildmat.2020.118873
https://cembureau.eu/media/kuxd32gi/cembureau-2050-roadmap_final-version_web.pdf
https://cembureau.eu/media/kuxd32gi/cembureau-2050-roadmap_final-version_web.pdf
https://www.cemnet.com/globalcement-report/
https://www.cemnet.com/globalcement-report/
https://doi.org/10.1126/science.aas9793
https://doi.org/10.1021/i460001a018


(EEA). https://​www.​eea.​europa.​eu/​data-​and-​maps/​figur​es/​speci​
fic-​co2-​emiss​ions-​per-​tonne-2

EEA (2017) Specific CO2 emissions per tonne-km and per mode of 
transport in Europe. European Environment Agency (EEA). Avail-
able at: https://​www.​eea.​europa.​eu/​data-​and-​maps/​daviz/​speci​fic-​
co2-​emiss​ions-​per-​tonne-2#​tab-​chart_1

Elgalhud AA, Dhir RK, Ghataora GS (2017) Carbonation resistance of 
concrete: limestone addition effect. Mag Concr Res 69(2):84–106. 
https://​doi.​org/​10.​1680/​jmacr.​16.​00371

Erik L, Eldrup N, Adhikari U, Bentsen MH, Jadalge LB, Yang S (2016) 
Simulation and Cost Comparison of CO2 Liquefaction. Energy 
Procedia 86:500–510. https://​doi.​org/​10.​1016/j.​egypro.​2016.​01.​051

ERMCO (2017) Ready-mixed concrete industry statistics: Year 2016. 
European Ready Mixed Concrete Organization (ERMCO). Avail-
able at: https://​ermco.​eu/. Accessed 20 Oct 2022

ERMCO (2020) Ready-mixed concrete industry statistics: Year 2019. 
European Ready Mixed Concrete Organization (ERMCO). Avail-
able at: https://​ermco.​eu/. Accessed 20 Oct 2022

EU (2020) Communication from the commission to the European Parlia-
ment, the Council, the European Economic and Social Committee 
and the Committee of the Regions: A new Circular Economy Action 
Plan for a cleaner and more competitive Europe. COM (2020) 98 
final, European Union (EU), Brussels. https://​www.​eea.​europa.​eu/​
policy-​docum​ents/​com-​2020-​98-​finala. Accessed 24 Apr 2022

Fennell PS, Davis SJ, Mohammed A (2021) Decarbonizing cement produc-
tion. Joule 5(6):1305–1311. https://​doi.​org/​10.​1016/j.​joule.​2021.​04.​011

FIB (2020) Les Smart Systèmes en Béton: Économie et gestion 2020. 
Fédération de l’Industrie du Béton (FIB), France. Available at: 
https://​www.​fib.​org/​publi​catio​ns/. Accessed 20 Oct 2022

Fraunhofer (2020) Methodology for GHG efficiency of transport 
modes. Fraunhofer-Institute for Systems and Innovation Research 
ISI. Karlsruhe.  https://​publi​ca.​fraun​hofer.​de/​eprin​ts/​urn_​nbn_​de_​
0011-n-​63353​22.​pdf. Accessed 23 Oct 2021

Friedlingstein et al (2022) Global Carbon Budget 2021 Earth Syst Sci 
Data 14:1917–2005. https://​doi.​org/​10.​5194/​essd-​14-​1917-​2022

Fu Q, Zhang ZR, Zhao X, Xu WR, Niu DT (2022) Effect of nano cal-
cium carbonate on hydration characteristics and microstructure of 
cement-based materials: a review. J Build Eng 50:104220. https://​
doi.​org/​10.​1016/j.​jobe.​2022.​104220

Gartner E, Hirao H (2015) A review of alternative approaches to the 
reduction of CO2 emissions associated with the manufacture of 
the binder phase in concrete. Cem Concr Res Part A 78:126–142. 
https://​doi.​org/​10.​1016/j.​cemco​nres.​2015.​04.​012

GCCA (2021) Concrete future: The GCCA 2050 cement and concrete 
industry roadmap for net zero concrete. In: Global Cement and 
Concrete Association (GCCA), London. Available at: https://​gccas​
socia​tion.​org/​concr​etefu​ture/​wpcon​tent/​uploa​ds/​2021/​10/​GCCA-​
Concr​ete-​Future-​Roadm​ap-​Overv​iew.​pdf. Accessed 20 Oct 2022

Global Carbon Altas (2022) Available at: http://​www.​globa​lcarb​onatl​
as.​org/​en/​CO2-​emiss​ions. Accessed 18 Aug 2022

Hanifa M, Agarwal R, Sharma U, Thapliyal PC, Singh LP (2023) A 
review on CO2 capture and sequestration in the construction 
industry: Emerging approaches and commercialised technologies. 
J CO2 Util 67:102292. https://​doi.​org/​10.​1016/j.​jcou.​2022.​102292

He Z, Li Z, Shao Y (2017) Effect of Carbonation Mixing on CO2 Uptake 
and Strength Gain in Concrete. J Mater Civ Eng 29:04017176. 
https://​doi.​org/​10.​1061/​(ASCE)​MT.​1943-​5533.​00020​31

Hepburn C, Adlen E, Beddington J, Carter EA, Fuss S, Mac Dow-
ell N, Minx JC, Smith P, Williams CK (2019) The technological 
and economic prospects for CO2 utilization and removal. Nature 
575:87–97 (s41586-019-1681-6)

Hossain MdU, Poon CS, Lo IMC, Cheng JCP (2016) Comparative envi-
ronmental evaluation of aggregate production from recycled waste 
materials and virgin sources by LCA. Resour Conserv Recycl 
109:67–77. https://​doi.​org/​10.​1016/j.​resco​nrec.​2016.​02.​009

Humbert PS, Castro-Gomes J (2019) CO2 activated steel slag-based 
materials: a review. J Clean Prod 208:448–457. https://​doi.​org/​10.​
1016/j.​jclep​ro.​2018.​10.​058

IEA and IUC (2017) Railway handbook 2017: Energy consumption and 
CO2 emissions. International Energy Agency (IEA) and Interna-
tional Union of Railways (UIC). Available at: https://​uic.​org/​IMG/​
pdf/​handb​ook_​iea-​uic_​2017_​web3.​pdf. Accessed 23 Oct 2021

IEA (2018) Technology roadmap - low-carbon transition in the cement 
industry, IEA, Paris. https://​www.​iea.​org/​repor​ts/​techn​ology-​roadm​ap-​
low-​carbon-​trans​ition-​in-​the-​cement-​indus​try. Accessed 13 Dec 2021

IEA (2019) Global energy & CO2 status report 2019. International 
Energy Agency (IEA), France. Available at: https://​www.​iea.​
org/​repor​ts/​global-​energy-​co2-​status-​report-​2019/​emiss​ions. 
Accessed 29 Apr 2021

IPCC (2006) Guidelines for national greenhouse gas inventories. Intergov-
ernmental Panel on Climate Change (IPCC), Geneva. https://​www.​
ipcc-​nggip.​iges.​or.​jp/​public/​2006gl/​index.​html. Accessed 13 Dec 2021

IPCC (2014) Climate change 2014: Mitigation of climate change. In: 
Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, 
Seyboth K, Adler A, Baum I, Brunner S, Eickemeier P, Kriemann 
B, Savolainen J, Schlömer S, von Stechow C, Zwickel T, Minx 
JC (eds) Contribution of working group III to the fifth assessment 
report of the intergovernmental panel on climate change. Cam-
bridge University Press, Cambridge. https://​www.​ipcc.​ch/​report/​
ar5/​wg3/​USA. Accessed 03 Apr 2022

ISO/TC 071 (2016) Strategic Business Plan. International Organiza-
tion for Standardization (ISO), Technical Committee (TC) 71 - 
Concrete, reinforced concrete and pre-stressed concrete, Geneva 
https://​www.​iso.​org/​resou​rces/​publi​cly-​avail​abler​esour​ces.​
html?t=​oIqIx​js1rV​etPgm​T17hc​LvlNP​GI0PN​zEkA-​iI64j​ELRf4​
dGwdh​EOI1R​2etGo​qfhP&​view=​docum​ents#​secti​oniso​docum​
ents-​top. Accessed 08 Sept 2022

Jorge F, Pereira C, Ferreira JM (2004) Wood-cement composites: a 
review. Holz Roh Werkst 62:370–377. https://​doi.​org/​10.​1007/​
s00107-​004-​0501-2

Kursula K, Perumal P, Ohenoja K, Illikainen M (2022) Production 
of artificial aggregates by granulation and carbonation of recy-
cled concrete fines. J Mater Cycles Waste Manag 24:2141–2150. 
https://​doi.​org/​10.​1007/​s10163-​022-​01457-y

Kwasny J, Basheer PM, Russell M (2014) CO2 Sequestration in 
Cement-Based Materials During Mixing Process Using Carbon-
ated Water and Gaseous CO2. 4th International Conference on the 
Durability of Concrete Structures

Lippiatt N, Ling T-C (2020) Rapid hydration mechanism of carbonic 
acid and cement. J Build Eng 31:101357. https://​doi.​org/​10.​
1016/j.​jobe.​2020.​101357

Liu L, Ji Y, Gao F, Zhang L, Zhang Z, Liu XY (2021) Study on high-effi-
ciency CO2 absorption by fresh cement paste. Constr Build Mater 
270(16):121364. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2020.​121364

Liu Z, Du J, Meng W (2022) Achieving low-carbon cementitious mate-
rials with high mechanical properties using CaCO3 suspension 
produced by CO2 sequestration. J Clean Prod 373(2022):133546. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2022.​133546

Luo S, Guo M-Z, Ling T-C (2022) Mechanical and microstructural 
performances of fly ash blended cement pastes with mixing CO2 
during fresh stage. Constr Build Mater 358:129444. https://​doi.​
org/​10.​1016/j.​conbu​ildmat.​2022.​129444

Manabe S (2019) Role of greenhouse gas in climate change. Tellus A: 
Dyn Meteorol Oceanogr 71(1):1620078. https://​doi.​org/​10.​1080/​
16000​870.​2019.​16200​78

Mckinnon A, Piecyk M (2010) Measuring and managing CO2 emissions 
of European chemical transport. Logistics Research Centre, Edin-
burgh. Available at: https://​cefic.​org/​app/​uploa​ds/​2018/​12/​Measu​
ringA​ndMan​aging​CO2Em​issio​nOfEu​ropea​nTran​sport-​McKin​
non-​24.​01.​2011-​REPORT_​TRANS​PORT_​AND_​LOGIS​TICS.​pdf

17819Environmental Science and Pollution Research  (2024) 31:17804–17821

https://www.eea.europa.eu/data-and-maps/figures/specific-co2-emissions-per-tonne-2
https://www.eea.europa.eu/data-and-maps/figures/specific-co2-emissions-per-tonne-2
https://www.eea.europa.eu/data-and-maps/daviz/specific-co2-emissions-per-tonne-2#tab-chart_1
https://www.eea.europa.eu/data-and-maps/daviz/specific-co2-emissions-per-tonne-2#tab-chart_1
https://doi.org/10.1680/jmacr.16.00371
https://doi.org/10.1016/j.egypro.2016.01.051
https://ermco.eu/
https://ermco.eu/
https://www.eea.europa.eu/policy-documents/com-2020-98-finala
https://www.eea.europa.eu/policy-documents/com-2020-98-finala
https://doi.org/10.1016/j.joule.2021.04.011
https://www.fib.org/publications/
https://publica.fraunhofer.de/eprints/urn_nbn_de_0011-n-6335322.pdf
https://publica.fraunhofer.de/eprints/urn_nbn_de_0011-n-6335322.pdf
https://doi.org/10.5194/essd-14-1917-2022
https://doi.org/10.1016/j.jobe.2022.104220
https://doi.org/10.1016/j.jobe.2022.104220
https://doi.org/10.1016/j.cemconres.2015.04.012
https://gccassociation.org/concretefuture/wpcontent/uploads/2021/10/GCCA-Concrete-Future-Roadmap-Overview.pdf
https://gccassociation.org/concretefuture/wpcontent/uploads/2021/10/GCCA-Concrete-Future-Roadmap-Overview.pdf
https://gccassociation.org/concretefuture/wpcontent/uploads/2021/10/GCCA-Concrete-Future-Roadmap-Overview.pdf
https://www.globalcarbonatlas.org/en/CO2-emissions
https://www.globalcarbonatlas.org/en/CO2-emissions
https://doi.org/10.1016/j.jcou.2022.102292
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002031
https://doi.org/10.1016/j.resconrec.2016.02.009
https://doi.org/10.1016/j.jclepro.2018.10.058
https://doi.org/10.1016/j.jclepro.2018.10.058
https://uic.org/IMG/pdf/handbook_iea-uic_2017_web3.pdf
https://uic.org/IMG/pdf/handbook_iea-uic_2017_web3.pdf
https://www.iea.org/reports/technology-roadmap-low-carbon-transition-in-the-cement-industry
https://www.iea.org/reports/technology-roadmap-low-carbon-transition-in-the-cement-industry
https://www.iea.org/reports/global-energy-co2-status-report-2019/emissions
https://www.iea.org/reports/global-energy-co2-status-report-2019/emissions
https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html
https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html
https://www.ipcc.ch/report/ar5/wg3/USA
https://www.ipcc.ch/report/ar5/wg3/USA
https://www.iso.org/resources/publicly-availableresources.html?t=oIqIxjs1rVetPgmT17hcLvlNPGI0PNzEkA-iI64jELRf4dGwdhEOI1R2etGoqfhP&view=documents#sectionisodocuments-top
https://www.iso.org/resources/publicly-availableresources.html?t=oIqIxjs1rVetPgmT17hcLvlNPGI0PNzEkA-iI64jELRf4dGwdhEOI1R2etGoqfhP&view=documents#sectionisodocuments-top
https://www.iso.org/resources/publicly-availableresources.html?t=oIqIxjs1rVetPgmT17hcLvlNPGI0PNzEkA-iI64jELRf4dGwdhEOI1R2etGoqfhP&view=documents#sectionisodocuments-top
https://www.iso.org/resources/publicly-availableresources.html?t=oIqIxjs1rVetPgmT17hcLvlNPGI0PNzEkA-iI64jELRf4dGwdhEOI1R2etGoqfhP&view=documents#sectionisodocuments-top
https://doi.org/10.1007/s00107-004-0501-2
https://doi.org/10.1007/s00107-004-0501-2
https://doi.org/10.1007/s10163-022-01457-y
https://doi.org/10.1016/j.jobe.2020.101357
https://doi.org/10.1016/j.jobe.2020.101357
https://doi.org/10.1016/j.conbuildmat.2020.121364
https://doi.org/10.1016/j.jclepro.2022.133546
https://doi.org/10.1016/j.conbuildmat.2022.129444
https://doi.org/10.1016/j.conbuildmat.2022.129444
https://doi.org/10.1080/16000870.2019.1620078
https://doi.org/10.1080/16000870.2019.1620078
https://cefic.org/app/uploads/2018/12/MeasuringAndManagingCO2EmissionOfEuropeanTransport-McKinnon-24.01.2011-REPORT_TRANSPORT_AND_LOGISTICS.pdf
https://cefic.org/app/uploads/2018/12/MeasuringAndManagingCO2EmissionOfEuropeanTransport-McKinnon-24.01.2011-REPORT_TRANSPORT_AND_LOGISTICS.pdf
https://cefic.org/app/uploads/2018/12/MeasuringAndManagingCO2EmissionOfEuropeanTransport-McKinnon-24.01.2011-REPORT_TRANSPORT_AND_LOGISTICS.pdf


Meng D, Unluer C, Yang E-H, Qian S (2022) Carbon sequestration 
and utilization in cement-based materials and potential impacts 
on durability of structural concrete. Construct Build Mater 
361:129610. https://​doi.​org/​10.​1016/j.​cemco​ncomp.​2023.​104983

Miller SA, Horvath A, Monteiro PJM (2016) Readily implementable 
techniques can cut annual CO2 emissions from the production of 
concrete by over 20%. Environ Res Lett 11:074029. https://​doi.​
org/​10.​1088/​1748-​9326/​11/7/​074029

Monkman S, MacDonald M (2016) Carbon dioxide upcycling into indus-
trially produced concrete blocks. Constr Build Mater 124:127–132. 
https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2016.​07.​046

Monkman S, MacDonald M (2017) On carbon dioxide utilization as a 
means to improve the sustainability of ready-mixed concrete. J Clean 
Prod 167:365–375. https://​doi.​org/​10.​1016/j.​jclep​ro.​2017.​08.​194

Monkman S, MacDonald M, Hooton RD, Sandberg P (2016) Properties 
and durability of concrete produced using CO2 as an accelerating 
admixture. Cement Concr Compos 74:218–224. https://​doi.​org/​
10.​1016/j.​cemco​ncomp.​2016.​10.​007

Monkman S, Sargam Y, Raki L (2022) Comparing the effects of in-
situ nano-calcite development and ex-situ nano-calcite addition 
on cement hydration. Constr Build Mater 321:126369. https://​doi.​
org/​10.​1016/j.​conbu​ildmat.​2022.​126369

Monkman S, Cail K (2019) Waste CO2 upcycling as a means to improve 
ready mixed concrete sustainability. In: 15th International Congress 
on the Chemistry of Cement. September, Prague, pp 16–20. https://​
guara​nt.​topin​fo.​cz/​iccc2​019/​en/​event-​progr​amme-​list

Monteiro P, Miller S, Horvath A (2017) Towards sustainable concrete. 
Nat Mater 16:698–699. https://​doi.​org/​10.​1038/​nmat4​930

MPA (2021) Concrete industry sustainability performance report. In: 
13th Report: 2019 performance data. MPA The Concrete Centre, 
Sustainable Concrete Forum, London. https://​www.​susta​inabl​
econc​rete.​org.​uk/​MPA-​ACP/​media/​Susta​inabl​eCon-​Media-​Libra​
ry/​Pdfs%​20-%​20Per​forma​nce%​20rep​orts/​SCF_​13thP​erfor​mance​
Report_​Oct21.​pdf. Accessed 13/12/2021

Nogueira R, Silva A, Bogas A (2023) Strategies for carbon capture in 
concrete production. in Carbon Chain in Carbon Dioxide Indus-
trial Utilization Technologies – Case Study. In: Wawrzyńczak D, 
Majchrzak-Kucęba I, Pevida C, Bonura G, Nogueira R, Falco M, 
(Eds.), Taylor & Francis. https://​doi.​org/​10.​1201/​97810​03336​587

NPCA (2014) Benchmarking Report. National Precast Concrete Asso-
ciation (NPCA). Available at: https://​preca​st.​org/​2014/​08/​preca​
st-​indus​try-​growth-​topped-​5-​2013/?​fs=​NPCA%​20Ben​chmar​king. 
Accessed 20 Oct 2022

Our World in Data (2022) Carbon intensity of electricity, 2000 to 2021. 
Available at: https://​ourwo​rldin​data.​org/​graph​er/​carbo​ninte​nsity-​
elect​ricity?​time=​2020. Accessed 20 Oct 2022

Pade C, Guimaraes M (2007) The CO2 uptake of concrete in a 100 year 
perspective. Cem Concr Res 37(9):1348–1356. https://​doi.​org/​10.​
1016/j.​cemco​nres.​2007.​06.​009

Pan S-Y, Chung T-C, Ho C-C, Hou C-J, Chen Y-H, Chiang P-C (2017) 
CO2 Mineralization and Utilization using Steel Slag for Establish-
ing a Waste-to-Resource Supply Chain. Sci Rep 7:17227. https://​
doi.​org/​10.​1038/​s41598-​017-​17648-9

PCA (2021) Roadmap to carbon neutrality: A more sustainable world 
is shaped by concrete. Portland Cement Association (PCA), 
USA. https://​www.​cement.​org/​docs/​defau​lt-​source/​roadm​ap1/​pca-​
roadm​ap-​to-​carbon-​neutr​ality_​final.​pdf. Accessed13 Dec 2021

Qin L, Gao X, Li Q (2018) Upcycling carbon dioxide to improve 
mechanical strength of Portland cement. J Clean Prod 196:726–
738. https://​doi.​org/​10.​1016/j.​jclep​ro.​2018.​06.​120

Ravikumar D, Zhang D, Keoleian G, Miller S, Sick V, Li V (2021) 
Carbon dioxide utilization in concrete curing or mixing might not 
produce a net climate benefit. Nat Commun 12:855–868. https://​
doi.​org/​10.​1038/​s41467-​021-​21148-w

Sick V, Stokes G, Mason FC (2022) CO2 Utilization and Market 
Size Projection for CO2-treated Construction Materials. Front 
Clim 4:878756. https://​doi.​org/​10.​3389/​fclim.​2022.​878756

Silva A, Nogueira R, Bogas A, Rodrigues M (2021) Influence of 
carbon dioxide as a mixture component on the cement hydra-
tion. In: The 4th international RILEM conference, 218-30 
April, Delft. https://​doi.​org/​10.​4233/​uuid:​687e7​b19-​e3c3-​
47c7-​b18e-​5bc86​8e86e​56

Sims R, Schaeffer R (2014) Transport. Climate Change 2014: Mitiga-
tion of Climate Change. Cambridge University Press, Cambridge, 
pp 599–670. https://​doi.​org/​10.​1017/​CBO97​81107​415416.​005

Singh M, Roy ABD, Waseem S, Singh H (2021) Feasibility and performance 
analysis of carbonated recycled aggregate concrete. Int J Sustain Eng 
14(4):761–775. https://​doi.​org/​10.​1080/​19397​038.​2020.​18569​67

Statistica (2022) Various statistic reports on concrete and cement. 
Available at: https://​www.​stati​sta.​com/. Accessed 17 June 2022

Torrenti JM, Amiri O, Barnes-Davin L et al (2022) The FastCarb pro-
ject: taking advantage of the accelerated carbonation of recycled 
concrete aggregates. Case Stud Constr Mat 17:e01349. https://​doi.​
org/​10.​1016/j.​cscm.​2022.​e01349

Transport and Environment (2021) Easy Ride: why the EU truck CO2 
targets are unfit for the 2020s. European Federation for Transport 
and Environment AISBL, 2021. Available at: https://​www.​atlas​
evhub.​com/​resou​rce/​easy-​ride-​why-​the-​eu-​truck-​co2-​targe​ts-​are-​
unfit-​for-​the-​2020s/. Accessed 10 May 2021

USGS (2020) National minerals information center. Mineral commodity 
summaries. Available at: https://​miner​als.​usgs.​gov/​miner​als/​index.​
html. Accessed 22 Oct 2022

USGS (2021) National minerals information center. Mineral commodity 
summaries. Available at: https://​miner​als.​usgs.​gov/​miner​als/​index.​
html. Accessed 22 Oct 2022

USGS (2022) National minerals information center. Mineral commodity 
summaries. Available at: https://​miner​als.​usgs.​gov/​miner​als/​index.​
html. Accessed 22 Oct 2022

Vázquez-Calle K, Guillén-Mena V, Quesada-Molina F (2022) Analysis 
of the Embodied Energy and CO2 Emissions of Ready-Mixed 
Concrete: A Case Study in Cuenca. Ecuador Mater 15:4896. 
https://​doi.​org/​10.​3390/​ma151​44896

Wang B, Yan L, Fu Q, Kasal BA (2021) Comprehensive Review on Recy-
cled Aggregate and Recycled Aggregate Concrete. Resour Conserv 
Recycl 171:105565. https://​doi.​org/​10.​1016/j.​resco​nrec.​2021.​105565

Warburton R (2020) Global Warming Has Concrete Problem When It 
Comes to CO2. ecoRI News. Available at: https://​www.​ecori.​org/​
clima​te-​change/​2019/​10/4/​global-​warmi​ng-​has-a-​co2nc​rete-​probl​
em (accessed 08/03/2022)

WB (2022) The World Bank (WB) data. World Bank. Available 
at: https://​data.​world​bank.​org/​indic​ator/​AG.​LND.​TOTL.​K2. 
Accessed 12 May 2022

WBCSD (2009) The cement sustainability initiative: recycling concrete. 
World Business Council for Sustainable Development (WBCSD), 
Switzerland/USA. https://​www.​wbcsd.​org/​Sector-​Proje​cts/​
Cement-​Susta​inabi​lity-​Initi​ative/​Resou​rces/​Recyc​ling-​Concr​ete. 
Accessed 10 Mar 2021

Wilberforce T, Olabi AG, Sayed ET, Elsaid K, Abdelkareem MA 
(2021) Progress in carbon capture technologies. Sci Total Environ 
143203. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​143203

Wild P (2021) Recommendations for a future global CO2-calculation 
standard for transport and logistics. Transp Res Part D: Transp 
Environ 100:103024. https://​doi.​org/​10.​1016/j.​trd.​2021.​103024

Woodall CM, McQueen N, Pilorgé H, Wilcox J (2019) Utilization of 
mineral carbonation products: current state and potential. Greenh 
Gases 9:1096–1113. https://​doi.​org/​10.​1002/​ghg.​1940

Worrell E, Price L, Martin N, Hendriks C, Meida LO (2001) Carbon diox-
ide emissions from the global cement industry. Annu Rev Energy 
Environ 26:303–329. https://​doi.​org/​10.​1146/​annur​ev.​energy.​26.1.​303

17820 Environmental Science and Pollution Research  (2024) 31:17804–17821

https://doi.org/10.1016/j.cemconcomp.2023.104983
https://doi.org/10.1088/1748-9326/11/7/074029
https://doi.org/10.1088/1748-9326/11/7/074029
https://doi.org/10.1016/j.conbuildmat.2016.07.046
https://doi.org/10.1016/j.jclepro.2017.08.194
https://doi.org/10.1016/j.cemconcomp.2016.10.007
https://doi.org/10.1016/j.cemconcomp.2016.10.007
https://doi.org/10.1016/j.conbuildmat.2022.126369
https://doi.org/10.1016/j.conbuildmat.2022.126369
https://guarant.topinfo.cz/iccc2019/en/event-programme-list
https://guarant.topinfo.cz/iccc2019/en/event-programme-list
https://doi.org/10.1038/nmat4930
https://www.sustainableconcrete.org.uk/MPA-ACP/media/SustainableCon-Media-Library/Pdfs%20-%20Performance%20reports/SCF_13thPerformanceReport_Oct21.pdf
https://www.sustainableconcrete.org.uk/MPA-ACP/media/SustainableCon-Media-Library/Pdfs%20-%20Performance%20reports/SCF_13thPerformanceReport_Oct21.pdf
https://www.sustainableconcrete.org.uk/MPA-ACP/media/SustainableCon-Media-Library/Pdfs%20-%20Performance%20reports/SCF_13thPerformanceReport_Oct21.pdf
https://www.sustainableconcrete.org.uk/MPA-ACP/media/SustainableCon-Media-Library/Pdfs%20-%20Performance%20reports/SCF_13thPerformanceReport_Oct21.pdf
https://doi.org/10.1201/9781003336587
https://precast.org/2014/08/precast-industry-growth-topped-5-2013/?fs=NPCA%20Benchmarking
https://precast.org/2014/08/precast-industry-growth-topped-5-2013/?fs=NPCA%20Benchmarking
https://ourworldindata.org/grapher/carbonintensity-electricity?time=2020
https://ourworldindata.org/grapher/carbonintensity-electricity?time=2020
https://doi.org/10.1016/j.cemconres.2007.06.009
https://doi.org/10.1016/j.cemconres.2007.06.009
https://doi.org/10.1038/s41598-017-17648-9
https://doi.org/10.1038/s41598-017-17648-9
https://www.cement.org/docs/default-source/roadmap1/pca-roadmap-to-carbon-neutrality_final.pdf
https://www.cement.org/docs/default-source/roadmap1/pca-roadmap-to-carbon-neutrality_final.pdf
https://doi.org/10.1016/j.jclepro.2018.06.120
https://doi.org/10.1038/s41467-021-21148-w
https://doi.org/10.1038/s41467-021-21148-w
https://doi.org/10.3389/fclim.2022.878756
https://doi.org/10.4233/uuid:687e7b19-e3c3-47c7-b18e-5bc868e86e56
https://doi.org/10.4233/uuid:687e7b19-e3c3-47c7-b18e-5bc868e86e56
https://doi.org/10.1017/CBO9781107415416.005
https://doi.org/10.1080/19397038.2020.1856967
https://www.statista.com/
https://doi.org/10.1016/j.cscm.2022.e01349
https://doi.org/10.1016/j.cscm.2022.e01349
https://www.atlasevhub.com/resource/easy-ride-why-the-eu-truck-co2-targets-are-unfit-for-the-2020s/
https://www.atlasevhub.com/resource/easy-ride-why-the-eu-truck-co2-targets-are-unfit-for-the-2020s/
https://www.atlasevhub.com/resource/easy-ride-why-the-eu-truck-co2-targets-are-unfit-for-the-2020s/
https://minerals.usgs.gov/minerals/index.html
https://minerals.usgs.gov/minerals/index.html
https://minerals.usgs.gov/minerals/index.html
https://minerals.usgs.gov/minerals/index.html
https://minerals.usgs.gov/minerals/index.html
https://minerals.usgs.gov/minerals/index.html
https://doi.org/10.3390/ma15144896
https://doi.org/10.1016/j.resconrec.2021.105565
https://www.ecori.org/climate-change/2019/10/4/global-warming-has-a-co2ncrete-problem
https://www.ecori.org/climate-change/2019/10/4/global-warming-has-a-co2ncrete-problem
https://www.ecori.org/climate-change/2019/10/4/global-warming-has-a-co2ncrete-problem
https://data.worldbank.org/indicator/AG.LND.TOTL.K2
https://www.wbcsd.org/Sector-Projects/Cement-Sustainability-Initiative/Resources/Recycling-Concrete
https://www.wbcsd.org/Sector-Projects/Cement-Sustainability-Initiative/Resources/Recycling-Concrete
https://doi.org/10.1016/j.scitotenv.2020.143203
https://doi.org/10.1016/j.trd.2021.103024
https://doi.org/10.1002/ghg.1940
https://doi.org/10.1146/annurev.energy.26.1.303


Xu G, Shi X (2018) Characteristics and applications of fly ash as a sus-
tainable construction material: A state-of-the-art review. Resour 
Conserv Recycl 136:95–109. https://​doi.​org/​10.​1016/j.​resco​nrec.​
2018.​04.​010

Zhang T, Chen M, Wang Y, Zhang M (2023) Roles of carbonated 
recycled fines and aggregates in hydration, microstructure and 

mechanical properties of concrete: A critical review. Cem Concr 
Compos 104994. https://​doi.​org/​10.​1016/j.​cemco​ncomp.​2023.​
104994

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

17821Environmental Science and Pollution Research  (2024) 31:17804–17821

https://doi.org/10.1016/j.resconrec.2018.04.010
https://doi.org/10.1016/j.resconrec.2018.04.010
https://doi.org/10.1016/j.cemconcomp.2023.104994
https://doi.org/10.1016/j.cemconcomp.2023.104994

	Managing carbon waste in a decarbonized industry: Assessing the potential of concrete mixing storage
	Abstract
	Introduction
	Injecting co2 during concrete mixing 
	Methods
	Scope
	Methodology
	Data
	Formulation

	Results and discussion
	Conclusions
	Appendix
	References


