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Featured Application: The use of the accelerated carbonation process of recycled concrete aggre-
gates to reduce the climate change impact of concrete and promote recycling.

Abstract: The purpose of the national FastCarb project was to investigate whether the carbonation
process of recycled concrete aggregates (RCAs) can be accelerated and benefit from both a carbon
footprint point of view and the recycling of these aggregates in concrete. This article presents a part of
the results obtained within the project. Two industrial demonstrators were carried out, which allowed
for carbonating RCA and manufacturing concrete and concrete objects containing these aggregates.
A life cycle analysis showed the importance of transport distances in the results concerning climate
change. The project finally shows an interest in the technique for recycled concrete sands.

Keywords: concrete; recycled aggregates; carbonation

1. Introduction

The main objective of the National FastCarb Project (fastcarb.fr) was to study how
to store CO2 in recycled concrete aggregates (RCAs) to improve their quality by clogging
the porosity, increase their use in new concrete, and thus, reduce the CO2 impact of
concrete constructions. The objectives of the project targeted two important points for the
construction sector: (i) the promotion of the circular economy by integrating the recycling
of construction materials with a goal for the construction sector to recover 70% of its
waste by 2030 in France and (ii) the reduction of greenhouse gas emissions by promoting
low-carbon-footprint constructions over their entire life cycle.

The idea was to use recycled concrete aggregates from the demolition of concrete
structures as a “carbon sink” by taking advantage of the spontaneous tendency of hydrated
cement paste to fix atmospheric CO2. A large number of publications showed the potential
interest of this technique in the laboratory (see [1–8] for instance).

A part of the results of the FastCarb project was already published [9,10]. Here, the
focus was on two original contributions that were not present in other papers on the
accelerated carbonation of RCA. The first one concerned the industrial scale-up of the
process with the description of two demonstrators that allowed for carbonating large
quantities of recycled aggregates and then the manufacture and characterization of concrete
using these aggregates. Then, using data from the industrial demonstrators, the gain in the
CO2 impact of one cubic meter of concrete was estimated.

2. Pilot Installations

As proposed by Xian et al. [11], flue gases from cement plants were used for the
carbonation of the RCA. Two pilot installations were implemented on a full scale in two
industrial cement plants, namely, the Vicat Créchy cement plant and the LafargeHolcim
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Val d’Azergues cement plant. These two facilities are described after the data concerning
the aggregates that were used for carbonation is given.

2.1. Description of the Recycled Aggregates

The treated products were recycled sand and recycled gravel manufactured at the
Aggneo® recycling platform in Saint-Fons. The recycled sand and gravel were obtained
via simple crushing of hardened concrete that came from ready-mix concrete returns. This
process resulted in the production of aggregates of different sizes: 0/4 and 4/16 mm. The
particle size distributions of these RCAs are given in Figures 1 and 2. Homogeneous batches
from the same productions were constituted and distributed at the two pilot sites (rotating
drum and fluidized bed).
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Figure 1. Sieve size curves of recycled sand before and after carbonation according to the two processes;
d is the sieve size (passing).
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Figure 2. Sieve curves of recycled gravel before and after carbonation according to the two processes;
d is the sieve size (passing).

The following notations were adopted for the recycled aggregates:

- Recycled aggregates without treatment:

◦ 0/4 crushed (RS);
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◦ 4/16 crushed (RG).

- Recycled carbonated aggregates 1 (fluidized bed):

◦ 0/4 crushed carbonated (CRS1);
◦ 4/16 crushed carbonated (CRG1).

- Carbonated recycled aggregates 2 (rotating drum):

◦ 0/4 crushed carbonated (CRS2);
◦ 4/16 crushed carbonated (CRG2).

Figure 3 presents the effect of phenolphthalein spraying: the pink color qualitatively
indicates that the aggregates were not naturally carbonated. Table 1 gives some character-
istics of the recycled aggregates before accelerated carbonation (note that for the RS, the
aggregates below 1 mm were removed for experimental reasons). The soluble fraction in
salicylic acid (SFSA) indicates the quantity of paste [12]. Calcite is insoluble in this acid.
The fact that the SFSA was lower for RS was consistent with a low portlandite content and
could be explained by initial carbonation due to an interruption of the laboratory work due
to the COVID pandemic.
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Figure 3. Phenolphthalein spraying on recycled aggregates RS (left) and RG (right).

Table 1. Initial characterization of recycled aggregates.

Recycled
Aggregates

Water Absorption
(%)

Porosity
(%)

Ca(OH)2 Content
(%)

CaCO3 Content
(%)

Soluble Fraction in
Salicylic Acid (SFSA) (%)

RS fraction 1–4 7.2 ± 0.9 15.9 ± 1.5 0.8 ± 0.2 32.9 ± 0.3 34.1 ± 5.5
RG 6.6 ± 0.6 15.0 ± 1.2 2.3 ± 0.1 32.6 ± 0.3 38.2 ± 6.7

2.2. Carbonation in a Rotating Drum at the Vicat Créchy Cement Plant

The rotating drum constituting the pilot installed in the Vicat plant in Créchy was
already described in a previous paper [10]. The main points are summarized here: it was
11 m long and had a radius of 2 m (Figure 4). The RCA and the CO2-enriched cement gas
circulated in counterflow. The rotary movement associated with the lifters welded to the
tube linings allowed all the surfaces of the aggregates to be brought into contact with the
gas. The gas feeding the drum came from a spike in the chimney of the cement plant. The
temperature of the gases was between 40 and 60 ◦C and had a CO2 content varying from
11 to 16%. The relative humidity in the drum was 90%.

The drum rotated intermittently at 4 rpm for 2 min every 15 min with an optimal
residence time of 60 min for 3 t of RCA. The contents was then drained for 10 min at a
speed of 10 rpm.

The particle size distributions of these materials (sand and gravel) before and after
carbonation in the rotating drum are given in Figures 1 and 2. There was little change in the
grain size distribution of the 0–4 mm fraction. For the recycled gravel, the enrichment of
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the fraction lower than 4 mm was weak (+5%) and could be avoided in a future installation
using a screening system at the drum exit. Thus, the carbonation process in the rotating
drum used here did not generate excessively finer particles as a consequence of the possible
mechanical disintegration of the recycled sand and gravel.
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Two carbonation campaigns took place in December 2019 and August 2020. In the first
campaign, the moisture content of the sand at the inlet was approximately 14.5% and 13.9%
after re-carbonation. Similarly, the moisture content of the gravel was 13.6% at the inlet
and 12.5% at the outlet. The RCA’s water content did not change significantly despite a
high relative humidity in the drum. In both cases, these moisture contents were well above
the laboratory-determined optimums of 5.8% for sand and 2.6% for gravel [9].

For the second campaign, an attempt to dry via spreading the RCA on the ground in a
thin layer for more than 6 months did not bring the water contents to levels comparable to
the optimum. This spreading did, however, promote the natural carbonation of the RCA
and therefore a lower amount of CO2 was captured. The addition of a drying system to a
future industrial installation should therefore be considered.

The carbonation intake was measured by comparing the loss on ignition between
550 ◦C and 950 ◦C of carbonated and non-carbonated RCAs. The test was inspired by the
norm EN 196-2 “Chemical analysis of cement”. The principle is to measure the loss of
mass of test samples of a size that can be adapted to the particle size of RCA at different
temperature levels imposed in a furnace. A quantity of around 500 g was used. Here, the
mass of the samples was measured at 80 ◦C, 550 ◦C, and 950 ◦C. ATG measurements were
first used to verify that the temperatures corresponding to the release of water and those
corresponding to the release of CO2 were well separated by the 550 ◦C level. The ATG
measurements were also used to verify the consistency of the values obtained with the loss
on ignition measurement.

The results obtained during the first carbonation campaign and under non-optimal
water content conditions were on average 31 kg of CO2/t of RCA for the 0/4 fraction and
5 kg/t of RCA for the 4/16 fraction.

2.3. Carbonation in a Fluidized Bed at the LafargeHolcim Val d’Azergues Cement Plant

The demonstrator installed at the LafargeHolcim plant in Val d’Azergues (Figure 5)
was also described in a previous paper [10]. It was a fluidized bed dryer adapted into
a cross-flow reactor for the occasion, with the cement plant gases directly treating the
recycled concrete aggregates. It was directly connected to the cement plant gases by metal
pipes. The plant gases (CO2 content of about 20%) were tapped into the main filter located
upstream of the stack; therefore, an additional filter was placed at the reactor outlet to
prevent any additional dust release at the plant stack.
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To remedy the difficulties encountered during the first phase (high humidity in the
carbonator chamber and insufficient inclination of the hearth), several improvements to the
process were implemented that took advantage of the change in the main filter of the plant:

- Reinstallation of the pilot at a location closer to the new gas tapping. At the same time,
it was necessary to integrate a slope of about 3% into the carbonator to facilitate the
flow of materials.

- Reconnection of the pilot to the new plant filter with jointed stainless steel pipes. The
original pipes could not be reused because of the different geometry (elbows, shorter
distance). This new configuration was also intended to increase the inlet temperature
of the gases in the carbonator.

- Welding and better-jointed fixing of the perforated bottom to limit the preferential
passages of gases on the sides of the apparatus to optimize the fluidization and the
solid–gas reaction.

- Installation of continuous and controlled feeding of the material to limit discontinuity
of the load in the carbonator and to support the fluidization.

The carbonation rates were also measured utilizing loss on ignition. The measure-
ments in both fractions are presented in Table 2. The modifications made during phase 2
significantly improved the CO2 intakes. For the recycled sand, the values obtained were
comparable to those determined in the laboratory at the optimal water content (49 kg
of CO2/t of RCA). It appeared that the process only slightly modified the particle size
distribution of the materials (Figures 3 and 4); there was no disintegration of the materials.

Table 2. Quantities of CO2 captured by recycled aggregates in the fluidized bed process.

Phase 1 Phase 2

Gas temperature at reactor inlet (◦C) 60–70 80–90

Recycled sand Captured CO2 (kg CO2/t) 25 39
Water content after carbonatation (%) 21.8 6.0

Recycled gravel Captured CO2 (kg CO2/t) 9 12
Water content after carbonatation (%) 8.6 2.0

2.4. Conclusions Concerning the Pilot Installations

These pilot-scale results demonstrated that the direct use of industrial gases, without
prior treatment and specific process development, was possible with time scales and
material quantities in line with current industrial practices. Thus, the rates of CO2 trapped
in the recycled aggregates in 1 h of treatment were in the range of 25 to 40 kg of CO2
trapped/t of crushed concrete aggregate. These data were comparable to those obtained
in the laboratory under perfectly controlled conditions. If this rate of sequestration may
seem modest, it remains nevertheless plausible on an industrial scale and in the short term
without unrealistic financial investment.
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2.5. Characterization of the Recycled Aggregates after Carbonation in Laboratory Conditions

RS and RG aggregates were also carbonated in laboratory conditions in a static test
with a CO2 concentration of 15% [9]. Table 3 shows the values of some characteristics that
could be compared with the initial values (Table 1). The main points were the decrease
in water absorption, porosity, portlandite content, and the fraction of the paste that was
soluble in the salicylic acid. For sand, carbonation was particularly important.

Table 3. Characterization of recycled aggregates after carbonation.

Recycled Aggregates Water Absorption (%) Porosity (%) Ca(OH)2 Content (%) CaCO3 Content (%) SFSA (%)

RS fraction 1–4 5.1 ± 0.9 11.7 ± 1.5 <0.01 37.9 ± 0.3 21.5 ± 0.2
RG 6.5 ± 0.6 14.5 ± 1.2 0.5 ± 0.1 43.6 ± 0.3 32.5 ± 3.8

3. Application to Concrete

Forty tons of recycled sand and gravel were carbonated under semi-industrial con-
ditions at each site. These aggregates were used to manufacture concrete and to measure
their properties in fresh and hardened states, including certain aspects of their durability.

3.1. Constituents of the Concretes

Except for the recycled aggregates already presented, the constituents used were the
following:

- Cement: CEM II/A-LL 42,5 R CE CP2 NF—Val d’Azergues plant (Lafarge Holcim, France);
- Additives: Superplasticizer Isoflow 857, Rheology Expander Isoflow 7230 (Cemex

admixtures Salzkotten, Germany);
- Natural aggregates:

◦ 0/4 Saint-Bonnet (LafargeHolcim) (NS in the concretes nomenclature);
◦ 4/11 Saint-Bonnet (LafargeHolcim) (NG);
◦ 11/22 Saint-Bonnet (LafargeHolcim) (NG).

3.2. Studied Concretes

Fourteen concretes were formulated in such a way as to distinguish two families of
concretes to be studied, each comprising seven different compositions according to their
granular skeleton and the rate of volume substitution retained:

- A C25 family, with substitutions ranging from 20% to 40% with sand and 50% to 100%
with gravel, as well as a water-to-cement ratio (w/c) equal to 0.55; C25 corresponds
to a characteristic compressive strength equal to 25 MPa, measured on cylinders
(diameter 11 cm and height 22 cm).

- A C45 family, with substitution only with gravel, from 50% to 100% and w/c = 0.37.
C45 corresponds to a characteristic compressive strength equal to 45 MPa, measured
on cylinders (diameter 11 cm and height 22 cm).

The binder dosages and the water-to-binder ratios of the concretes met the require-
ments of the exposure classes XC4 (carbonation in a cyclic wet and dry environment) of the
standard NF EN 206/CN [13]. Except for the aggregates, the 14 concretes were similar in
terms of the other constituents (same cement type CEM II/A, limestone addition, effective
water). The admixture required a recalibration of the dosage for each mix design to meet
the workability objectives despite the variability of the water absorption of the recycled
aggregates. The targeted consistencies were the same for all the concretes: S4 (slump range
between 160 and 210 mm). The characteristics of the compositions are given in Table 4 for
C25 and Table 5 for C45.

3.3. Production of Concrete

As proposed in the Recybéton project [14], the aggregates were pre-saturated (the
water content of recycled aggregates for mixing was equal to the water absorption plus
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1%) and pre-homogenized. The recycled aggregates and the water quantity to add were
introduced in a hermetic barrel. Rolling up the barrel for 10 min on the floor led to an
increase in the homogeneity of the water in the aggregates. Then, the barrel was at rest for
two hours before concrete mixing. In Tables 4 and 5, the indicated quantities of water did
not include the absorbed water.

Table 4. Composition of the 7 C25 concretes (mass proportions).

Concrete Mix (kg/m3) B1 B2 B3 B4 B5 B6 B7

0/4 NS 844 571 607 592 411 444 420
0/4 RS 143 274

0/4 CRS1 152 296
0/4 CRS2 148 280
4/11 NG 213 107 106 106

11/22 NG 731 363 358 358
4/16 RG 471 870

4/16 CRG1 464 882
4/16 CRG2 464 873

Cement CEMII/A-LL 42,5R 320 320 320 320 320 320 320
Superplasticizer 0.75% 1.20% 0.65% 0.65% 1.20% 0.90% 0.90%
Setting retardant 0.4% 0.4% 0.4% 0.5% 0.5% 0.5%

Water 177 177 177 177 177 177 177
Water to cement ratio 0.55 0.55 0.55 0.55 0.55 0.55 0.55

Table 5. Composition of the 7 C45 concretes (mass proportions).

Concrete Mix (kg/m3) B8 B9 B10 B11 B12 B13 B14

0/4 NS 748 710 708 708 712 712 712
4/11 NG 206 94 94 94

11/22 NG 776 380 379 379
4/16 RG 473 877

4/16 CRG1 478 877
4/16 CRG2 469 877

Cement CEMII/A-LL 42,5R 450 450 450 450 450 450 450
Superplasticizer 0.8% 1% 0.9% 1.1% 1.55% 1.5% 1.45%

Water 165 165 165 165 165 165 165
Water to cement ratio 0.37 0.37 0.37 0.37 0.37 0.37 0.37

3.4. Properties of Concrete in the Fresh State

Maintenance of slump over time remains a parameter to be monitored for recycled
concrete aggregates. The greatest stiffening was observed for class C45 concretes, which
were more sensitive to water variations and therefore to the variability of water absorption
of recycled aggregates, carbonated or not (Figures 6 and 7). The choice of plasticizer, as well
as the work on its dosage, made it possible to obtain equivalent slumps for all concretes and
very satisfactory slump maintenance, even for long periods (up to 90 min for laboratory
tests). The carbonation of recycled aggregates did not change the sensitivity of the concrete
to admixture.

3.5. Mechanical Properties of Hardened Concrete

For a given 28-day compressive strength class measured on cylinders, carbonated RCA
(CRCA) concrete differed only slightly from RCA concrete in the majority of compressive
results (Figure 8). For low substitution rates (up to 20% sand and 50% gravel), the effects of
introducing RCA or CRCA on other concrete properties were minor. For high substitution
rates, the effect was visible for the largest w/c ratio. The evolution of the compressive
strength with time led to the same strength class of concrete as that obtained with natural
or recycled non-carbonated aggregates. The results were similar for other mechanical
properties, such as Young’s modulus or the pull-out strength [15].
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3.6. Durability Properties

The main durability indicators (water porosity, chloride ion migration, gas permeabil-
ity, and accelerated carbonation rate) were measured. Figure 9 shows that the concrete had
a higher porosity with the rate of substitution with CRCA. This increase was of the same
order of magnitude as that observed with the use of the same non-carbonated aggregates.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 13 
 

the effects of introducing RCA or CRCA on other concrete properties were minor. For 
high substitution rates, the effect was visible for the largest w/c ratio. The evolution of the 
compressive strength with time led to the same strength class of concrete as that obtained 
with natural or recycled non-carbonated aggregates. The results were similar for other 
mechanical properties, such as Young’s modulus or the pull-out strength [15].  

 

 
Figure 8. Compressive strength measurements of the 14 concretes. 

3.6. Durability Properties 
The main durability indicators (water porosity, chloride ion migration, gas permea-

bility, and accelerated carbonation rate) were measured. Figure 9 shows that the concrete 
had a higher porosity with the rate of substitution with CRCA. This increase was of the 
same order of magnitude as that observed with the use of the same non-carbonated ag-
gregates.  

 
Figure 9. Water porosity. 

Regarding the diffusivity of chloride ions, the use of CRCA did not lead to any nota-
ble and systematic effects (Figure 10). Concretes made with recycled aggregates, whether 
carbonated or not, corresponding to strength class C45 had diffusivities equivalent to con-
crete made with natural aggregates. Similar results were observed for the carbonation 

Figure 9. Water porosity.

Regarding the diffusivity of chloride ions, the use of CRCA did not lead to any notable
and systematic effects (Figure 10). Concretes made with recycled aggregates, whether
carbonated or not, corresponding to strength class C45 had diffusivities equivalent to
concrete made with natural aggregates. Similar results were observed for the carbonation
rate. Concerning the risks associated with reinforcement corrosion, the use of CRCA can
therefore be considered in the same way as the use of RCA. These results highlighted
the contribution of greater compactness of the cementitious matrix and confirmed the
relevance of reducing the water-to-binder ratio (W/B) when the incorporation rates of
recycled aggregates (carbonated or not) were high.
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3.7. Discussion

These results fell short of what is reported in the literature, where a significant improve-
ment in mechanical and durability properties was observed in some recent studies [17–20]
on the use of CRCA. However, these studies used carbonated recycled aggregates derived
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from carbonation processes that were very different from the industrial approach of the
project. Other causes are also possible, such as natural carbonation of the RCAs due, as
explained before, to an interruption of the work during the COVID pandemic. This issue is
still under review.

4. Estimation of a Possible Gain in the Climate Change Impact of Concrete
4.1. LCA Considerations

A life cycle assessment of the carbonation process was carried out to estimate the
possible environmental gains [21]. Here, only the carbon footprint aspect will be discussed.
According to the EN 16757 standard, concrete’s life cycle includes the deconstruction
phase. This means that, for example, the carbon emitted during the crushing of recycled
aggregates is charged to the concrete. The limit is at the point of substitution, i.e., when the
recycled aggregate becomes a product and is likely to replace a natural aggregate. Only the
additional operations, such as screening and additional crushing, are charged to the new
aggregate. This also implies that the benefits of accelerated carbonation should therefore
be allocated to this new aggregate.

4.2. Assumptions for Calculating the Climate Change Impact of Carbonation

In the following, the CO2 impact of transport was estimated using data from the
Ecoinvent database [22,23] and other impacts were estimated during the project directly
from Lafarge’s demonstrator. The estimations were as follows:

- Transport to the recycling site was taken into account using the previous cycle (concrete);
- Aditionnal operations for RCA = 1.6 kg of CO2eq/t of CRCA;
- Transport from recycling site to carbonation site = 30 km, i.e., 4.7 kg of CO2eq/t of CRCA;
- Carbonation = 0.9 kg of CO2eq/t of CRCA;
- Carbonation infrastructure = 0.4 kg of CO2eq/t of CRCA;
- Transport from carbonation site to concrete production plant = 20 km, i.e., 3.1 kg of

CO2eq/t of CRCA.

For the carbonation, these hypotheses were based on an analysis of the demonstrators
of the project. The total CO2eq impact was rounded to 11 kg of CO2eq/t of CRCA. For the
recycled sand, considering the 39 kg of CO2 captured in the fluidized bed, we had a balance
of 11 − 39 = −28 kg of CO2eq/t, and for the gravel, 11 − 12 = −1 kg of CO2eq/t.

4.3. Application to Concretes

A concrete with an XC4 exposure class was considered. This concrete contained 1000 kg
of gravel and 900 kg of sand in 1 m3. Within the framework of the recent French annex
of EN206 [13], it was possible in this case to replace natural aggregates by 50% for the
gravel and 20% for the sand if the water-to-binder ratio was decreased by 0.05. This gener-
ated a CO2eq saving compared with the use of natural aggregate, which had an impact of
2.6 kg CO2eq/t as follows:

0.5 (−1 − 2.6) + 0.18 (−28 − 2.6) = −7.3 kg of CO2eq/m3 of concrete.

If a performance-based approach is used, this could allow for the validation of a
formula containing, for example, 100% recycled gravel and 50% recycled sand. In this
case, the quantities would therefore be 1000 kg of carbonated recycled gravel and 450 kg of
carbonated recycled sand, and the CO2 saving would be as follows:

1 (−1 − 2.6) + 0.45 (−28 − 2.6) = −17.4 kg of CO2eq/m3 of concrete,

which represents about 10% of the climate change impact of classical concrete.
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5. Conclusions

The national FastCarb project already drew some conclusions regarding the accelerated
carbonation of recycled concrete aggregates. First, it was possible to demonstrate that the
carbonation of RCA was possible on an industrial scale and not only in the laboratory.
Two demonstrators were installed in cement plants where the gases from the kiln were
directly used. The amount of CO2 stored was up to 40 kg/t of RCA for the sandy fraction.
Concretes incorporating these carbonated RCA were manufactured and it was shown that
the use of these concretes could be the same as for conventional RCA. A better behavior
was expected but not confirmed by our tests.

The LCA of these demonstrators confirmed that the sandy fraction of RCA was
the most interesting material for CO2 absorption and climate change impact when the
carbonated recycled aggregates were used in new concrete. The carbonated sand had an
initial negative weight in terms of CO2. This is also interesting for a circular economy
objective because recycled concrete sand is difficult to use in concretes made with RCA.

The project showed that accelerated carbonation is feasible at an industrial scale with
results consistent with laboratory experiments and with positive impacts when RCA trans-
port is limited. The amount of CO2 that could be mineralized will not solve the problem
of CO2 emissions from the concrete industry by itself but is a possible and interesting
contribution to fostering the circular economy.
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